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Abstract 
Caprellidae amphipods form an important group of benthic crustaceans 

associated with various biotic substrates, particularly macroalgae. This 

study aimed to identify Caprellidae species and evaluate their 

biodiversity in association with macroalgae along the coast of 

Mostaganem (Algeria). Samples were collected from two types of 

macroalgae: Ulva sp. (green alga) and Cystoseira sp. (brown alga), at 

three coastal sites: Stidia, Salamandre, and Hadjadj. The individuals 

collected were identified to the species level and classified according to 

their sex. The results identified six species belonging to the genus 

Caprella: Caprella acanthifera Leach, 1814; Caprella andreae Mayer, 

1890; Caprella danilevskii Czerniavski, 1868; Caprella grandimana 

Mayer, 1882; Caprella hirsuta Mayer, 1890; and Caprella liparotensis 

Haller, 1879. The biodiversity analysis shows a higher abundance of 

Caprella species on the brown alga Cystoseira sp. than on the green alga 

Ulva sp., with Caprella danilevskii Czerniavski, 1868 being the 

dominant species. Although species richness is similar between habitats, 

population structure varies depending on the study site and the type of 

macroalgae. These results highlight the importance of macroalgae as 

key habitats for Caprellidae and emphasize their role in maintaining 

biodiversity in coastal ecosystems of the Mostaganem region.  
 

Keywords  
Identification; Marine biodiversity; Caprellidae; Coastal ecosystems; 

Mostaganem 

 

Introduction  
 

The Mediterranean coastal ecosystems are characterised by a 

wide diversity of organisms associated with benthic habitats, 

particularly those linked to macroalgal formations. These 
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formations constitute complex microhabitats that provide refuge, food, and substrate for 

several marine invertebrates, among which amphipods occupy an important place. 

Within this group, Caprellidae amphipods are distinguished by their distinctive 

morphology and lifestyle, which is often attached to biological substrates, and their 

ecological role within algal communities (Keito et al., 2025). 

 

Caprellidae, also known as “skeleton shrimp”, are mainly found attached to macroalgae, 

hydroids, bryozoans, or other benthic structures. Algal assemblages contribute to the 

trophic functioning of these ecosystems, as they participate in the food chain by 

consuming organic particles, microalgae, or microscopic organisms (Caine, 1979; 

Guerra-García, Ros and Duffy, 2014; Navarro-Barranco et al., 2019), while also serving 

as a food source for many fish and invertebrates (Guerra-García and Thiel, 2001). Thus, 

these crustaceans play an important role in ecological dynamics and community 

structure associated with macroalgae. Their unique morphological characteristics favour 

their fixation on natural substrates (e.g. macroalgae, hydroids, bryozoans) and artificial 

substrates (e.g. ship hulls, buoys, marine debris) (Caine, 1979; Lolas et al., 2021; Nuñez-

Velazquez et al., 2017). Caprellidae are widely distributed in both coastal and deep-sea 

environments worldwide (Díaz, Guerra-García and Martín, 2005; Guerra-García and 

García-Gómez, 2001; Laubitz and Millis, 1972; Lolas et al., 2021; Takeuchi and 

Sawamoto, 1998). Macroalgae constitute an essential habitat for amphipods, providing 

not only attachment sites that enhance stability in hydrodynamic conditions, but also 

structurally complex refuges that reduce predation pressure and support diverse food 

resources, including epiphytic microalgae, detritus, and associated microorganisms 

(Ferreira, Leite and Machado, 2025). 

 

The genus Cystoseira, especially brown algal species, is known to be a particularly 

suitable host for a wide variety of invertebrates due to its complex three-dimensional 

structure (Ballesteros, 2006). On the other hand, the structure of green algae of the genus 

Ulva tends to be simpler, which can influence the structure of associated communities 

(Guerra-García et al., 2020; Kraan, 2012). The distribution of Caprellidae in Algeria is 

influenced by various ecological factors. The abundance and diversity of amphipods are 

determined by the structural complexity of benthic habitats, especially macroalgal 

assemblages, since these substrates provide suitable microhabitats for amphipod 

development (Bakalem, Dauvin and Grimes, 2014; Mansouri and Kerfouf, 2025). The 

marine amphipod fauna is particularly rich in Algeria, with 342 species known, including 

members of the family Caprellidae, which is among the richest families in the southern 

Mediterranean. According to local studies, some 10–15 Caprellidae species have been 

reported along the Algerian coast (Bakalem, Dauvin and Menioui, 2024). Caprellidae 

amphipods are still relatively unexplored in many parts of the Mediterranean basin, 

especially along the Algerian coast, despite their ecological significance.  

 

The Mostaganem coastline, characterized by diverse algal assemblages, represents a 

promising habitat for the establishment and development of amphipod communities. 

However, knowledge regarding their species composition, distribution, and diversity 

remains limited and fragmented. In this context, the main issue addressed in this study 

lies in the lack of taxonomic and ecological data concerning Caprellidae amphipods 

associated with macroalgae in this region of the Algerian coastline. The absence of 

detailed inventories makes it difficult to assess species richness, understand relationships 
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between these crustaceans and different macroalgal species, and evaluate their role in 

local marine biodiversity. The interest of this study lies at two complementary levels. 

On the one hand, from a taxonomic perspective, it aims to inventory and identify the 

Caprellidae species present in macroalgal assemblages along the Mostaganem coast. 

This step is essential to improve knowledge of local amphipod fauna, establish reliable 

taxonomic references, and potentially identify rare or newly recorded species. 

 

On the other hand, the study has major interest from a biodiversity perspective. The 

species diversity, abundance, and distribution of Caprellidae amphipods will be analyzed 

to provide deeper insight into the community structure associated with macroalgae and 

its variability among different algal assemblages. These data are valuable for evaluating 

ecological conditions of coastal ecosystems, as amphipods are considered reliable 

bioindicators. Therefore, the taxonomic identification and biodiversity assessment of 

Caprellidae amphipods associated with macroalgae along the Mostaganem coast will 

significantly improve our understanding of the benthic marine fauna of the Algerian 

coastline. The findings will also provide an important scientific basis for biodiversity 

monitoring, coastal ecosystem management, and the conservation of Mediterranean 

marine resources. 

 

Materials and Methods 
 

Presentation of the Algerian coast and Study Area 

 

The Algerian coastline is characterized by a relatively narrow continental shelf 

composed of a succession of bays, gulfs, and rocky headlands. Sediment composition 

varies with depth, with the proportion of silt generally increasing in deeper waters. The 

coastal zone supports several ecologically important habitats, including seagrass 

meadows dominated by Posidonia oceanica and coralligenous formations, which are 

recognized as biodiversity hotspots in the Mediterranean Sea. Surface marine circulation 

along the Algerian coast is primarily influenced by North Atlantic surface waters, which 

play a significant role in shaping local oceanographic and ecological conditions 

(Bakalem, Pezy and Dauvin, 2021). 

 

The study was conducted along the coast of Mostaganem, one of the main wilayas of 

northwestern Algeria, approximately 400 km west of the capital, Algiers, and known as 

an important coastal and tourist region, characterized by diverse marine habitats and 

extensive macroalgal assemblages that provide favorable environments for a variety of 

marine invertebrates, including amphipod crustaceans (Bengoufa et al., 2021).  

 

Sampling Design 

 

Samples were collected on a monthly basis between August 2022 and July 2023 at three 

locations: Stidia (35°50′06″N, 0°01′03″E), Salamandre (35°54′36″N, 0°03′15″E), and 

Hadjadj (36°09′03″N, 0°18′06″E), as shown on figure 1. These sites were purposely 

selected because they support diverse macroalgal habitats dominated by the green 

macroalga Ulva sp. and the brown macroalga Cystoseira sp., which provide suitable 

substrates and shelter for amphipod communities. 
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Figure 1: The geographical location of the three selected sites 

 

These coastal areas feature a variety of algal habitats dominated by the green 

macroalga Ulva sp. and the brown macroalga Cystoseira sp. Macroalgae were 

collected manually from shallow intertidal and subtidal zones at the three coastal 

stations. Sampling was conducted using 25 × 25 cm quadrats randomly positioned 

within a 1 m² sampling area at each station. For each sampling, three replicate quadrats 

were collected per station across the predefined depth ranges of [0 to 2 m] for both 

intertidal and subtidal habitats. This design ensured standardized sampling effort, 

methodological reproducibility, and representative coverage of both calm and 

moderately exposed coastal areas (Liang et al., 2024). Two types of macroalgae were 

targeted: the brown alga (Cystoseira sp.) and the green alga (Ulva sp.). The samples 

were placed in fine-mesh nets (45 cm × 40 cm, 2 mm mesh) containing seawater to 

preserve associated organisms and transported to the laboratory. 

 

Laboratory Treatment 

 

In the laboratory, the algae were rinsed with a jet of water to separate the associated 

fauna, in particular Caprellidae amphipods. The organisms recovered in a collection tray 

were isolated using a fine brush and then preserved in 70% ethanol. Then, the specimens 

were observed and identified under a Motic BA310 stereomicroscope. Taxonomic 

identification of Caprellidae species was carried out using specialised identification keys 

(Krapp-Schickel and Vader, 1998; Guerra-García and Takeuchi, 2002; Guerra-García 

and Thiel, 2001).  
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Specimens were identified to the lowest possible taxonomic level based on a 

combination of diagnostic characters, including body segmentation and proportions, the 

morphology of antennae and gnathopods, pereopod structure, gill configuration, and 

abdominal appendages. Particular attention was paid to sexually dimorphic characters 

and developmental stage, where applicable, as these may influence the expression of 

diagnostic features within Caprellidae. Identifications were cross-checked among the 

cited keys and against original species descriptions and/or relevant regional taxonomic 

literature to minimise potential misidentification. Specimens showing incomplete or 

ambiguous diagnostic characters were retained at the most reliable taxonomic level. 

 

Data Collection Techniques 

 

The manuscript used a monthly, field-based quantitative sampling design to collect 

Caprellidae amphipods associated with macroalgae. The study was carried out between 

August 2022–July 2023. Three coastal locations in Mostaganem, Algeria—Stidia, 

Salamandre, and Hadjadj were selected as study sites. Green macroalga Ulva sp. and 

brown macroalga Cystoseira sp. Were the target habitats for the present study. 

Macroalgae were manually collected from shallow intertidal and subtidal zones, and 25 

× 25 cm quadrats, randomly positioned within a 1 m² area at each station. Three replicate 

quadrats per station, sampled across a depth range of 0–2 m. Samples were placed in 2-

mm mesh nets containing seawater, transported to the laboratory, rinsed to detach fauna, 

and specimens were preserved in 70% ethanol. Caprellidae were isolated with a fine 

brush and identified under a Motic BA310 stereomicroscope using taxonomic keys. 

 

Results and Discussion 
 

Identification of Caprellidae Species 

 

A total of six species of Caprellidae amphipods were identified from the macroalgal 

assemblages sampled along the Mostaganem coast: Caprella acanthifera Leach, 1814; 

Caprella andreae Mayer, 1890; Caprella danilevskii Czerniavski, 1868; Caprella 

grandimana Mayer, 1882; Caprella hirsuta Mayer, 1890; and Caprella liparotensis 

Haller, 1879. Each individual was classified by sex (male or female). Among the species 

identified, Caprella danilevskii Czerniavski, 1868 and Caprella andreae Mayer, 1890 

are considered to have a wide geographical distribution, found in both the Atlantic Ocean 

and the Mediterranean Sea. In contrast, Caprella grandimana Mayer, 1882 and Caprella 

hirsuta Mayer, 1890 are generally considered characteristic of Mediterranean waters, 

highlighting the distinctive biogeographical character of Caprellidae fauna in this region 

(Guerra-García, Sánchez-Moyano and García-Gómez, 2011). The occurrence of both 

widely distributed and Mediterranean-affiliated species suggests that the Mostaganem 

coastline represents a transitional habitat capable of supporting taxa with different 

biogeographical origins. This pattern may be related to the diversity of macroalgal 

substrates available, local hydrodynamic conditions, and the influence of Mediterranean 

circulation processes. Furthermore, the coexistence of these species contributes to the 

overall structural complexity and ecological functioning of coastal benthic communities. 
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Biodiversity of Caprellidae 

 

Presence of Caprellidae in Macroalgae 

 

Table 1: Presence/absence of Caprellidae at the three stations in relation to the two 

macroalgal species Ulva sp. and Cystoseira sp. 

 

An analysis of the distribution of Caprellidae at the three study sites (Stidia, Salamandre, 

and Hadjadj) reveals significant differences in species composition depending on the 

type of algal substrate. At the Salamandre site, only two species, Caprella danilevskii 

Czerniavski, 1868 and Caprella andreae Mayer, 1890, were observed, exclusively 

associated with the brown alga Cystoseira sp. The absence of species on Ulva sp. at this 

site could be linked to the relatively simple morphology of these green algae, which offer 

fewer microhabitats and attachment surfaces for Caprellidae. Species of the genus 

Cystoseira possess a complex three-dimensional structure that promotes the 

establishment of diverse epibiont fauna, particularly Caprellidae amphipods.  

 

At the Stidia station, species diversity is higher, with the presence of five species: 

Caprella andreae Mayer, 1890; Caprella danilevskii Czerniavski, 1868; Caprella 

grandimana Mayer, 1882; Caprella hirsuta Mayer, 1890; and Caprella liparotensis 

Haller, 1879. These species were observed on both Cystoseira sp. and Ulva sp., and the 

only species absent were Caprella andrea Mayer, 1890 and Caprella danilevski 

Czerniavski, 1868, which are slightly less widely distributed. No additional species were 

recorded at this station. This higher diversity may be attributed to favorable 

environmental conditions and increased habitat complexity. At the Hadjadj station, 

diversity is also relatively high, with four species observed: Caprella andreae Mayer, 

1890; Caprella grandimana Mayer, 1882; Caprella hirsuta Mayer, 1890; and Caprella 

liparotensis Haller, 1879 were found on both algal types, whereas Caprella danilevskii 

Czerniavski, 1868 was restricted to Cystoseira sp. Additionally, Caprella acanthifera 

Leach, 1814 was observed only on Ulva sp., suggesting a possible ecological preference 

or local adaptation. Overall, the findings indicate that a significant proportion of 

Caprellidae species are associated with brown algae of the genus Cystoseira. This 

supports previous studies showing that these structuring algae play a key role in benthic 

community organization and biodiversity maintenance. The morphological complexity 

of Cystoseira thalli provides diverse microhabitats that support feeding, reproduction, 

and protection against predation. 

Species Sites studied 

Stidia Salamandre Hadjadj 

Cystoseira 

sp. 

Ulva 

sp. 

Cystoseira  

sp. 

Ulva  

sp. 

Cystoseira  

sp. 

Ulva  

sp. 

Caprella acanthifera Leach, 1814 - - - - - + 

Caprella andrea Mayer, 1890 + + + - + + 

Caprella danilevskii Czerniavski, 1868 + - + - + - 

Caprella grandimana Mayer, 1882 + + - - + + 

Caprella hirsute Mayer, 1890 + + - - + + 

Caprella liparotensis Haller, 1879 + + - - + + 
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Comparatively, Ulva sp., with its simpler structure and shorter life cycle, appears to 

provide a less suitable habitat for some Caprellidae species. However, species such as 

Caprella andreae Mayer, 1890; Caprella grandimana Mayer, 1882; Caprella hirsuta 

Mayer, 1890; and Caprella liparotensis Haller, 1879 demonstrate an ability to adapt to 

this substrate. These results confirm the importance of algal substrate type in shaping the 

distribution of Caprellidae and highlight the major ecological role of macroalgae in 

Mediterranean coastal ecosystems. 

 

Abundance of Caprellidae in Cystoseira sp. 

 

The number of individuals of the sampled species found in the brown alga Cystoseira 

sp. at the three study sites is shown in figure 2. 

Figure 2: Abundance of Caprellidae species at the three study sites, as expressed in 

Cystoseira sp. 

 

The abundance of Caprellidae associated with the brown alga Cystoseira sp. in the three 

study stations (Stidia, Salamandre, and Hadjadj) reveals a strong dominance of certain 

species. The results indicate that Caprella danilevskii Czerniavski, 1868 is the most 

abundant species, with 997 individuals, followed by Caprella hirsuta Mayer, 1890 (254 

individuals) and Caprella andreae Mayer, 1890 (217 individuals). In contrast, Caprella 

liparotensis Haller, 1879 (207 individuals), Caprella grandimana Mayer, 1882 (109 

individuals), and Caprella acanthifera Leach, 1814 (67 individuals) show lower 

abundances. The high ecological plasticity of Caprella danilevskii Czerniavski, 1868, as 

well as its capacity to develop on different algal substrates in coastal environments, 

likely explains its strong dominance.  

 

Caprellidae are generally known for their adaptability to a wide range of benthic 

environments and for their association with biotic substrates such as macroalgae, 

hydroids, or bryozoans, which provide both habitat and food resources (de Paula et al., 

2021). Furthermore, benthic invertebrates benefit from the complex three-dimensional 

structure of brown algal assemblages such as Cystoseira sp., which provide numerous 
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microhabitats and increased availability of refuges and trophic resources (Galobart et al., 

2025; Mancuso, Sarà and Mannino, 2024). The relatively high abundance of Caprella 

andreae Mayer, 1890 and Caprella hirsuta Mayer, 1890 may also be related to their 

ecological affinity with Mediterranean macroalgae. Recent studies have shown that the 

structure of benthic invertebrate communities associated with macroalgae is strongly 

determined by the complexity of the algal assemblage, which directly influences the 

availability of microhabitats and the diversity of epibiotic species, especially amphipods 

(Navarro-Barranco et al., 2023). Conversely, lower abundances of Caprella acanthifera 

Leach, 1814; Caprella grandimana Mayer, 1882; and Caprella liparotensis Haller, 1879 

may be attributed to more specialized ecological requirements, interspecific competition 

with dominant species, or local environmental differences such as hydrodynamics, 

substrate availability, and food resources. 

 

Differences in species abundance are commonly observed in benthic amphipod 

communities, as habitat characteristics and ecological interactions strongly influence 

their distribution (Bakalem, Dauvin and Menioui, 2024). Overall, the abundance of 

Caprellidae within Cystoseira sp. assemblages highlights the important ecological role 

of these macroalgae in Mediterranean coastal ecosystems. Cystoseira forests are 

considered habitat-forming (foundation) species that enhance the structural complexity 

of benthic environments and promote biodiversity, particularly among amphipod 

crustaceans and other epibiotic invertebrates (Mancuso, Sarà and Mannino, 2024). 

 

Abundance of Caprellidae in Ulva sp. 

 

Number of individuals of the sampled species found in the green alga Ulva sp. at the 

three study sites (Figure 3). 

Figure 3: Abundance of Caprellidae species at the three study sites, as expressed in 

Ulva sp. 

 

Caprella hirsuta Mayer, 1890 (198 individuals), Caprella liparotensis Haller, 1879 (120 

individuals), and Caprella andreae Mayer, 1890 (105 individuals) exhibit the highest 

abundances in the green alga Ulva sp. across the three studied stations. In contrast, 

Caprella grandimana Mayer, 1882 (94 individuals), Caprella acanthifera Leach, 1814 
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(31 individuals), and Caprella danilevskii Czerniavski, 1868 (7 individuals) show lower 

abundances. These differences may be related to the ecological characteristics of the 

algal habitat, as well as to the species’ ability to adapt to local environmental conditions. 

 

The dominance of certain species can be explained by the ecological role of macroalgae 

of the genus Ulva, which constitute a structuring habitat for a wide diversity of associated 

organisms, particularly amphipods and various microfaunal organisms living on the 

surface or among the algal fronds. The fronds of Ulva sp. serve as a substrate for 

attachment and protection against predators, and as microhabitats of trophic value 

containing microalgae, bacteria, and particulate organic matter, thus facilitating the 

settlement and growth of many species of epiphytic and epibiotic microfauna. Several 

studies have indicated that habitats with high macroalgal cover support high microfaunal 

diversity, such as protozoa, nematodes, and small crustaceans, highlighting the 

ecological importance of these habitats in coastal ecosystems (Balsamo et al., 2012; 

Mirto et al., 2010). 

 

The high abundance of Caprella hirsuta Mayer, 1890 observed in this study may be 

related to its ecological plasticity and its ability to adapt to shallow algal habitats, which 

are often characterized by strong hydrodynamics and a high availability of 

microorganisms and organic particles constituting an important food source. Caprellidae 

amphipods are known to efficiently exploit algal surfaces due to their specialized limbs, 

which enable them to adhere to the fronds and obtain food particles and other 

microorganisms in the water column (Guerra-Garcia and Tierno de Figueroa, 2009). 

Relatively high abundance of Caprella liparotensis Haller, 1879 and Caprella andreae 

Mayer, 1890 could be attributed to their preference for structurally complex algal 

habitats, which offer a broad range of microhabitats supporting attachment, feeding, and 

reproduction of amphipods. The structure of macroalgae greatly affects the composition 

and abundance of associated microfauna, as these microorganisms grow in biofilms and 

microspaces on the algal surface (Duffy et al., 2015; Wahl et al., 2012). Conversely, the 

low occurrence of Caprella danilevskii Czerniavski, 1868 and Caprella acanthifera 

Leach, 1814 could be associated with several ecological factors. 

 

Some species exhibit particular preferences towards certain types of substrates or 

hydrodynamic conditions, which may restrict their occurrence in habitats dominated by 

Ulva sp. Furthermore, variations in environmental parameters such as temperature, 

nutrient availability, hydrodynamics, and water quality can influence the structure and 

distribution of microfauna communities associated with macroalgae, which may 

indirectly affect the distribution of amphipods (Balsamo et al., 2012). Finally, the 

dominance of certain species within a benthic assemblage may also be related to their 

rapid colonization capacity and high ecological tolerance, enabling them to efficiently 

exploit available resources in algal habitats. Macroalgae thereby contribute to the 

organization of coastal microhabitats by facilitating the development of complex 

microfaunal communities, which play a key role in benthic trophic networks and organic 

matter recycling (Zeppilli et al., 2018). In summary, the findings support that the green 

alga Ulva sp. constitutes an important microhabitat for Caprellidae amphipod 

communities. However, the composition and distribution of these communities are 

highly dependent on species ecology, the complexity of the algal habitat, interactions 

among microfaunal communities, and local environmental factors. 
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Comparison of Caprellidae Communities associated with the Macroalgae: Cystoseira 

sp. and Ulva sp. 

 

Caprellidae assemblages associated with the two types of macroalgae under 

investigation (Cystoseira sp. vs. Ulva sp.) show contrasting patterns of distribution and 

abundance, which can be attributed to species-specific ecological responses to the 

structural and trophic features of the algal substrates. These findings are consistent with 

current knowledge of Mediterranean benthic ecology, particularly the role of algal 

habitat structure in shaping invertebrate communities. Caprella danilevskii Czerniavski, 

1868 was found to be highly abundant in Cystoseira sp. assemblages (997 individuals), 

followed by Caprella hirsuta Mayer, 1890 and Caprella andreae Mayer, 1890. 

 

The three-dimensional complexity and structural stability provided by Cystoseira sp. can 

explain this dominance, as it enhances the availability of microhabitats, refuges, and 

trophic resources. Recent Mediterranean studies indicate that Fucales-based algal 

communities such as Cystoseira sp. are associated with high benthic biodiversity and 

overall good ecological status, whereas opportunistic Ulvales species are typically linked 

to disturbed or nutrient-enriched environments. Ulva sp. is markedly different: Caprella 

hirsuta Mayer, 1890; Caprella liparotensis Haller, 1879; and Caprella andreae Mayer, 

1890 are more prevalent, whereas Caprella danilevskii Czerniavski, 1868 and Caprella 

acanthifera Leach, 1814 are less represented. This suggests that, despite its lower 

structural complexity compared to Fucales, Ulva sp. provides favorable trophic 

conditions (high microfaunal abundance and particulate organic matter), promoting 

opportunistic species with high ecological tolerance. Ulva sp. is often associated with 

high microbial productivity and nutrient availability, benefiting flexible amphipod 

species capable of efficiently exploiting available food resources. 

 

The brown macroalga Cystoseira sp. provides a complex three-dimensional environment 

that facilitates the development of specialized and structure-dependent amphipod 

populations, supporting the idea that benthic community structure strongly depends on 

habitat complexity. Conversely, Ulva sp., which provides a less complex structure, forms 

microhabitats that are rich in trophic resources and microorganisms, favoring the 

dominance of opportunistic or highly tolerant species in environments with variable 

hydrodynamic conditions. The spatial pattern of Caprella species is influenced by 

factors such as interspecific competition, food preferences, and resource availability, 

which are regulated by the ecological quality of the habitat. 

 

Generalist and competitive species tend to dominate productive or disturbed environments 

where Ulva is prevalent, whereas more specialized species benefit from the complex 

microhabitats provided by Cystoseira. These findings support existing literature 

highlighting the importance of algal substrate type in structuring benthic communities such 

as amphipods. Macroalgae such as Cystoseira sp., considered ecosystem engineers 

(habitat-forming species) in the Mediterranean, play a key role in maintaining benthic 

biodiversity and overall coastal ecosystem health. The higher proportion of opportunistic 

species associated with Ulva sp. may also indicate fluctuating environmental conditions or 

local nutrient enrichment, highlighting the influence of environmental quality and coastal 

management on amphipod community composition. 
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Table 1: Comparative Occurrence and Habitat of Caprellidae in the Mediterranean 
Species This study — 

Presence/Absence 

Mediterranean habitat Main referenced 

studies 

Caprella acanthifera 

Leach 1814 

Observed only on 

Ulva sp. at Hadjadj 

Opportunistic species; 

colonizes fine algae, 

epibionts and various 

substrates 

Krapp-Schickel and 

Vader (1998); Guerra-

García et al. (2010) 

Caprella andrea 

Mayer 1890 

Found on Cystoseira 

sp. and Ulva sp. 

(except Salamandre 

Ulva sp.) 

Ubiquitous species: 

macroalgae, seagrass beds, 

debris, artificial substrates 

Guerra-García and 

Izquierdo (2010); 

Lolas et al. (2021) 

Caprella danilevskii 

Czerniavski 1868 

Present only on 

Cystoseira sp. 

Prefers structured algae 

(e.g. Cystoseira, Corallina) 

and hard substrates 

Guerra-García et al. 

(2010); Lolas et al. 

(2021) 

Caprella grandimana 

Mayer 1882 

Found on Ulva sp. 

and Cystoseira sp. 

Generally associated with 

coastal macroalgae. 

Guerra-García, 

Sánchez and Ros 

(2009); Lolas et al. 

(2021) 

Caprella hirsuta 

Mayer 1890 

Found on Ulva sp. 

and Cystoseira sp. 

Common Mediterranean 

species, frequently found 

on macroalgae 

Guerra-García, 

Sánchez and Ros 

(2009); Lolas et al. 

(2021) 

Caprella liparotensis 

Haller 1879 

Found on Ulva sp. 

and Cystoseira sp. 

(except Salamandre 

Ulva sp.) 

Associated with structured 

algae and seagrass beds; 

also found in Posidonia 

meadows 

Guerra-García, 

Sánchez and Ros 

(2009); Lolas et al. 

(2021) 

 

Statistical Analyses 

 

Analysis of Variance (ANOVA)  

 

The results of the ANOVA reveal that the factors studied have differing effects on the 

measured variable. Firstly, the effect of Site is not statistically significant (p = 0.742 > 

0.05), indicating that the sites are relatively homogeneous across the three study sites. 

This lack of spatial variation suggests that local environmental factors are similar across 

sites and do not exert a strong influence on the analysed variable. Comparable results 

have been reported in several recent Mediterranean studies, where small-scale spatial 

variability is often lower than the influence of other ecological factors (Giakoumi et al., 

2017). In contrast, the effect of Habitat is statistically significant (p = 0.013 < 0.05), 

reflecting a marked difference between the two types of algal habitats. This result 

highlights the importance of habitat structure as a key ecological factor influencing the 

distribution of the studied variable. This finding is consistent with several Mediterranean 

studies showing that algal habitat complexity strongly influences the diversity and 

organization of benthic communities (Bulleri and Airoldi, 2015; Piazzi and Ceccherelli, 

2020; Piazzi et al, 2018). 

 

Furthermore, changes in marine habitats, particularly those linked to global change, can 

significantly alter the structure of associated communities (Vergés et al., 2014). The 

effect of Species was not statistically significant (p = 0.051), although it was close to the 

significance threshold (α = 0.05). This indicates a weak tendency toward interspecific 
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variation; however, the evidence is insufficient to draw a definitive statistical conclusion. 

This may reflect a real biological effect that is difficult to detect, potentially due to 

sampling limitations or high intraspecific variability. Similar observations have been 

reported in recent studies, where species differences are sometimes weaker than the 

structuring effect of habitat. 

 

Tukey’s Test 

 

Multiple comparisons carried out using Tukey’s test (95% CI) reveal a clear pattern in 

the variable under study according to the Habitat factor. Indeed, the brown algal habitat 

has a significantly higher mean (102.833) than the green algal habitat (30.944), with 

these two groups belonging to distinct homogeneous classes (A and B, respectively). 

This difference reflects a strong and statistically significant effect of habitat type on the 

studied variable. This result confirms the importance of habitat structure as a major 

ecological factor in shaping benthic assemblages, as widely demonstrated in 

Mediterranean rocky systems, where habitat complexity directly influences the 

abundance, diversity, and distribution of associated organisms (Ballesteros, 2006; Piazzi 

and Balata, 2011). Concerning the Species factor, the results reveal a more nuanced 

pattern. However, Caprella danilevskii Czerniavski, 1868 (167.333), differs 

significantly from Caprella acanthifera Leach, 1814 (16.667), whilst the other species 

(Caprella hirsuta Mayer, 1890; Caprella liparotensis Haller, 1879; Caprella andreae 

Mayer, 1890; Caprella grandimana Mayer, 1882) form overlapping groups (A/B), 

indicating the absence of clear significant differences between them. This grouping into 

intermediate classes suggests high intra-group variability and low overall interspecific 

differentiation, which is consistent with recent studies showing that species-specific 

effects are often secondary to structuring environmental effects in Mediterranean benthic 

communities (Boudouresque et al., 2021; Teixidó, Garrabou and Arntz, 2002).  

 

Overall, these results indicate that variability in the studied variable is primarily driven 

by habitat type, whilst interspecific differences are limited and concern only the extremes 

of the distribution range. This hierarchy of effects (Habitat > Species) is commonly 

observed in coastal ecosystems influenced by environmental gradients, where habitat 

structure constitutes the main ecological filter influencing community organisation 

(Brustolin, Fonseca and Gallucci, 2022). The significantly higher values observed in 

brown algal habitats may be explained by their greater structural complexity, which 

provides more attachment surfaces, refuges and feeding opportunities for associated 

epifauna, including caprellids. The type and architecture of macroalgal substrates are 

therefore important factors influencing the abundance and distribution of these 

organisms (Martínez-Laiz et al., 2018; Pinedo, Jordana and Ballesteros, 2024; Vázquez-

Luis et al., 2009). The marked abundance of Caprella danilevskii Czerniavski, 1868 

compared with Caprella acanthifera Leach, 1814 may reflect species-specific 

differences in habitat preference and ecological requirements. However, the overlap of 

the other species within intermediate Tukey groups (A/B) indicates limited interspecific 

differentiation. Overall, these results support the hypothesis that habitat characteristics 

play a stronger role than species identity in structuring the studied caprellidae 

assemblages. Further analysis of the Habitat × Species interaction could clarify whether 

particular species respond differently to brown and green algal habitats. 
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Conclusion 
 

This study highlights the diversity of Caprellidae amphipods associated with macroalgae 

along the Mostaganem coastline. Taxonomic identification of the collected specimens 

revealed six species belonging to the genus Caprella: Caprella acanthifera Leach, 1814; 

Caprella andreae Mayer, 1890; Caprella danilevskii Czerniavski, 1868; Caprella 

grandimana Mayer, 1882; Caprella hirsuta Mayer, 1890; and Caprella liparotensis 

Haller, 1879. These findings indicate a significant abundance of Caprellidae in coastal 

algal environments within the study area. 

 

Species distribution analysis indicates that macroalgae play a key role in structuring 

Caprellidae communities. Assemblages of Cystoseira sp. show higher abundances and 

are marked by a dominance of Caprella danilevskii Czerniavski, 1868, likely due to the 

three-dimensional complexity of these algae, which provides more microhabitats, 

refuges, and food resources. In contrast, the green alga Ulva sp., with a simpler structure, 

also hosts several species, but with a different composition and abundance, particularly 

Caprella hirsuta Mayer, 1890; Caprella liparotensis Haller, 1879; and Caprella andreae 

Mayer, 1890. Spatial differences in species composition and abundance are also 

observed among the three study stations (Stidia, Salamandre, and Hadjadj) and may be 

attributed to local environmental conditions, including hydrodynamics, availability of 

algal substrates, and ecological factors. Overall, the findings demonstrate the ecological 

significance of macroalgae as key habitats for Caprellidae amphipods and the structuring 

role of brown algae of the genus Cystoseira in maintaining benthic biodiversity in 

Mediterranean coastal ecosystems. Finally, this study contributes to the faunistic 

inventory of the Algerian coastline and provides baseline data that can support ecological 

monitoring and sustainable management of coastal marine ecosystems. 

 

Future studies including additional algal habitats, detailed seasonal sampling, and 

analysis of environmental parameters would further improve understanding of the 

ecological dynamics of Caprellidae communities in this Mediterranean region. 
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Abstract 
The sports sector has long served as a key driver of economic growth, 

social development, and environmental sustainability. While the extant 

literature highlights considerable importance of these dimensions and has 

drawn reasonable scholarly attention, the key antecedents and processes 

that ensure their sustainable achievement have remained under-explored. 

Thus, by undergoing an in-depth literature review and employing S-O-R 

& TBL as the underlying theoretical frameworks, this research identifies 

some key drivers, processes & enablers that help derive triple bottom line 

outcomes for sustainable development of the sports sector in the 

developing countries. To this end, the SOR framework offers highly 

relevant context in understanding the literature-identified key Drivers that 

serve as the Stimuli (S), Processes & Enablers that act as the Organism 

(O), and Outcomes & Impacts that serve as the Responses (R). When 

viewed in conjunction with the TBL framework in an effort to achieve 

multi-dimensional outcomes, these led to the development of a literature-

supported & theoretically-validated “Novel Sports Development 

Framework”. The framework assists in deriving triple bottom line 

(economic, social & environmental) & sectoral outcomes, thereby further 

expanding the TBL framework in the sports development context. In this 

regard, the influence of contextual and control factors governing the sports 

development offered a comprehensive understanding of the sports 

ecosystem in Pakistan. Being conceptual in nature, and calling for future 

empirical studies, the suggested framework offers comprehensive 

understanding of the key stakeholders (such as government, 

policymakers, sports associations, NGOs, media, athletes, visitors, 

educational institutions, etc.) along with practical recommendations for 

sustainable development of the sports sector in developing countries in 

general and Pakistan in particular.  
Keywords  
Sports development framework, Sustainable sports development, Socio-

economic growth, Sports sector of Pakistan, Sports tourism  
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Introduction  
 

In the global market, sport has been considered one of the most essential recreational 

activities, extending far beyond leisure into a driver of socio-economic competition 

(Huan, Jiang and Fotiadis, 2026). In many countries, a major share of GDP is driven by 

sports and related industries (Wu, 2025). It also generates substantial revenue, attracts 

large budgets, creates jobs across various domains, and boosts the tourism sector (Chen, 

2025). Global events like the Olympics and the FIFA World Cup play a massive role in 

various economies, attracting international visitors, provide opportunities for various 

industries, including sports merchandisers, the media industry, local and global 

transporters, food and hotel industries, and many other industries that are directly or 

indirectly related to them (Ait Soussane and Ibourk, 2025; Zawadzki, 2022). Along with 

these advancements, the industry has also been recognized as a strategic driver of 

sustainable development, parallel to the entertainment industry (Navandar et al., 2025). 

In recent years, many researchers, policymakers, and scholars have examined the 

importance of sustainable integration in sports and the strategies for sustainable sports 

development. These studies aim to generate a long-term economic, social, and 

environmental system that minimizes the negative aspects that harm communities and 

ecosystems (Millington et al., 2022). This sustainable paradigm broadly aligns with John 

Elkington’s concept of the Triple Bottom Line. Particularly in the context of sports, the 

concept of TBL highlights economic opportunities in tourism and event hosting, social 

cohesion through participation, and environmental stability through eco-friendly 

infrastructure and responsible event planning and management (Liang, Li and Xu, 2026). 

 

Despite continuous growth in the sports sector, sustainable achievement remains a 

question mark, particularly for developing economies. Countries with limited resources 

often face challenges in sustainable sports development, resulting in poor integration, 

insufficient resources for athletes/management, and limited technological capacity 

(Hautbois and Desbordes, 2023). Over the last two decades, scholars have mainly 

examined isolated aspects of the sector, treating outcomes as independent phenomena, 

even though sports development spans interconnected systems whose combined 

outcomes remain understudied (Dastbarhagh et al., 2023). As a result, the concept of 

sustainability in sports still lacks clarity due to an unbalanced understanding of the 

interconnectedness among various industries, leading to unsustainable outcomes. 

Another major concern is that it predominantly emphasizes the short-term benefits of 

sports associated with major sporting events, such as the Olympics and FIFA, and often 

overlooks broader dimensions of sustainability, environmental responsibility, and long-

term system development (Lopes dos Santos and Gonçalves, 2022). Given the limited 

resources available to emerging economies like Pakistan, this research addresses a 

critical gap in the sports management literature by offering a conceptual framework that 

links drivers, processes, and sustainable outcomes, particularly in the sports sector. 

Given the multidimensional nature of sports development, the proposed framework is 

theoretically guided by the SOR model and additionally incorporates TBL principles. 

The framework conceptualizes sports development as a systemic process in which 

drivers (resources and actors) function as stimuli, institutional processes and enablers act 

as the organism stage, and economic, social, environmental, and sectoral outcomes 

represent the response stage. In addition, this framework considers contextual and 

control factors, which might impact the efficacy of relationships in the sports ecosystem. 
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It is argued that with effective sports management, including elements of sustainability, 

there is an opportunity to maximize various contributions of sports to national 

development.  

 

Overall, based on recent sport management and sustainability literature, the conceptual 

framework suggests economic, social, environmental & sectoral sports dimensions. It 

provides useful insights for key sports sector stakeholders (such as policymakers, sports 

bodies, event managers etc.,) interested in designing strategies governing the sustainable 

development of the sports sector. It is thus critical to consider the suggested dimensions 

in order to harness the full potential of sport as a catalyst for sustainable economic 

growth, social development and environmental responsibility. 

 

Literature Review  
 

Evolution of Sports  

 

Within every society, sports have evolved along three dimensions: sociocultural, 

economic, and technological Early sport emerged from local ritual games embedded in 

spiritual and survival practices, and these origins have shaped significant structural and 

functional developments over the past five decades (Li and Bo, 2023;Lombardo, 2012). 

In the recent century, the shift from local recreational practices towards structured, 

authentic systems has led every country to develop its sports into modern institutions 

(Holt, 2025). Commercial expansion driven by digital tools, global sponsorships, 

industry involvement, and media activity has created a new dynamic for athletes (Varea-

Calero et al., 2025). Such collaborations show that sport now extends well beyond 

physical activity, serving as a benchmark for socialization (Cabo et al., 2026), revamp 

the tourism economy (Mousavi et al., 2022), introduce technological innovations, and 

enhance geopolitical relationships (Postlethwaite, Jenkin and Sherry, 2023).   

 

Global Sports Sector 

 

The global sports sector is now a multi-layered system based on economic and socio-

cultural activities that were previously embedded in localized community practices 

(Andreff, 2021). In this era, the industry is integrated with governing bodies, commercial 

activities, technology firms, and media corporations. One of the most prominent mega 

events, i.e., the Olympic Games and FIFA World Cup, operates at both global and 

geopolitical levels (Burton et al., 2024). Such events not only generate substantial 

revenue but also build global linkages among nations. The Federation of International 

Football (soccer) dominates the global market in terms of revenue generated from events 

such as the FIFA World Cup, the European Football League, and the English Premier 

League. These events generate billions of dollars through media and various 

monetization models (Bradbury, 2021). According to a report by Teitelbaum and Knight 

(2025), soccer clubs are collectively worth around $72 billion, making it the world’s 

most valuable sport. Besides soccer, cricket ranks second on the list, with revenue of 

approximately $3.84 billion in 2025. The global governing body of cricket, the ICC 

(International Cricket Council), generated revenue of $600 million in 2024, of which 

around 38% came from BCCI (India) (BestReads, 2025).  
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Sports Sector of Pakistan 

 

In Pakistan, sports are not only about the game, but they are also a source of national 

identity and international representation. Among various sports, hockey became a source 

of national identity for Pakistan through its achievements in World Cup hockey during 

the 20th century (Nosheen and Aslam, 2022). However, over the past two decades, 

cricket has emerged as a more dominant sport due to its popularity and international 

visibility (Chunying and Awan, 2023). As it is understood that sports are widely 

associated with youth engagement, universities and provincial sports boards are 

contributing to identifying talent and athlete training. As shown in figure 1, the market 

size of Pakistan's fitness equipment sector is expected to reach $7.09 million by the end 

of 2026, and Pakistan is reported to be the 7th-largest fitness equipment-producing 

economy in the world. This suggests potential for the sports industry in developing 

economies like Pakistan, though its sustainable growth trajectory remains unclear.   

Figure 1: Fitness Equipment Market: Pakistan Vs Top 5 Major Economies in 2027 

(Asia Pacific Region) [Source: (Bhandari, 2026)] 

 

Key Sports Bodies & Associations in Pakistan 

 

Various governing bodies are structuring the sports sector in Pakistan with the help of 

the government, led by the Pakistan Sports Board, under which forty-one different 

bodies run, including the Pakistan Olympic Association, Pakistan Cricket Board, 

Pakistan Hockey Federation, Pakistan Football Federation, Pakistan Athletics 

Federation, Pakistan Squash Federation, and many more (PSB, 2025). All these 

organizations are responsible for making policies, developing and training athletes, 

representing the country internationally, and managing domestic competitions. Their 

strategic direction has contributed to industrial expansion and economic and geopolitical 

growth (Ali, Wright and Dickson, 2023). The Pakistan Sports Board serves as the 

primary government-run body for the promotion and regulation of sports activities (Ali, 

Rehman and Saeed, 2025). Additionally, the Pakistan Olympic Association serves as the 

official body representing Pakistan’s Olympic sports internationally. This body is 
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responsible for selecting athletes, preparing them for games, and collaborating with 

international sports federations to ensure they meet global standards (Laar et al., 2021). 

Apart from these, the Pakistan Cricket Board stands out as one of the most independent, 

financially stable, and influential bodies. Their key role is to represent the Pakistan 

cricket team at the domestic and international levels and collaborate with the 

International Cricket Council for international competitions (Hameed, Rasool and Kiran, 

2025; Khan, Rizwan and Irfan, 2023).  

 

Key Sporting Events in Pakistan 

 

The above-mentioned bodies play a crucial role in strengthening Pakistan’s sports 

system by promoting Pakistani athletes internationally. Among the most prominent 

sports events in Pakistan, the Pakistan Super League (PSL) is the top commercial and 

successful cricket league in the region (Aftab and Naveed, 2021). The Pakistan Cricket 

Board organizes this league and features franchise-based teams, attracting international 

players, broadcasters, and sponsors. Since its first season in 2016, the tournament has 

significantly gained domestic and international prominence, collaborating with 

international sports bodies, media, and industries, and boosting Pakistan’s stadium 

infrastructure and tourism economy (Hasaan, 2016). Apart from PSL, PCB also hosts 

various domestic leagues, including the Quaid-e-Azam Trophy, Pakistan Cup, National 

T20 Cup, President’s Trophy, and Sindh Premier League (Naqvi, 2025). Beyond cricket, 

other sports bodies also plan notable competitions, including the National Hockey 

Championships by the Pakistan Hockey Federation and squash tournaments by the 

Pakistan Squash Federation, both aimed at sustaining Pakistan’s legacy in international 

sports competitions (Iftikhar et al., 2021).  

 

Role of Federal & Provincial HECs in Sports Promotion & Development 

 

The Higher Education Commission plays a vital role in promoting sports activities 

among universities in Pakistan. It promotes the development of student sports societies 

in universities and other higher education institutes, provides sufficient annual budget 

for sports activities, and organizes training camps for students interested in different 

sports (Abbasi et al., 2021). It also arranges sports events, including inter-university 

competitions, in which students from different disciplines compete with each other. Such 

competitions are considered vital in discovering young talent and promoting sportsmen 

who may represent Pakistan in future sports competitions held in different parts of the 

world (Afshi, Zia-ul-Islam and Khan, 2020). Besides the federal government's role in 

promoting sports activities in the country, the provincial governments' higher education 

commissions also play a significant role in promoting sports activities in their respective 

provinces. For instance, the Sindh Higher Education Commission and the Punjab Higher 

Education Commission support the universities in their provinces by promoting sports 

activities among their students, providing sufficient annual budget for sports activities, 

and arranging inter-university competitions. Such higher education commissions often 

work in collaboration with the universities to promote sports activities among their 

students, providing them with training facilities and encouraging them to participate in 

sports activities (Khaskheli and Ansari, 2023). 
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These provincial bodies often collaborate with universities to strengthen sports 

programs, improve access to training facilities, and enhance student engagement in 

physical activities (Ali et al., 2020). Considering all the facts, the federal and provincial 

higher education commissions' involvement in Pakistan is a significant institutional 

mechanism for boosting athlete development and sports participation in the academic 

sector (Ali, Wright and Dickson, 2023). These organizations support the larger goal of 

fostering a thriving and sustainable sports culture in the nation by encouraging student 

participation in sports, supporting infrastructure development, and supporting organized 

competitions (Khurram, 2024). 

 

Emerging Technologies in Sports: An Overview 

 

With the passage of time, as other industries adopted technology, the sports industry has 

also been dominated by technological advancements (Avcı and Bayrakdar, 2023). The 

integration of technology has transformed the industry in new ways, shifting traditional 

training and competition towards scientific and strategic performance systems (Prasad, 

Akram and Khan, 2026). This not only advances athlete training but also upgrades 

management systems, which help to reduce the risk of bias among decision-makers 

(Habibi and Khairandish, 2023). Monitoring devices for tracking physiological and 

biomechanical parameters of athletes refined the boundaries for their better performance 

(Li et al., 2016;Olsen et al., 2025). Catapult GPS trackers are another significant tool 

that monitors athletes’ speed, workload, blood pressure, heart rate, and movement 

patterns (Ocak, Şentürk and Akyildiz, 2025). For better analysis, AI and machine 

learning tools are emerging as the most powerful tools, helping analysts analyze large 

datasets and capture athletes’ performance and strategies (Guatam et al., 2026). 

 

Sports As an Engine of Tourism & Socio-Economic Growth  

 

Sports tourism has emerged as another potential market for economic growth over the 

past few decades and is recognized as one of the most powerful drivers of tourism (Li 

and Ling, 2024). International sports events attract fans from around the world, 

generating significant revenue for host destinations (Ordiñana-Bellver et al., 2026). 

Hosting countries gain market share in numerous ways, including air transport, local 

transportation, the hotel and restaurant industries, and many other recreational activities 

(Raso and Cherubini, 2024). As host of the 2022 FIFA World Cup, Qatar generated an 

estimated $1.575–$2.412 billion, contributing approximately 0.7–1% to national GDP 

(Nguyen, 2025; Quamar, Hameed and Kumaraswamy, 2020). Another important aspect, 

apart from the above-mentioned figure, was that the country was able to provide 

accommodation to more than 1.4 million international tourists, with the highest number 

of tourists being from the United States and Saudi Arabia (Al-Emadi et al., 2025). 

Developing countries like Pakistan have considerable scope to gain from sports tourism, 

but this potential remains underutilized. Events such as the Pakistan Super League (PSL) 

offer a platform for international attention and national branding, but security concerns 

and regulatory challenges continue to hinder the sector's growth (Liang, Yasmeen Iqbal 

and Khan, 2022). 
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Guiding Theoretical Framework 
 

SOR Model  

 

The Stimulus–Organism–Response (SOR) model, originally developed by Mehrabian 

and Russell in 1974, provides a useful theoretical ground for understanding how 

environmental factors influence behavioral and systemic outcomes (Buxbaum, 

2016;Mehrabian and Russell, 1974). The model proposes that external stimuli trigger 

the internal processing mechanisms within an organism, resulting in observable 

responses (Mehrabian and Russell, 1974). In the context of sports development, the SOR 

framework can be applied to explain how structural drivers within the sports ecosystem 

lead to sustainable sectoral outcomes (Zhang et al., 2023). In this research, stimuli 

represent the foundational drivers of the sports sector, including key resources and 

institutional actors such as government bodies, sports federations, and private 

stakeholders that provide the inputs necessary for sectoral development. These drivers 

influence the second stage, i.e., the organism’s stage, reflecting the internal mechanisms 

through which the sports system processes these inputs. In this framework, the organism 

consists of critical enablers such as policy and governance structures, sports 

infrastructure, and the capacity for effective event delivery. These mechanisms 

determine how efficiently resources and stakeholders are mobilized within the sports 

ecosystem. The third stage, i.e., the response stage, represents the outcomes and impacts 

generated by the functioning of the sports system, including economic growth, social 

development, environmental sustainability, and overall sectoral advancement. Thus, the 

SOR model provides a structured framework for understanding how drivers and 

institutional mechanisms interact to produce sustainable outcomes in sports 

development. 

 

The TBL Framework  

 

John Elkington introduced the concept of the Triple Bottom Line (TBL) framework, 

which is widely used to evaluate sustainability by emphasizing that development should 

balance economic, social, and environmental performance rather than focusing solely on 

financial outcomes (Elkington, 2008). To generate sustainable growth, TBL suggests 

that organizations and sectors simultaneously generate economic value, promote social 

well-being, and minimize environmental impact (Slaper and Hall, 2011). Within the 

context of sports development, the TBL framework provides a comprehensive lens for 

assessing the broader impacts of sports activities, infrastructure development, and event 

management (Cayolla et al., 2023). The economic dimension reflects contributions from 

visitor arrivals and their spending, tourism and recreational activities, international trade, 

and FDI and contracts with local firms. At the same time, the social dimension highlights 

the role of sports in enhancing national pride, cohesion, and inclusion. Meanwhile, the 

environmental dimension focuses on sustainable practices in sports facility construction, 

such as green spaces and ecological renovations. Additionally, this research extended an 

additional component into the framework, i.e., sectoral (sports), which reflects safe 

sporting events, sporting capabilities, partnerships, and their alliances. By integrating 

these three dimensions, the Triple Bottom Line framework enables researchers to 

holistically evaluate the sustainability of sports sector development.  
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This research additionally evaluates and incorporates sectoral (sports) outcomes, which 

reflect safe sporting events, sporting capabilities, partnerships, and their alliances. By 

integrating these dimensions, the TBL framework assists in holistically evaluating the 

sustainability of the sports sector. The integration of TBL perspective extends the SOR 

process by providing a sustainability-based evaluation of the resulting responses. Rather 

than treating SOR and TBL as separate or parallel theoretical perspectives, the proposed 

framework embeds the social, economic, environmental and sectoral dimensions of TBL 

within the response and impact components of the SOR mechanism. In this integration, 

SOR explains how and why particular sport development outcomes emerge, whereas 

TBL determines whether these outcomes contribute to balanced and sustainable value 

creation. The framework, therefore, connects the process of sport development with the 

assessment of its long-term sustainability. 

 

Methodology 
 

This research outlines a conceptual framework for Sustainable Sports Development, 

which can be considered to facilitate an in-depth and comprehensive understanding of 

the major factors influencing the development and sustainability of sports in Pakistan. 

The research, being conceptual research, undertakes a structured approach to theory 

building through an extensive review and synthesis of existing literature to identify and 

select the most significant factors in the context of sports development in developing 

nations. The proposed framework for sustainable sports development in Pakistan is 

underpinned by the Stimulus-Organism-Response (SOR) model, which provides a 

framework to analyze the impact of external factors on internal system processes and 

eventually sustainable outcomes. The framework also undertakes the Triple Bottom Line 

(TBL) approach to analyze the impact of sports development on sustainable outcomes 

in the context of sports in Pakistan. The proposed framework aims to explain how factors 

such as resources and institutional actors shape internal enablers (policy and governance 

structures, sports infrastructure, and event mechanisms) that together contribute to 

sustainable outcomes for sport in Pakistan. 

 

Literature Review & Synthesis: Identification of Key Variables for the Conceptual 

Framework  

 

As discussed above, an extensive literature review was conducted using two leading 

databases i.e. Scopus and Web of Science, for identifying the key constructs relevant to 

sustainable sports development. The review primarily focused on several interrelated 

themes, including: 

• Sustainable sports development and sports ecosystem studies 

• Theoretical foundations such as the SOR 

• Sustainability perspectives such as the TBL 

• Sports governance, policy frameworks, and institutional management 

• Sports infrastructure development and event management 

• The sports sector landscape in Pakistan 

 

A comprehensive search including combinations of keywords such as sports sector 

development, sustainable sports development, sports governance, sports infrastructure, 

sports event management, SOR model, triple bottom line, sports sustainability, and 
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Pakistan sports sector was conducted. In total, approximately 80 peer-reviewed journal 

articles were examined to identify and synthesize the most relevant constructs for the 

proposed conceptual framework. From this review, the initial variables were extracted 

and prioritized based on three main criteria: 

• Previously validated empirical papers in sports management, sustainability and 

its related fields. 

• Papers having conceptual relevance to the drivers and enabling mechanisms of 

sports sector development. 

• Alignment with the economic, social, and environmental sustainability 

dimensions within the institutional and socio-economic context of Pakistan’s 

sports ecosystem. 

 

Moreover, the inclusion and exclusion criteria adopted for this research is discussed below: 

 

Inclusion Criteria 

 

• Studies that are particularly related to sports development, sustainable sports 

development, its technological factors and sectoral outcomes. 

• Studies that support more than one component of the proposed framework. 

• Studies that directly or indirectly reflect the Pakistani sports sector. 

• Studies published related to SOR and TBL. 

• Studies that are fully accessible and have enough bibliographic information. 

 

Exclusion Criteria 

 

• Studies that are not related to sports development. 

• Studies that did not contain components related to our proposed model. 

• Duplicate records have not been added. 

• Studies published in a language other than English. 

 

Table 1: Thematic Synthesis Supporting the Proposed Sports Development Framework 

Proposed Framework 

Components 

Main Themes Reference Articles 

Theoretical 

foundations and 

control factors 

SOR, TBL, legal 

compliance, political 

conditions, social acceptance 

and environmental 

considerations 

(Hautbois and Desbordes, 

2023; Blanco, 2017; 

Buxbaum, 2016; Elkington, 

2008; Mehrabian and 

Russell, 1974) 

Drivers Funding, sponsorship, sport 

professionals, governments, 

sports bodies, educational 

institutions, NGOs and fans 

(Bardocz-Bencsik, Begović 

and Dóczi, 2021; Green, 

2009) 

Processes and 

Enablers 

Policy, procurement, legacy 

planning, infrastructure, 

logistics, operations, 

volunteers, safety and 

inclusion 

(Pott et al., 2024; Hurt et 

al., 2024; Martínková, 

2023; Herold et al., 2022; 

Lopes dos Santos and 

Gonçalves, 2022) 
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Proposed Framework 

Components 

Main Themes Reference Articles 

Outcomes and Impacts Tourism, local business, 

investment, cohesion, 

national pride, 

environmental 

improvement, safe events 

and sporting capability 

(Liang, Li and Xu, 2026; 

Raso and Cherubini, 2024; 

Bradbury, Coates and 

Humphreys, 2023; 

Moustakas and Robrade, 

2023; Hu, Chen and Li, 

2023) 

Contextual Factors Governance, security, 

media and broadcasting 

rights, digital connectivity 

and human-rights norms 

(Antunovic and Bien-

Aimé, 2025; Mehra et al., 

2025; Li and Guo, 2024; 

Hums et al., 2023a; 

Schwab, 2019) 

 

 

Figure 2: PRISMA Diagram 
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The table 1 shows the identified literature that was synthesized in the context of the 

proposed framework components. Of the 80 relevant studies reviewed, 23 that directly 

supported the framework's problem context were included in table. Other relevant 

studies, as discussed in the next to next section, help in comprehensively explaining the 

components of the proposed framework. The following section explains the accurate 

alignment of the proposed model along with its key variables. 

 

Alignment of the Key Variables with Guiding Theories  

 

The selected factors were then classified according to the SOR model: 

• Stimulus (S): External factors influencing internal states (e.g., resources and 

actors). 

• Organism (O): Affective and cognitive mediators (e.g., policy and governance, 

infrastructure, event delivery). 

• Response (R): Behavioural outcomes (e.g., economic, social, environmental, 

sectoral). 

 

Simultaneously, TBL factors (constructs) such as economic, social, and environmental 

were mapped onto Response components of the SOR model.  

 

Proposed Framework for Sustainable Sports Development 
 

The proposed framework reviews & synthesizes the sports literature, sport industry 

reports, and government evidence. It maps the drivers (inputs) through the enablers 

(processes) to the impacts (outcomes), alongside highlighting the influence of the 

underlying contextual and control factors. The model is explained through the adoption 

of the SOR model, where the sports ecosystem transforms key drivers into a 

multidimensional outcome. In the stimulus stage, drivers based on resources and actors 

initiate and shape sports sector development. These drivers trigger the organism stage, 

which represents the processes and enabling mechanisms, including policy and 

governance, sports infrastructure, and event delivery. The response stage reflects the 

outcomes in the light of the triple bottom line model, i.e., economic, social, 

environmental, and sectoral outcomes. Not only this, but this model also recognizes 

controlling outcomes and contextual factors as well, which collectively shape the 

effectiveness and sustainability of sports development initiatives.  

 

The suggested framework is based on five building blocks at a broader level. These 

include Drivers, Processes & Enablers, Control Factors, Contextual Factors and 

Outcomes and Impacts. Drivers serve here as the key forces that provide direction to 

initiative sports development activities in a sustainable manner (Cook et al., 2023). 

Processes and enablers, meanwhile, generate the resources, systems, and capabilities 

needed to achieve sustainable sports outcomes  (Morgan, Fletcher and Sarkar, 2019). 

Likewise, the control factors play an important role by offering internal governance, 

monitoring and evaluation mechanisms, the accountability of the system, and 

implementation of the rules. These ensure that the activities are aligned with the 

objectives, standards and expectations of the stakeholders. Moreover, the contextual 

factors help shape opportunities, address constraints and devise relevant strategies, 

thereby assisting the key stakeholders in achieving the desired outcomes. In addition, the 
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control factors offer the socio-economic, political, legal and environmental perspective 

to be considered by the stakeholders in the wake of the initiative taken, resources utilized 

and efforts applied in driving sustainable sports development. Lastly, the outcomes & 

impacts highlight collective performance & benefits along economic, social, 

environmental and sectoral fronts. We provide a literature-backed explanation of each 

building block, including each of its elements that collectively constitute the conceptual 

framework.  

 

 
Figure 3: Conceptual Framework for Sustainable Sports Development (Source: This 

Research) 

 

Drivers 

 

The Drivers stage of the proposed framework involves three key inputs, i.e., Resources, 

Actors, and Partners that collectively serve as the inputs towards the development of the 

sports framework. One of the three inputs of the Drivers stage is ‘Resources’. This 

includes Public Funding, Corporate Sponsorship, Sports Ambassadors, and Sports 

Coaches & Doctors. The second essential input within the Drivers stage is ‘Actors’, 

which includes: Government, Sports Bodies & Associations, End-user Organizations 

 
Figure 1: Conceptual Framework for Sustainable Sports Development (Source: This Research) 
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and Event Owners / Organizers. The third input within the Drivers stage is ‘Partners’, 

which includes: NGOs & Community Organizations and Citizens/Fans. These elements 

are briefly discussed below: 

• Public Funding: Financial support from the government for developing sports 

infrastructure and training facilities. The main purpose of public funding is to 

build sports facilities and to provide systematic, strategic support to athletes, 

helping them organize and improve their participation in sports (Kučera et al., 

2023). It also helps provide equal access to all sorts of events and helps them grow 

in international events. Moreover, it supports athletes with diverse talents and age 

groups, providing them with equal financial resources to enhance their 

performance (Hurt et al., 2024).  

• Corporate Sponsorship: It refers to the funding provided by private organizations 

that invest in sports athletes, teams, events, and leagues. In exchange, they require 

brand visibility and marketing (Mohammadi, Ghasemi Siani and Alonso Dos 

Santos, 2024). It helps companies gain visibility by displaying their logos and 

advertisements on athlete uniforms, at various stadium locations, on sports 

equipment, or through digital ads during short breaks. They help in defraying costs 

for events and leagues, provide green infrastructure for athletes, and boost the 

quality of the sport (Jacobs et al., 2025). An analysis of the sponsorship pricing 

for the Pakistan Super League, spanning from 2016 to 2026, shows that the 

amount has increased to $26.2 million from $5.2 million. This growth in 

sponsorship value points to increasing commercial confidence in the league 

(Yaari, 2025).  

• Sports Ambassadors: Sometimes, renowned athletes play an influential role in 

leagues, inspiring young athletes and enhancing the event’s international visibility 

(Hautbois, Biscaia and Djaballah, 2025). They help to strengthen the image and 

reputation of events, brands, and their related organizations. Government and 

sports ministries usually hire well-known athletes to promote and develop their 

sports departments, major leagues, and youth engagement programs (Bardocz-

Bencsik, Begović and Dóczi, 2021). Highlighting this trend, Saudi Arabia, where 

football has been expanding rapidly, signed Cristiano Ronaldo, one of the most 

prominent figures in soccer, as a global ambassador for the country (AlSheddi, 

2026).  

• Sports Coaches & Doctors: Provide technical training to athletes to optimize 

performance. They aim to design training programs for athletes, build strong 

teams, focus on tactical skills, monitor physical fitness, and prepare athletes for 

domestic and international competitions (Maksymchuk et al., 2022). Besides 

these, their role in talent identification and long-term development programs is 

essential. Based on their expertise and mentorship, they are more inclined to 

contribute to and promote the overall sustainable growth of the sports industry 

(King et al., 2023).  

• Government: To support the development of the sports industry, the government 

provides policy directions, public funding, a regulatory framework, adequate 

infrastructure, and various opportunities for athletes to compete at the national and 

international level  (Gharehkhani and Mohammadi Moghani, 2022). Their main 

aim is to establish core ministries, sports councils, and other regulatory bodies that 

help to organize national and international competitions and events. Moreover, 
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they promote sports as a tool for social development, create inclusive 

opportunities for people, and foster a strong national sports culture (Arman, 2022).   

• Sports Bodies & Associations: These associations regulate specific sports bodies 

and their development programs. Their main aim is to coordinate with national 

teams and ensure their compliance with international standards (Simons and Bird, 

2023). In addition, sports bodies and associations play a key role in developing 

talent by organizing training programs, coaching certifications, and grassroots 

development initiatives. They work closely with governments, sponsors, and 

educational institutions to support athlete development and improve the overall 

quality of sports participation and performance (Castellanos Dolk et al., 2025). 

• End-user Organizations: Various institutions, including schools, universities, and 

sports academies, that help the key platforms identify talent and support athlete 

development. At the initial level, their role is crucially important as they 

implement the training programs, organize competitions among schools, colleges, 

universities, and academies, which help to foster talent. Through their continuous 

effort, they are significantly contributing to the growth of sports and development.  

• Event Owners / Organizers: These are the people responsible for planning, 

managing, and delivering sporting events at the domestic and international levels. 

They look over various aspects, including event management, selection of an 

appropriate venue, scheduling and arrangement of logistics, arrangement of 

sponsorships, and strategizing audience engagement (Bondar et al., 2025). They 

focus on efficient and safe sporting events in accordance with global standards. 

Their strategic planning provides a platform for athletes to showcase their skills 

and generate economic benefits for the industry (Tsekouropoulos et al., 2022). 

• NGOs & Community Organizations: Through development programs and 

community engagement, these organizations focus on youth empowerment, social 

inclusion, and health promotion through sports. NGOs and community 

organizations use sports as a tool for social development by addressing issues such 

as youth empowerment, education, gender equality, and community connections 

(Giliomee, 2019). They often collaborate with educational institutions, local 

governments, and sports associations to create programs that promote leadership 

skills, teamwork, and positive behavioural change among participants. 

Furthermore, these organizations help to bridge the gap between policies and 

practices by implementing sports initiatives directly within communities. Based 

on advocacy, volunteer engagement, and partnerships with public and private 

stakeholders, NGOs and community organizations help to contribute to the 

sustainable development of sports and promote a culture of active and healthy 

lifestyles (Green, 2009). 

• Citizens / Fans: The primary audience for any sports is based on their engagement, 

which is based on attendance, viewership, and community participation, 

sustaining the popularity and economic viability of sports activities (Tamir, 2022). 

Fans also contribute to the social and cultural significance of sports by fostering 

community identity, national pride, and collective experiences (Kolyperas and 

Sparks, 2025). Through their support and engagement, citizens and fans influence 

the popularity, financial viability, and long-term success of sporting activities 

(Varmus et al., 2023). 
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Processes & Enablers  

 

Processes & Enablers represent the organism stage of the framework, where drivers of 

the sports ecosystem are translated into the operations and sustainable sports 

development activities. This stage comprises three components: Policy & Governance, 

Infrastructure and Event Delivery.  

 

Policy & Governance 

 

The Policy & Governance aspect is based on the following elements: 

• Bids & Procurement: The process for selecting host cities, partners, and suppliers 

for sports events. Their role is to ensure fairness, accountability, and the efficient 

allocation of resources. It includes different cities or countries who proposes their 

plans by showing up their capabilities and required infrastructure to host the event 

(Gamper et al., 2025). Whereas procurement focuses on the arrangement of sports 

goods, services, and other required contracts to execute the event (Setiawan et al., 

2022).  

• Legacy Charters: To ensure long-term benefits for sports communities, they 

design strategic commitments that focus on sustainable infrastructure use and 

community development. A key component of the legacy charter is sustainable 

infrastructure, including stadiums, coaching centers, training facilities, and 

physical and rehabilitation services for athletes, which encourage healthy 

lifestyles. Overall, it provides a transformative roadmap for sports events in the 

long run, ensuring sustainable benefits and appropriate long-term environmental 

goals.  

 

Infrastructure 

 

The second key component at this stage is the ‘Infrastructure’, which refers to the 

physical and operational facilities required for undertaking sports activities, including: 

• Venues, Land & Data: Venues are the physical places where the sports events take 

place, including stadiums, sports arenas, and training and coaching centers. A 

proper venue assures the provision of high-quality services, which include 

designs, construction, safety and security measures to support athlete 

performance. Venues play a distinctive role in a successful event as it provides 

memorable experiences to the visitors (Bradbury, Coates and Humphreys, 2023). 

The proper allocation of physical area that is required for sports facilities and 

event zones. Land data involves collecting and managing information on land use 

for sports events and related activities, as well as the ownership, zoning, and 

environmental conditions for sports infrastructure development. Proper land data 

is required for planning venues, ensuring compliance with legal and international 

standards, minimizing environmental impact, and optimizing the use of available 

space (Li and Guo, 2024). 

• Transportation & Logistics: Providing appropriate transportation for athletes at 

both domestic and international sporting events is termed transportation in sports 

(Pott et al., 2024). It ensures the smooth movement of athletes, management, 

officials, the required tools for sporting events, and the audience. It extends 

beyond transport to include traffic planning and management, as well as supply 
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chain coordination and execution in accordance with the schedules. The timely 

execution of appropriate logistics maximizes the event’s sustainable impact 

(Herold et al., 2022).   

• Sports Goods & Supplies: Sports goods and supplies include all equipment, 

materials, and resources required for training and competition, such as uniforms, 

gear, medical supplies, and technological tools. Highlighting one of the key sports 

goods manufacturers, Pakistan holds a strong reputation for producing high-

quality sports equipment (Shahzad, Aslam and Javaid, 2023). The city of Sialkot 

serves as a global hub for sports goods and supplies, exporting to major 

international events such as the FIFA World Cup and the Olympics. The quality 

and cost-effectiveness position the company as a niche player in the Pakistani 

market, generating substantial opportunities in the long run (Jain, 2025).     

• Housing & Accessibility: It includes accommodation facilities for athletes, 

officials, and visitors to ensure their comfort and convenience for all stakeholders. 

Giving the best example for housing and accessibility, Qatar FIFA World Cup 

2022 created a fan village with temporary accommodation sites as the hotel 

capacity was limited. As 1.2 million visitors were expected in the event and they 

only had 30,000 rooms available, these unique tents and cabin rooms serve a novel 

concept as it is accessible, affordable, and sustainable for travellers (Berry, 2022).  

 

Event Delivery 

 

The third component of this stage is ‘Event Delivery’, which focuses on the effective 

organization and execution of sports events, as well as the coordination of volunteers 

and sports staff. It includes: 

• Operations: Their main aim is to plan and manage event schedules and coordinate 

with on-site management. They ensure the smooth execution of events. At the 

event level, sports operations focus on delivering seamless experiences for 

participants, spectators, and media by coordinating ticketing, crowd management, 

security, and technology systems such as scoreboards and live broadcasting 

(Piekarz, 2020). In professional sports organizations, operations encompass 

performance monitoring, athlete welfare, sponsorship activation, and stakeholder 

communication to optimize both sporting and business outcomes (Schwarz, Hall 

and Shibli, 2015). 

• Volunteers & Support Staff: Trained individuals who assist athletes and 

management in enhancing operational efficiency. Volunteers and support staff are 

essential to the sports ecosystem, supplying the human resources needed to run 

events, programs, and organizations efficiently (Dallmeyer, Breuer and Feiler, 

2024). Volunteers often assist with tasks such as registration, ticketing, crowd 

management, guiding spectators, and supporting athletes during competitions. 

They help create a welcoming environment, enhance fan experiences, and ensure 

the smooth execution of events without significantly increasing operational costs 

(Teixeira et al., 2024). 

• Safety & Inclusion: To provide a safe environment for athletes, staff, and 

management, these individuals are available in cases of emergency planning, 

crowd management, and working with diverse communities. Inclusion, on the 

other hand, aims at providing equal opportunities to all persons regardless of 

gender, age, ability, socio-economic background, or cultural identity to participate 
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in sports. This includes providing facilities to persons with disabilities, promoting 

women’s and youth participation in sports, and promoting diversity and anti-

discrimination. Inclusive practices promote a sense of belonging, community 

engagement, social cohesion through sports, etc. (Martínková, 2023). Safety and 

inclusion provide a conducive environment where one can perform confidently, 

enjoy one’s sporting experience, and benefit from the social, physical, and mental 

benefits associated with sports  

 

Contextual Factors 

 

Unlike the moderating factors, the contextual factors represent the structural 

environment in the sport policies. It helps influence the sports ecosystem and enables 

sports stakeholders to engage in sustainable sports development. The following are the 

key contextual factors: 

• Governance & Security: Good governance and security are essential to ensuring 

that sports events are not only successful but also safe and enjoyable for 

participants and spectators. They help to prevent problems and aim to provide a 

guarantee that the country hosting the event looks good to the rest of the world 

(Hums et al., 2023b). Governance encompasses more than logistics; it also 

encompasses openness, accountability, and moral leadership within the sports 

organization. There is a very low chance of disruptions occurring when a host 

country demonstrates a strong commitment to security. Such actions, in turn, help 

preserve the nation's reputation on the international stage (Muñoz et al., 2023). 

Ensuring the safety of athletes, spectators, and dignitaries is an unavoidable 

requirement for hosting international competitions amid increased worldwide 

risks. In addition, efficient governance provides a surety that resources are not 

mismanaged, which helps to promote trust among the public and investors 

(Blanco, 2017). 

• Marketing, IP & Broadcasting Rights:  It focuses on the commercial and 

marketing aspects of sports and events. In today’s ecosystem, intellectual property 

(IP) and broadcasting rights are essential to financial sustainability. Effective 

marketing strategies can allow sports platforms to further expand their worldwide 

reach as well as strengthen their brand presence (Buraimo, 2006). By securing 

trademarks, logos, and media rights, organizations can bring in the money that is 

needed to improve infrastructure and support local development. Along with 

strong values, making money from sports helps leagues go pro and gives athletes 

the stage they need to keep their careers going. (Smith et al., 2024).  

• Digital Platforms & Connectivity: In modern sports, digital connectivity and 

online streaming play a big role in gaining better fan engagement. Organizations 

that provide such facilities enhance real-time audience interaction and support 

data-driven decision-making in sports management (Mehra et al., 2025). The 

experience of the spectator has changed a lot as a result of a shift from traditional 

media to digital “anywhere, anytime” access. Digital tools allow personalized 

marketing, more accurate fan analytics, and the inclusion of distant viewers who 

might never visit a stadium in person. This connectivity allows us to connect the 

actual events to a global fan base (Antunovic and Bien-Aimé, 2025). 

• Human Rights Norms: To promote fairness, equality, dignity, and ethical 

standards, Human rights norms emphasize issues such as gender equality, non-
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discrimination, rights for athletes and laborers, and improved initiatives for sports 

development aligned with global standards (Schwab, 2019). Such standards help 

ensure that sports development aligns with international humanitarian standards 

by prohibiting the exploitation of workers during infrastructure construction and 

by ensuring equal compensation and opportunities for all participants. By 

adhering to such standards, the sports sector promotes social justice and ensures 

that the “sustainable” aspect of development encompasses the preservation of 

human dignity. This ethical framework also helps the sports industry secure its 

“social license” to conduct business worldwide (Tak, Kim and Rhind, 2025). 

 

Control Factors 

 

These refer to conditions that may influence or moderate the effectiveness of the 

relationship within the proposed framework. These components are not the primary 

drivers of the ecosystem, but they could help in shaping better sports development 

initiatives. It includes:   

• Legal & Regulatory Compliance: The subject matter deals with compliance with 

national and international laws, regulations, and standard operating protocols 

applicable to sports activities. This ensures transparency, ethical behavior, and 

accountability in the conduct of each sports activity (Kim et al., 2025). In modern 

sports, this area has implications for athlete contract law, anti-doping regulations, 

and data protection provisions for athletes and spectators. Such stringent legal 

provisions prevent financial misconduct and corruption, which may undermine 

the development of infrastructure projects (Jonson and Thorpe, 2019). In a sports 

environment with a sound rule of law, there are greater prospects for attracting 

significant corporate sponsorships and partnerships, as investors feel secure in 

their investments. Moreover, working with international sports bodies like FIFA 

or IOC ensures support for local sports and maintains access to compete in 

international sports events (Kamenecka-Usova et al., 2025). 

• Political Considerations: These include government priorities, political 

leadership, and stability, which all aid in planning and developing sports sectors. 

A stronger political commitment could lead to better funding allocation, policy 

formulation, and coordination of activities with related institutions. Besides 

funding, political stability offers the guarantee of “Legacy” projects that may take 

several decades to come of age. Sport can be utilized as a tool for “Soft Power” 

and diplomacy in cases where there is priority in the political agenda, thus offering 

opportunities for international collaborations and trade. On the other hand, 

political unpredictability can lead to abandonment of facilities or redirection of 

funds, thus making it a critical factor in the sustainability of sports initiatives 

beyond a single election cycle (Houlihan, 2007). 

• Social Acceptability & Response: For the success of a sports event or project, 

public perception and community acceptance are very important. Positive social 

response helps to encourage community participation, volunteer engagement, and 

broader support for sports development initiatives (Seippel et al., 2018). The 

factor examines the “social license” granted by the local people. The success of 

the project may not do well if a community sees a new stadium as a “white 

elephant” that uproots locals or makes use of tax money without providing any 

benefits. However, the community becomes a stakeholder in the success of 
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initiatives created with social inclusivity in mind, such as accessible recreation 

and local employment (Owiti and Hauw, 2025). This is required in building a 

thriving sports culture where people take pride in their teams at both national and 

community levels. 

• Environmental Conditions: Factors such as geographic, climatic, and ecological 

sensitivities can have a major influence on project and event planning. It also 

focuses on minimal ecological disruption, which promotes sustainable 

management of environmental conditions. Environmental factors have evolved 

from mere logistical issues to key strategic limitations as climate change is now 

effecting the schedules worldwide (Dastbarhagh et al., 2023). For example, 

cutting-edge stadium cooling technologies and flexible scheduling are needed in 

order to protect the athlete’s health and spectators’ safety during periods of 

extreme heat or unpredictable weather. Moreover, the ecological footprint of 

sports is now used as a criterion for measuring its sustainability. Besides abiding 

by international ecological standards, programs that highlight waste management 

and space development help in enhancing the image of the organization as socially 

responsible and progressive (Atalay and Demir, 2024). 

 

Outcomes & Impacts 

 

This block serves as the ultimate result stage in the framework, involving Economic, 

Social Environment, and sectoral outcomes. These responses demonstrate how the 

drivers and enabling processes will translate into sustainable benefits for various 

stakeholder groups and communities. 

 

Economic Outcomes 

 

These serve as one of the four outcomes at this stage and can occur in the following 

forms: 

• Employment Creation: A large number of job opportunities are created as a result 

of major sporting events and the construction of long-term infrastructure (Raharja 

et al., 2021). These include positions in hospitality, security, maintenance, sports 

medicine, and high-level management. In addition to temporary event-based 

Labor, A flourishing sports industry also supports a permanent workforce in 

coaching, media, and retail (sporting goods). 

• Visitors’ Arrival & Spending: Visitors from domestic and international markets 

contribute to the host country’s local economy through spending on local food, 

accommodations, transportation, and entertainment. 

• Tourism & Recreation: One of the travel industry’s fastest-growing segments is 

sports tourism. High-end tourists are drawn to international events, and their 

“ancillary spending” on lodging, transportation, and local cuisine boosts the local 

economy (Mirzaie, Salimi and Rahimi Sarshabadrani, 2022). The most frequently 

revitalized areas by this capital inflow are Urban areas, which also promote 

regional cultural heritage to a worldwide audience (Karimi and Honarvar, 2018). 

• Contracts for Local Firms: stadium construction and league operations logistics 

offer a range of profitable opportunities for small- and medium-sized businesses 

(SMEs). Sports initiatives aim to ensure wealth stays in the community by 
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emphasizing local procurement, which promotes a secondary economy of 

suppliers and service providers (Van den Hurk and Verhoest, 2017). 

• International Trade & Foreign Direct Investment (FDI): A strong athletic 

reputation serves as a nation’s “calling card”. Global exposure through 

broadcasting rights can help attract foreign investors to both the sports teams and 

the country’s overall economy, signalling a stable, thriving business climate 

(Lertwachara, Tongurai and Boonchoo, 2021). 

 

Social Outcomes 

 

The Social Outcomes serve as the second component of the Response stage (Outcomes 

& Impacts stage). The social response in the sports development context is measured in 

terms of the ability to improve the quality of life and foster a sense of belongingness 

among diverse populations. It includes Cohesion & Inclusion and National Pride and 

Identity. 

• Cohesion & Inclusion: Beyond racial, religious, and socioeconomic divides, 

sports serve as a universal language. Programs for underrepresented groups or 

“sports for all” campaigns help foster integration, which in turn reduces social 

isolation (Kwon, 2024). For decades, Sports have been used to foster peace and 

reconciliation in divided or post-conflict societies (Moustakas and Robrade, 

2023). 

• National Pride & Identity: Gaining success on the international stage, such as 

earning an Olympic medal or hosting a World Cup, provides a collective sense of 

achievement (Mutz and Gerke, 2024). This “feel-good factor” helps to boost 

national morale. This, in turn, strengthens the emotional bond between citizens 

and their country, often leading to increased civic engagement (Kurniawan et al., 

2025). 

 

Environmental Outcomes 

 

The third component of this stage is Environmental Outcomes. Modern sports 

development must account for its ecological footprint. It should guarantee that the 

response to sports stimuli is planet-friendly and not detrimental to the environment. 

• Greenspace Development: The increasing need for outdoor arenas and training 

grounds frequently leads to the establishment of urban parks and “green belts”. 

These areas provide both professional facilities for athletes and vital “lungs” for 

cities, helping improve air quality and offering the public recreational areas (Hu, 

Chen and Li, 2023). 

• Ecological Improvement & Sustainability: Prominent sports organizations are 

currently implementing the concepts of the circular economy. This mainly 

consists of water-recycling systems, solar-powered venues, and stadiums with 

zero waste. By establishing such guidelines, the sports sector serves as a 

prominent test bed for environmentally friendly technologies that other industries 

may use (Henriksen et al., 2024). 

• Environmental Awareness: Sports events and icons are effective venues for 

environmental advocacy because of their large audiences. Campaigns that 

advocate for climate action or ocean health during international broadcasts can 
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shift public opinion on a scale that traditional policymaking often cannot (Li and 

An, 2025). 

 

Sectoral Outcomes 

 

• Safe Sporting Events: The effective planning in terms of safe and secure sporting 

events for athletes, spectators and the general public is important. It includes major 

initiatives like safety drills, emergency preparedness, risk assessments, and 

medical support, including compliance with safety standards (Mabagala, 2025).  

• Sporting Capability: It refers to the extent to which high-quality events and 

programs can be organized. It involves the availability of skilled human resources, 

effective sport governance policies, proper infrastructure, and adequate financial 

resources. These aspects collectively help develop better sporting capabilities, 

including the active participation of the athletes in sports activities (Fried and 

Kastel, 2026).  

• Partnerships & Alliances: A collaboration and active cooperation between the key 

stakeholders (such as sport development authorities, athlete associations, 

academic institutions, end-user organizations, sports communities, etc.) is 

important when it comes to arranging sponsorships for organizing mega sport 

events and consequently promoting tourism, creating new employment 

opportunities, and achieving sustainable socio-economic growth (Lindsey and 

Brown, 2025).  

 

Implications & Contribution 
 

Implications for Theory & Research  

 

The proposed Sustainable Sports Development Framework offers several theoretical 

contributions to the scholarly literature on sports development, management, 

sustainability and related domains.  

• First, it extends the theoretical applications of the SOR model beyond its typical 

understanding related to psychology and consumer behavior. This model 

conceptualizes sports management alongside SOR to explain complex situations 

rather than general management systems and their outputs. This model broadens 

the scope of the SOR model and its position in the literature by incorporating 

sectoral dynamics.  

• Second, by integrating the Triple Bottom Line (TBL) idea into sports 

development, this research provides sustainable support for the industry and its 

activities. Specifically, it reconceptualizes TBL dimensions, economic, social, and 

environmental, not merely as results but as interdependent and simultaneous 

outcomes generated through the interaction of drivers and institutional processes 

within the sports sector. In addition, the inclusion of a sectoral (sports-specific) 

dimension extends the traditional TBL framework by capturing internal 

development outcomes such as sporting capability, institutional strengthening, 

safe event delivery, and strategic partnerships. 

• Third, the mediating and moderating factors that reflect sports management are 

incorporated with contextual and control factors through this model. These 
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additions can enhance the explanatory power of the model and could help 

industries for better practical implications. 

 

 

Implications for Policy & Practice 

 

Sports Goods Manufacturers & Service Providers 

 

The proposed framework provides various important implications for sports goods 

manufacturers and service providers in sports.  

• Firstly, highlighting the importance of technology in sports, manufacturers are 

encouraged to invest in this field to develop smart equipment, wearable 

technologies, and performance-enhancing materials. Service providers can 

enhance performance by adopting digital tools, data analysis, and automated 

systems.   

• Secondly, for sustainable sports management, this framework provides a 

significant urban and regional planning idea for manufacturers and service 

providers. Proper strategic alignment with urban development plans can help 

firms project long-term ideas. 

• Thirdly, this model highlights business growth opportunities arising from the 

expansion of the sports sector. Increased investments in sports events, 

infrastructure, and community programs generate demand for sports goods, 

services, and support systems. Various collaborations between the public and 

private sectors can also generate demand for goods, services, and their supporting 

systems.  

 

Implications for Sports Development Govt Departments & Ministries   

 

The importance of government and sports ministry alliance signifies in every economy. 

Their strategic development, planning, and sustainable policies are extensively required 

with appropriate implementations.  

• Firstly, this model provides evidence-based implications to the government and 

ministries through which they can plan appropriate policies for private 

associations, stakeholders, investors and other related departments.  

• Secondly, for better infrastructure and sustainable planning, the government must 

collaborate with local authorities, ministries and sports facilitators to develop 

sustainable ideas which could lead to transformation within the sports sector. 

• Thirdly, the inclusion of contextual and control factors in the model suggests that 

governments must ensure a stable and supportive environment for sports 

development. This includes maintaining political stability, ensuring legal 

compliance, upholding human rights standards, and providing adequate security 

for sporting events 

 

Implications for Sports Promotion Clubs, Associations and NGOs of Pakistan 

 

The practical implications for sports promotion clubs, associations, and NGOs can drive 

the sports department towards sustainable outcomes. 
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• Firstly, institutional collaborations with government bodies can provide them with 

an extra edge to perform more at a greater scale. Such collaborations could help 

them generate more funds, build better infrastructure, advance technology, and 

develop technical expertise.  

• Secondly, these organizations should invest in training coaches, administrative 

personnel, and other technical expertise to integrate sustainable growth as 

proposed in the model. 

 

Implications for Print, Electronic & Social Media Industry  

 

As discussed in the literature review, the media industry and sport are closely linked, 

with media serving as a bridge between athletes and fans. The model proposes various 

implications for the media industry. 

• Firstly, the media industry needs to develop international collaborations to expand 

viewership for local sports. This would help fans enjoy sports globally and also 

help athletes build their global presence. 

• Secondly, given the growing focus on social media, the media industry needs a 

stronger presence across these channels. 

• Thirdly, collaboration with industries indirectly tied to sports could also help the 

media industry gain viewership. Creating documentaries for sports tool 

manufacturers, athletes’ health management stakeholders, and similar personnel 

could open new horizons for the media industry.   

 

Implications for Federal & Provincial HECs & HEIs of Pakistan 

 

• A proper strategic alignment of sports-related studies, degree programs, sports 

technology, and training from foreign sports faculty needs to be incorporated by 

higher education institutions. It will help academia to strengthen the field of sports 

to achieve better outcomes.   

• HEC and HEIs should promote integration of sports with fields such as business, 

health sciences, engineering, and data analytics. This approach enhances 

innovation and prepares students for diverse roles within the sports ecosystem. 

For example, departments such as physical therapy and rehabilitation, nutrition 

and dietetics, exercise science, and psychology should be integrated with sports 

programs to improve outcomes.  

• Institutions should focus on practical skill building through coaching 

certifications, event management training, and sports analytics. Developing 

industry-relevant competencies will enhance graduates’ employability and 

professional readiness. Moreover, international workshops, training facilities, and 

events should be made available to young athletes through educational 

institutions.  

• Universities should encourage research in areas such as sports policy, 

sustainability, performance science, and sports economics. This will contribute to 

evidence-based decision-making and the advancement of the sports sector. HEC 

must direct higher education institutions to educate their students and faculty 

members about sports and fitness. Universities should encourage their faculty 

members to pursue research related to sports management. 
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• HEIs should provide hands-on learning opportunities through internships, field 

projects, and collaboration with sports organizations and events. This exposure 

bridges the gap between theoretical knowledge and real-world application. 

 

Higher education institutions should align sports programs with sustainability objectives 

by promoting health, inclusion, environmental awareness, and community development. 

This positions sports as a tool for achieving broader national and global development goals. 

 

Implications for SDGs 

 

SDG 13 (Climate Action) 

 

The integration of eco-friendly sports infrastructure, sustainable operations, and 

management practices should be considered, as the model explains. Green stadiums, 

energy-efficient facilities, waste management systems, and eco-friendly event planning 

reduce the environmental footprint of sports activities. Additionally, sports organizations 

can raise awareness about climate change and promote environmentally responsible 

behavior among fans and communities.  

 

SDG 9 (Industry, Innovation, and Infrastructure) 

 

As discussed above in the literature, the latest technological sports tools, gadgets, and 

electronic devices need to be incorporated in sports to maintain sustainable standards, 

which could benefit athletes, sports management systems, and their operations.  

 

SDG 3 (Good Health and Well-being) 

 

Sports play a critical role in promoting physical and mental health by encouraging active 

lifestyles and reducing the prevalence of non-communicable diseases such as obesity, 

diabetes, and cardiovascular conditions. Organized sports programs, community-level 

participation, and university sports initiatives improve overall well-being, reduce stress, 

and enhance psychological resilience. 

 

SDG 5 (Gender Equality)  

 

Proper sports facilities should be provided for both men and women. Sports policies and 

programs aimed at promoting inclusivity are meant to break stereotypes in society, 

empower women, and increase confidence and leadership skills. Increased recognition 

of female players and investment in women’s sports can lead to a decline in gender 

inequalities and promote gender equality in the sports industry. 

 

SDG 8 (Decent Work and Economic Growth)  

 

The sports industry plays an important role in the development of the economy by 

creating employment opportunities in various fields such as sports coaching, event 

management, sports medicine, manufacturing, and media. The sports industry also 

boosts tourism and increases consumer spending during major sporting events. 
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Limitations & Future Directions  
 

This research presents a novel framework for sports sector development, yet it holds 

several limitations that need to be addressed by future researchers. 

• First, the proposed framework is conceptual in nature and presented based on an 

extensive literature review. Future researchers should test the model empirically, 

both qualitatively and quantitatively. They can develop and refine measurement 

scales for each dimension discussed in this framework. By operationalizing these 

dimensions, their relative importance could be enhanced across different sports 

systems. The empirical testing of this model would establish its reliability and 

validity for practical applications.  

• Second, the framework is based on two theories, i.e., SOR and TBL, which 

provide a constructive theoretical foundation in the field of sports management. 

Future researchers should examine the relationships between the elements of the 

drivers, enablers, and outcomes stage by utilizing quantitative techniques such as 

PLS-SEM.  

• Third, the generalizability of this research might be questioned, as it primarily 

supports the Pakistani market context or related developing nations. Future 

researchers could focus on global perspectives, including developed and 

underdeveloped nations, and highlight their importance. This will also open the 

door for researchers interested in comparative studies of sports economies. 

• Fourth, multidimensional studies can be conducted in the field of sports 

management, incorporating various economies, comparative analysis with other 

industries, and sectoral outcomes. Such studies will provide researchers with a 

broad area to dive into the practices. 

• Fifth, the model already incorporates contextual and controlling factors based on 

the provided literature, yet they haven’t been empirically tested. Future 

researchers need to incorporate empirical tests for such moderating effects. 

• Sixth, as described above, the proposed model highlights the broader aspects, 

focusing on the macro level of the sports ecosystem and limiting micro-level 

understanding, including behavioural and cultural aspects. Future researchers 

could incorporate these aspects as well to apply a micro-level understanding of 

athletes, visitors, and other management personnel.  

• Seventh, the overall model proposed a broader perspective on sustainable sports 

management, but it might limit in-depth understanding of these components. For 

future research, it is suggested that researchers empirically test the model across 

different dimensions by initially focusing on specific components instead of 

considering the entire framework. This practice could help the researchers deepen 

their understanding and derive practical outcomes. 

• Last, the model provides another important direction for qualitative studies, 

enabling researchers to examine and develop various policies, strategic planning, 

and guidelines for sports ministries.  

 

Conclusion 
 

This research presents a novel conceptual framework for understanding the importance 

of sustainable sports development, particularly for Pakistan and similar developing 

nations. Through the integration of two theories, SOR and TBL, the proposed framework 
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highlights the importance of ecosystem sports by interconnecting various components, 

including drivers, processes, enablers, and multidimensional outcomes. Along with 

these, controlling and contextual factors have also been discussed in light of the literature 

review, which acknowledges the complexity of the sports ecosystem and its importance. 

This research contributes to the literature by offering a systems-based perspective that 

addresses the fragmented approaches common in sports management research. It 

highlights the importance of aligning governance structures, infrastructure development, 

and event delivery mechanisms with sustainability objectives to achieve long-term value 

creation. Moreover, integrating sustainability dimensions underscores that sports 

development should not be evaluated solely on economic gains, it must also consider 

broader societal and environmental impacts. From a practical standpoint, the framework 

provides policymakers, government agencies, sports organizations, educational 

institutions and industry stakeholders with actionable insights to design and implement 

strategies that enhance the sustainability and effectiveness of sports initiatives. Future 

empirical studies are encouraged to validate and refine the suggested framework, thereby 

advancing both theory and practice of sports management in the days to come. 
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Abstract 
Wakatobi, an archipelagic region in Southeast Sulawesi, Indonesia, is 

home to some of the world’s most pristine coral reefs, making it a 

crucial marine biodiversity hotspot. Illegal sand mining increasingly 

threatens these coral ecosystems, causing significant ecological and 

socio-economic damage. This research examines the extent and 

impacts of illegal sand mining in Wakatobi, focusing on its effects on 

coral reefs, the local economy, and marine biodiversity. The study 

employs a sociological–juridical approach, using primary interview 

data and secondary legal and scientific sources, analyzed qualitatively 

to assess enforcement practices, ecological impacts, and stakeholder 

roles. Although Indonesia has regulatory frameworks prohibiting sand 

extraction in conservation zones, weak enforcement, limited 

community awareness, and the absence of sustainable livelihood 

alternatives hinder effective control. The study proposes a multi-

stakeholder cooperation agreement involving the government, local 

communities, NGOs, and the private sector to regulate sand mining, 

restore damaged ecosystems, and promote sustainable development. 

This collaborative approach is intended to provide a sustainable model 

for coral reef conservation that could be replicated in other coastal 

areas. The cooperation agreement is a crucial step toward protecting 

marine ecosystems and aligns with the United Nations Sustainable 

Development Goals (SDGs), particularly SDG 14 and SDG 15, which 

focus on conserving marine life and protecting biodiversity.  
Keywords  
Wakatobi; Coral reef conservation; Illegal sand mining; 

Multistakeholder cooperation; Sustainable development  

 

Introduction  
 

Indonesia, with more than 17,504 islands spread from Sabang to 
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(Martasudjita, 2015). Of these, approximately 13,466 are small islands that are vital to 

Indonesia’s biodiversity and culture (Praptiwi et al., 2021). Indonesia’s coastline 

stretches 108,000 kilometers, making it one of the countries with the longest coastlines 

in the world (Handiani et al., 2022). With an estimated 2.5 million hectares of coral reefs 

identified through satellite imagery under the One Map Policy (Law No. 4/2011), the 

country is globally recognized as a center of tropical marine biodiversity (Afdal et al., 

2024). 

 

One island renowned for its marine natural resources, particularly its coral reefs, is 

Wakatobi, located in Southeast Sulawesi Province, Indonesia, which is known as one of 

the regions with the richest marine natural resources in the world. Coral reefs are an 

integral part of the region’s marine ecosystem (Harahap et al., 2025; Mellin et al., 2016; 

Wally, Williamson and Dunning, 2024). The coral reefs in Wakatobi are among the 

richest and most preserved in Indonesia and the world. Coral reefs are a complex 

ecosystem built mainly by marine life that produces lime and other biota that live at the 

bottom and in the water column (Giyanto, 2017).The diversity of Wakatobi’s coral reefs 

places the region at the heart of the Coral Triangle, a globally recognized center of 

marine biodiversity. The Wakatobi Sea is endowed with an incredible coral reef 

ecosystem and is dubbed an underwater paradise (Karim Mukhlis and Aziz, 2024). 

 

Wakatobi’s underwater ecosystems and rich biodiversity have positioned the area as an 

internationally renowned diving and marine-ecotourism destination, hosting more than 

10 tourism sites and contributing significantly to local livelihoods (Bisri, 2023). Beyond 

tourism, coral reefs support commercial fisheries, sustain coastal communities, and serve 

as natural laboratories for scientific research and education. Their conservation is 

therefore critical to both environmental sustainability and regional economic 

development. 

 

Coral reef ecosystems are among the most biodiverse coastal systems. This ecosystem 

has great benefits for life as well as for human needs. Coral reefs have both ecological 

and economic functions. The ecological function of coral reefs includes nutrients for 

marine aquatic life, physical protection (from waves), spawning grounds, and habitat for 

marine organisms. Meanwhile, the economic function is a habitat for reef fish, crayfish, 

algae, sea cucumbers, and pearl shells, as a tourist attraction, as well as a natural 

laboratory to support education and research (Tuwo, 2011). Given their importance, 

maintaining the sustainability of coral reefs in Indonesia is vital. However, coral reefs 

are extremely vulnerable to degradation, particularly due to human activities. Major 

drivers of reef decline in Indonesia include sedimentation, pollution from industrial and 

domestic waste, coral extraction for construction materials, and destructive fishing 

practices such as blast fishing and poison use. In Wakatobi, one of the key threats to 

coral reef ecosystems is illegal sand mining. 

 

Illegal sand mining, mining activities conducted without official permits, has both socio-

economic and environmental consequences. Although it provides livelihood 

opportunities and increases household income, thus contributing to poverty reduction, it 

also results in water and air pollution, as well as occupational hazards due to the lack of 

proper safety equipment (Nurcahyo, 2020). Moreover, mining activities that do not 

comply with spatial planning regulations are prohibited.  Therefore, illegal mining needs 
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to be a shared concern for all parties, as emphasized by the Ministry of Energy and 

Mineral Resources, in order to prevent wider environmental impacts and ensure 

compliance with regulations (Ministry of Energy and Mineral Resources, 2022). 

According to Southeast Sulawesi Provincial Regulation No. 9/2018 on Coastal and 

Small Islands Zoning, Wakatobi Regency is designated as a capture fisheries zone, 

fishing port sub-zone, and national park sub-zone — areas where mining activities are 

strictly prohibited. 

 

Despite these regulations, illegal sand mining continues as a primary livelihood strategy 

for some coastal communities (Mensah and Mattah, 2023; Salam et al., 2025). Although 

such activities are banned under Law No. 1 of 2014 on the Management of Coastal Areas 

and Small Islands. In practice, however, sand extraction persists, leading to coastal 

abrasion and degradation of marine water quality, particularly in areas used for seaweed 

cultivation (Nugraha, 2017). This issue aligns with Sustainable Development Goal 

(SDG) 14, which emphasizes the protection of marine ecosystems and coral reefs from 

destructive human practices. To address this challenge, multi-stakeholder cooperation 

agreements involving government authorities, local communities, NGOs, and the private 

sector are essential. Such agreements ensure clear regulatory frameworks, strengthen 

monitoring and enforcement efforts, and promote community awareness regarding the 

importance of coral reef conservation. Collaborative governance offers a sustainable 

pathway to control illegal sand mining, protect marine biodiversity, and safeguard the 

long-term economic welfare of Wakatobi residents. 

 

The novelty of this study lies in integrating multi-stakeholder cooperation agreements as 

a legal and governance strategy for coral reef conservation, an approach that has not been 

systematically explored in Indonesia, particularly in Wakatobi. The research therefore 

seeks to answer two key questions: (1) What are the current realities and impacts of 

illegal sand mining on coral reefs in Wakatobi? and (2) What forms of cooperation 

agreements can prevent illegal sand mining and ensure the ecological sustainability of 

coral reefs? Unlike previous studies that primarily emphasize environmental law 

enforcement or governmental policy interventions, such as studies in Malaysia calling 

for comprehensive planning and management frameworks for sand mining (Ali, Gan and 

Asmawi, 2025)and analyses in Indonesia advocating improved policy implementation 

to protect human life and environmental quality (Haq, Handayani and Ahmad, 2023) this 

research offers a unique contribution. It empirically examines a collaborative 

environmental law model centered on multi-stakeholder agreements as a core instrument 

for controlling illegal sand mining and restoring coral reef ecosystems in the Wakatobi 

Conservation Area. 

 

Research Methods  
 

This legal research adopts a sociological-juridical approach. Sociological-juridical 

research is legal research that begins with secondary data and is followed by primary 

field data collected from communities (Amiruddin, 2012). Primary data were obtained 

through in-depth interviews with government officials, representatives of the Wakatobi 

National Park Agency, local community leaders, and environmental organizations. 

Secondary data were obtained from legal documents, regulatory reports, reports from 

related agencies, and scientific literature. The data collection techniques used were 
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literature and field studies. Furthermore, the analysis was qualitative. Data and legal 

materials are presented descriptively. 

 

Study Area 

 

Wakatobi Regency is located in Southeast Sulawesi Province, Indonesia, and forms part 

of the Coral Triangle, the global epicenter of marine biodiversity. The region consists of 

four main islands, Wangi-Wangi, Kaledupa, Tomia, and Binongko, along with numerous 

smaller islands, covering a total area of approximately 823 km² of land area and over 

18,000 km² of marine jurisdiction. Wakatobi was declared a National Park in 2002 and 

later recognized as part of the UNESCO World Biosphere Reserve Network in 2012 due 

to its exceptional marine ecosystems and cultural heritage. The region hosts more than 

750 coral species and 940 fish species, making it one of the most diverse reef systems in 

the world. 

 

With regards to the socio-economic context, coastal communities in Wakatobi largely 

depend on marine resources for subsistence and income. While tourism development has 

created new opportunities, benefits remain unevenly distributed, particularly in remote 

island settlements. For some households, sand mining remains a supplemental 

livelihood, especially where market access and employment prospects are limited. 

 

Research Design 

 

This study employs a sociological–juridical research approach, which combines 

doctrinal legal analysis with empirical field investigation. In this approach, secondary 

legal sources form the foundation for understanding the legal framework, while 

primary data from the field are used to examine how laws operate in practice and how 

communities respond to them (Amiruddin, 2012). 

 

Data Sources 

 

The research utilizes both primary and secondary data: Primary data were collected 

through in-depth semi-structured interviews with key stakeholders, including 

government officials at local and provincial levels, representatives of the Wakatobi 

National Park Authority, community leaders and traditional custodians, environmental 

NGOs, and civil society actors. The interviews focused on understanding enforcement 

challenges, community reliance on sand mining, perceptions of coral conservation, and 

opportunities for multi-stakeholder cooperation. Secondary data consisted of: National 

and regional legislation and regulatory documents, policy reports and government 

publications, academic literature and peer-reviewed studies, and environmental impact 

reports related to Wakatobi. 

 

Data Analysis 

 

All qualitative data were analyzed using a descriptive-interpretative method, which 

involved identifying themes related to legal enforcement, ecological impacts, 

stakeholder roles, and collaborative governance mechanisms. Legal materials were 

examined using content analysis to evaluate the effectiveness of existing regulations 
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and identify gaps in implementation. Field data were triangulated with documentary 

sources to ensure credibility and validity. 

 

Results and Discussion 
 

The Reality and Impact of Illegal Sand Mining in Wakatobi on Coral Reefs  

 

The Wakatobi area is a strategic area of national priority in the tourism sector 

(Moerwanto and Junoasmoro, 2017). Located in Southeast Sulawesi, it is one of the 

largest marine conservation areas in Indonesia, with an area of approximately 1.39 

million hectares (BPK RI Prov. Sulawesi Utara, 2020). The region has exceptionally 

high marine biodiversity, with more than 942 fish species and 750 coral species, nearly 

the entire global total of 850 (Kementerian Koordinator Bidang Kemaritiman Dan 

Investasi, 2017). The geographical conditions of Wakatobi, which consists of four main 

islands (Wangi-wangi, Kaledupa, Tomia, and Binongko) with shallow and clear waters, 

make it an ideal habitat for coral reef growth. However, this geographical condition also 

makes the Wakatobi area vulnerable to illegal sand mining activities because of the easy 

access and high economic value of the coral sand found in the area. 

 

Wakatobi's strategic geographical condition and rich coral reefs increasingly face severe 

challenges regarding illegal sand mining. This practice is intensifying as the demand for 

sand increases for construction, coastal reclamation, and artificial island construction. 

Despite offering seemingly abundant resources, sea sand mining presents unique 

challenges in terms of environmental and social impact. Sea sand mining has become an 

increasingly important issue in coastal and marine resource management. These 

activities, often viewed as a source of income for local communities, have long-term 

environmental, social, and economic impacts in the long run. Sea sand mining offers 

short-term economic benefits through the provision of raw materials for the construction 

and reclamation industries. Furthermore, sea sand mining can also affect the livelihoods 

of coastal communities that depend on marine resources, such as fishers and tourists 

(Halim, Waskitho and Prakosa, 2019). 

 

Although it provides short-term economic benefits, it causes widespread environmental 

impacts. For example, the dynamics of the natural physical properties of the sea, such as 

the movement of currents, waves, and tides, along with sea sand excavation activities, 

result in changes in coastal morphology, sedimentation, and the ecological balance of 

the coastal area (Joseph and Sugiri, 2014). Given these impacts, stricter monitoring and 

a coordinated governance mechanism are needed to ensure the sustainability of the 

ecological function of coral reefs in the Wakatobi Area. 

 

Unlicensed or illegal sand mining is mining carried out without a permit to mine in 

accordance with Law No. 4 of 2009 concerning Minerals and Coal; Local Government 

Regulations. Illegal mining activities have a significant negative impact, one of which is 

damage to the coast, which can cause the beach to slowly sink. Despite legal prohibitions 

under Law No. 4 of 2009 on Mineral and Coal Mining and regional regulations, Illegal 

mining persists due to economic pressures, limited livelihood alternatives, low 

environmental awareness, and weak enforcement capacity. Interviews with officials 

from the Wakatobi National Park Authority indicate that sand mining has been a 
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persistent issue since at least 2022 and remains challenging to resolve due to community 

reliance on sand for basic infrastructure needs. The lack of locally available legal sand 

supplies reinforces this dependency and creates a governance dilemma: stopping mining 

risks depriving communities of essential construction materials. 

 

Field observations identified Patua Village (Tomia Island) and Kampa Beach (Dete 

Village) as long-standing extraction sites, operating as informal community mines since 

2007 and 1997, respectively. While these activities have contributed to household 

income, they have simultaneously degraded coastal zones and increased sedimentation 

levels. Excess sediment transport into nearshore waters reduces water clarity, inhibits 

coral photosynthesis, and disrupts seagrass and mangrove ecosystems. Consequently, 

coral reef degradation reduces fish abundance, undermining small-scale fisheries and 

affecting food security and local livelihoods. Tourism, an emerging economic pillar in 

Wakatobi, also faces threats, as coral reef decline diminishes the attractiveness of the 

region as a diving destination. 

 

Law enforcement efforts by the Wakatobi National Park Authority and environmental 

agencies have included patrols, community engagement, and complaint reporting 

systems. However, enforcement effectiveness remains low due to limited personnel and 

monitoring infrastructure across the vast marine area, covert mining practices, and 

community resistance driven by economic necessity. Structural governance issues 

further constrain regulation, including overlapping institutional authority, the absence of 

specific provisions regulating sand mining in marine protected areas, and relatively weak 

sanctions. 

 

Overall, illegal sand mining in Wakatobi reflects a pronounced trade-off between short-

term economic survival and long-term ecological and socio-economic sustainability. 

While extraction offers temporary income, it causes irreversible coral reef damage, 

threatens fisheries and tourism, and deepens coastal vulnerability (Kurniawan, 

Supriharyono and Sasongko, 2014; Safrizal and Widyastuty, 2024; Urianti and Tomi, 

2024). The impacts also extend to the tourism sector, which is an important source of 

income for the region (Taufik et al., 2020; Yandy, 2024). 

 

Therefore, it is important to carry out sustainable management that involves structural 

and nonstructural mitigation, including regulatory enforcement, ecosystem restoration, 

and local community empowerment. Through this approach, the community and local 

government can ensure the preservation of the coastal environment and support the 

welfare of communities that depend on marine ecosystems (Azuga et al., 2025; Filho et 

al., 2021). Effective mitigation, therefore, requires an integrated and collaborative 

governance approach. Strengthened law enforcement, community-based monitoring, 

sustainable livelihood alternatives, and ecosystem restoration efforts are essential to 

safeguarding Wakatobi’s coral reef ecosystems and sustaining local welfare. A formal 

multi-stakeholder cooperation mechanism linking government authorities, communities, 

NGOs, and tourism actors is urgently required to address this complex challenge 

comprehensively. 
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Form of Illegal Sand Mining Control Cooperation Agreement to Reduce Coral Reef 

Damage to Maintain Coral Reef Function in Wakatobi  

 

Wakatobi National Park, which includes four main islands (Wangi-wangi, Kaledupa, 

Tomia, and Binongko), has an incredible wealth of marine biodiversity. The coral reef 

ecosystem in this region not only serves as a habitat for various marine species but also 

provides ecosystem services in the form of coastal protection from abrasion, a source of 

livelihood for residents, and ecotourism attractions with high economic value. Wakatobi 

National Park has a lot of tourism potential; therefore, management and protection are 

needed to maintain its sustainability (Marlina, 2020). However, illegal sand mining 

poses a significant threat to these coral reefs. The extraction process not only physically 

destroys reef structures but also increases sedimentation, reducing light penetration 

required for coral symbiosis with zooxanthellae, thereby inhibiting growth and 

accelerating coral mortality Doloksaribu, Barus and Sebayang, 2020). In addition, 

mining disturbances degrade dune systems, coastal soils, and nearshore biota (Rangel-

Buitrago et al., 2023), threatening local livelihoods dependent on fisheries and marine 

tourism. 

 

In response, the Wakatobi Regency Government has attempted to mitigate mining 

activities by prohibiting the use of locally sourced sand in public construction projects 

and directing dredging only toward navigational channels. However, these measures 

have proven insufficient. The ban applies only to government projects, while 

community-driven construction — largely unregulated — continues to create strong 

demand for sand. Limited enforcement capacity and opportunities for misuse of 

navigational dredging permits have further reduced policy effectiveness. As a result, 

illegal sand extraction persists due to high local demand, lack of alternative building 

materials, and weak supervision. 

 

Given these conditions, a more comprehensive, collaborative, and enforceable governance 

mechanism is needed. A multi-stakeholder cooperation agreement can provide the 

institutional framework required to control sand mining, ensure reef protection, and 

balance ecological and socio-economic interests. Indonesian contract law, as stipulated in 

Article 1313 of the Civil Code, defines an agreement as an act by which one or more parties 

bind themselves to others. Black’s Law Dictionary similarly defines a contract as an 

agreement creating enforceable obligations (Garner, 1990). These principles form the legal 

foundation for establishing a formal cooperation framework. 

 

The regulation of sand mining control in Indonesia is based on a hierarchy of laws and 

regulations, including Law No. 4 of 2009 concerning Mineral and Coal Mining, Law 

No. 32 of 2009 concerning Environmental Protection and Management, and Law No. 27 

of 2007 concerning the Management of Coastal Areas and Small Islands. At the regional 

level, the Wakatobi Regency Government has issued Regional Regulation No. 5 of 2015 

concerning Coral Reef Management and Regional Regulation No. 3 of 2018 concerning 

the Prohibition of Sea Sand Mining. However, the implementation of this regulation still 

faces obstacles in coordination between agencies, limited law enforcement resources, 

and gaps in enforcement, which require a collaborative approach through multi-

stakeholder cooperation agreements. This legal framework provides legitimacy to the 

establishment of a legally binding and accountable cooperation agreement. 
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Based on this legal basis, the identification of the parties who must be involved in the 

cooperation agreement is a fundamental aspect of the design of the agreement. The main 

parties include: the central government, represented by the Ministry of Maritime Affairs 

and Fisheries, Wakatobi National Park Authority, and the Ministry of Environment and 

Forestry, which is interested in implementing national policies and achieving 

conservation targets. Local governments include the Southeast Sulawesi Provincial 

Government and Wakatobi Regency Government, which are interested in regional 

autonomy and local economic development. Civil society consists of traditional 

fishermen with an interest in access to marine resources, indigenous communities with 

an interest in the preservation of local wisdom, and environmental organizations that 

focus on conservation. The private sector includes marine tourism operators with 

commercial interests and construction companies with raw material requirements. From 

a treaty law perspective, this diversity of interests must be accommodated through a 

check-and-balance mechanism that ensures that no party dominates or is harmed, in 

accordance with the principle of balance in treaty law. Such multi-stakeholder 

engagement is essential to ensure social legitimacy and can be effectively implemented. 

 

Given the number of stakeholders involved, the cooperation agreement must be 

systematically designed to accommodate the interests and roles of each stakeholder. The 

most appropriate form of agreement is a Memorandum of Understanding (MoU), which 

is then described in a more detailed and technical Cooperation Agreement (PKS). A 

Memorandum of Understanding (MoU) is a preliminary agreement made by the parties 

who want to make an agreement.  However, if the Memorandum of Understanding 

(MoU) also refers to Article 1320 of the Civil Code, then it has the same legal force as 

the legal force based on the agreement contained in the Indonesian legal system, namely, 

the Civil Law system (Pratama, 2016). 

 

The MoU serves as a general framework that governs the basic principles of cooperation, 

shared vision and mission, and political commitment of all parties. Meanwhile, the 

Cooperation Agreement regulates the division of duties, responsibilities, coordination 

mechanisms, reporting systems, and other operational technical aspects. This structure 

allows flexible implementation while maintaining long-term commitments. The 

agreement must also have periodic review and evaluation clauses to ensure its relevance 

and effectiveness in dealing with the dynamics of ever-evolving problems. Given the 

complexity of the existing legal framework, the establishment of a cooperation 

agreement to control illegal sand mining must adhere to the fundamental principles of 

treaty law, as outlined in the Civil Code. Article 1313 of the Civil Code defines an 

agreement as an act in which one or more individuals bind themselves to one or more 

other parties. In the context of multi-stakeholder cooperation agreements, this definition 

expands to encompass multiple parties, each with diverse interests but united by common 

goals, particularly in the conservation of coral reefs. As per Article 1320 of the Civil 

Code, four essential conditions must be met for the validity of an agreement: (1) consent 

from the parties involved; (2) the legal capacity of the parties to enter into agreements; 

(3) a certain object of the agreement; and (4) valid reasons for the agreement. In the case 

of a cooperation agreement aimed at controlling illegal sand mining, these four 

conditions must be carefully considered and satisfied. 
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First, the consent of all parties must be explicit. In a multi-stakeholder setting, this 

involves negotiating and ensuring mutual understanding and agreement among all 

parties involved, whether they are government bodies, private sector entities, or non-

governmental organizations, each bringing different perspectives and interests to the 

table. Second, the parties must have the legal capacity to enter into agreements, which 

in this case refers to the ability of both public and private legal entities to sign the 

agreement. The parties involved, therefore, need to be legally competent to engage in a 

binding agreement under the relevant national and international laws. Third, the object 

of the agreement must be clear and measurable. In this context, the objective is the 

control of illegal sand mining in the Wakatobi region. This requires defining specific 

actions, targets, and measurable outcomes related to sand mining control, ensuring that 

the agreement has a tangible and observable impact on the ground. Finally, the 

agreement must be based on valid reasons, or halal causa, which refers to the purpose 

or rationale behind the agreement. For this cooperation agreement, the underlying cause 

is environmental protection—specifically, preserving the Wakatobi ecosystem for future 

generations. This purpose aligns with broader environmental and sustainable 

development goals, ensuring that the agreement serves the public interest and the 

protection of natural resources. 

 

Therefore, for the cooperation agreement to be legally valid and effective, it must meet 

these conditions by incorporating clear, measurable objectives, ensuring all parties are 

legally capable and fully consenting, and basing the agreement on legitimate 

environmental protection goals. The agreement must be crafted with careful 

consideration of these legal principles to ensure its enforceability and success in 

controlling illegal sand mining while safeguarding the Wakatobi ecosystem. Cross-

sector collaboration is a fundamental prerequisite for realizing environmental 

sustainability. Cooperation agreements between parties are based on the principles of 

shared responsibility and local wisdom, which is in line with the theory of collaborative 

governance that emphasizes the importance of joint decision-making and policy 

implementation by various stakeholders through active participation, deliberative 

dialogue, and equal sharing of responsibilities, so that environmental management 

results become more inclusive, effective, and sustainable (Amantha, 2025). 

 

Based on the legal foundation of the agreement according to the Civil Code, the 

implementation of the cooperation agreement must refer to the principles of the treaty 

law. The implementation of the principle of consensualism, especially the terms of 

agreement of the parties, for the occurrence of an agreement in general, the conformity 

of the will that meets certain requirements is a valid contract according to the law 

(Herlien, 2001). This principle requires a consensus ad idem from all stakeholders 

involved, which, in the context of a multi-stakeholder agreement, requires an intensive 

and transparent negotiation process. In addition, the principle of pacta sunt servanda 

obliges all parties to implement the agreement in good faith, meaning they must act 

honestly, fairly, and not use fraud or fraud (Priyono, 2024). In the context of an 

environmental agreement, this means a long-term commitment from the parties involved 

to the conservation of coral reefs. 

 

The established legal framework determines the structure and essential components that 

must be present in a cooperation agreement. From the perspective of contract law, the 
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structure of the agreement must fulfill the elements required in Article 1338 of the Civil 

Code regarding the binding nature of an agreement. Each of these components plays a 

crucial role in ensuring that the agreement is fair, valid, and legally enforceable. The 

essential components of the agreement include: first, a preamble that outlines the 

background and legal basis for the formation of the agreement. This preamble provides 

context for the agreement’s creation and ensures it binds the parties legally. Second, a 

clear definition and scope clause regarding the protected coral reef areas, in line with the 

principle of legal certainty. This clause ensures there is no ambiguity regarding the 

boundaries of the protected areas, which is critical for the protection of the coral reef 

ecosystem. 

 

Third, the identification of the parties with clear legal standing, roles, and 

responsibilities. The parties involved in the agreement must be clearly identified, with 

their rights and obligations explicitly stated to avoid any overlap or conflict of interest. 

Fourth, measurable and verifiable specific objectives related to preventing illegal sand 

mining. These objectives must be clearly articulated, with concrete and realistic 

indicators that can be monitored and evaluated to ensure the agreement effectively 

addresses the issue. Fifth, mechanisms for coordination and communication among 

stakeholders that implement the principle of good faith. This is essential to ensure 

transparency and effective cooperation between all involved parties. 

 

Sixth, a transparent and accountable monitoring and evaluation system, designed to 

ensure that all actions taken align with the provisions of the agreement and achieve the 

intended outcomes. This system must be accessible to all relevant parties and allow for 

regular assessments of progress. Seventh, effective and efficient dispute resolution 

mechanisms to resolve conflicts that may arise between the parties involved. A robust 

dispute resolution process is critical to prevent issues from escalating or causing 

prolonged tensions. Eighth, provisions concerning financing and the fair and 

proportional allocation of resources. An unequal distribution of resources could lead to 

injustice and imbalance, so clear terms regarding financial arrangements must be set to 

ensure fairness for all parties. 

 

Ninth, balanced and proportional sanctions and incentives, which will act as deterrents 

for violators while rewarding those who adhere to the agreement. Disproportionate 

sanctions could harm one party, while inadequate incentives could reduce motivation to 

comply with the agreement. Finally, the inclusion of review and adaptation clauses 

allows for adjustments in response to changing circumstances. Environmental and socio-

economic conditions are subject to change, and the agreement must be flexible enough 

to accommodate these changes. Each of these components must be designed with 

consideration for the unique characteristics of the Wakatobi ecosystem and the socio-

economic dynamics of the local community, while also ensuring enforceability within 

the Indonesian legal system. 

 

In addition, efforts must be made to rehabilitate and restore coral reef ecosystems 

damaged by illegal mining. Cooperation agreements should regulate coral 

transplantation programs by involving local communities, students, and volunteers in 

coral-planting activities. The establishment of marine protected areas in pristine 

locations must be regulated by clear zoning and strict utilization rules. The artificial reef 
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program can be an alternative to accelerate habitat restoration while creating new tourist 

attractions in the area. Research and monitoring of coral reef health conditions must be 

carried out periodically by universities and research institutions. The agreement should 

also set out a long-term funding system for restoration programs through contributions 

from various parties, including possible payments for ecosystem services. Databases and 

documentation of restoration processes must be well-maintained for learning and 

replication in other regions. 

 

The establishment of a joint secretariat or special coordination unit is necessary to 

manage the day-to-day implementation of the agreement, with a clear organizational 

structure and dedicated personnel. The monitoring system should include measurable 

performance indicators, such as the number of illegal mining cases successfully 

prevented, the rate of coral cover recovery, the increase in community income from 

alternative economies, and the level of community participation in conservation 

programs. Periodic evaluations of operational aspects and annual evaluations of strategic 

aspects must be conducted by independent evaluators. The agreement should have 

adaptive clauses that allow for adjustments to strategies and approaches based on the 

results of the evaluation and changing conditions on the ground. Dispute resolution and 

mediation mechanisms between parties should be clearly regulated to address potential 

conflicts of interest in the study. Finally, the agreement should have a long-term roadmap 

with clear milestones to achieve the goal of maintaining the function of the Wakatobi 

coral reef as a healthy and productive ecosystem for future generations. 

 

Harmonization with the national legal system and international best practices shows that 

the cooperation agreement to control illegal sand mining in Wakatobi significantly 

contributes to the achievement of the Sustainable Development Goals (SDGs) that 

Indonesia has adopted as a global commitment. The purpose of law enforcement for 

illegal sand mining perpetrators is to maintain sustainability and natural ecosystems to 

implement the principles of sustainable development goals (SDGs), which must reach 

all levels of society without exception (no one left behind) (Disemadi & Nababan, 2021). 

This agreement contributes to SDG 14 (Life Below Water) through the conservation and 

sustainable use of marine ecosystems, especially target 14.2 on the sustainable 

management and protection of marine and coastal ecosystems, and target 14.5 on the 

conservation of at least 10% of coastal and marine areas. The protection of the Wakatobi 

coral reef also supports SDG 15 (Life on Land) target 15.5 on reducing the degradation 

of natural habitats and halting biodiversity loss. 

 

Conclusion  
 

The research conducted on illegal sand mining in Wakatobi has highlighted significant 

ecological and socio-economic challenges, particularly in relation to coral reef 

degradation and the decline of biodiversity. Wakatobi, a region famous for its rich 

marine biodiversity and coral reefs, faces severe damage due to unregulated sand mining 

activities, which not only harm the marine ecosystem but also jeopardize the livelihood 

of local communities. The mining activity, driven by high demand for sand for 

construction and coastal reclamation, disrupts sedimentation patterns, causing coastal 

erosion and damaging vital marine habitats. The practice also exacerbates social 
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conflicts as local communities, dependent on sand mining for economic survival, often 

ignore government regulations. 

 

The lack of effective enforcement mechanisms, coupled with weak legal frameworks 

and overlapping authorities, has made it difficult to curtail illegal sand mining activities. 

Despite stakeholder efforts, including local governments and environmental 

organizations, the activities continue largely unchecked, causing irreversible damage to 

coral reefs and marine life. Moreover, the short-term economic benefits from sand 

mining are overshadowed by the long-term environmental losses that further harm the 

livelihoods of coastal residents, particularly fishermen whose sources of income are 

dwindling due to the destruction of marine ecosystems. 

 

A collaborative approach involving multiple stakeholders, government bodies, local 

communities, NGOs, and the private sector, is essential to address this issue. The 

research proposes a multi-stakeholder cooperation agreement as a viable solution, 

providing a framework for regulating sand mining activities, restoring damaged 

ecosystems, and developing alternative livelihoods for local communities. The 

agreement should be legally binding, with clear roles and responsibilities for all parties 

involved, as well as mechanisms for monitoring and evaluation to ensure its 

effectiveness. It must also incorporate strategies for community involvement, education, 

and awareness-building to foster long-term environmental stewardship. 

 

The cooperation agreement should be grounded in a comprehensive legal framework 

that aligns with national and international environmental standards, particularly the 

United Nations Sustainable Development Goals (SDGs). It must aim to protect marine 

and coastal ecosystems (SDG 14) and reduce the degradation of natural habitats (SDG 

15), ensuring that Wakatobi’s coral reefs remain vital to the region’s biodiversity and 

economy for generations to come. Through this integrated approach, Wakatobi can 

secure both its environmental and socio-economic sustainability, benefiting not only the 

local communities but also contributing to global conservation efforts. 
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Abstract 
Protected landscapes are increasingly recognized as both ecological 

conservation areas and complex governance systems exposed to climate 

and disaster risks. This study assesses perceived governance capacity in 

the Upper Marikina River Basin Protected Landscape (UMRBPL) in the 

Philippines. Using a survey adapted from established resilience and 

institutional capacity frameworks, the study examined seven dimensions: 

access rights and entitlements, information flows, decision-making 

processes, application of new knowledge, capacity to anticipate risk, 

capacity to respond, and capacity to recover and change. Data were 

gathered from 55 respondents across five local government units, the 

Department of Environment and Natural Resources, the Rizal Provincial 

Planning Office, and the Protected Area Management Board. Descriptive 

statistics assessed perceived institutional capacity, while Spearman's rho 

and Cramér's V tested associations between resilience conditions and 

selected sociodemographic variables. Results showed an overall mean 

score of 3.76, indicating a high level of perceived institutional capacity. 

Application of new knowledge (3.88) and capacity to respond (3.87) 

received the highest scores, whereas information flows (3.59) and 

capacity to recover and change (3.64) received comparatively lower 

scores. Age and years in office were significantly and negatively 

associated with selected institutional dimensions. While UMRBPL 

institutions demonstrate robust operational capacity in response, risk 

anticipation, and knowledge application, they are constrained by 

fragmented information flows, weak institutional memory, and limited 

transformative recovery mechanisms.  
Keywords  
Institutional resilience; Protected landscape governance; Forested 

protected area; Transformative resilience; Climate and disaster resilience 
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Introduction  
 

Protected areas are increasingly recognized not only as sites for biodiversity 

conservation but also as complex social-ecological systems in which ecological 

processes and human governance are deeply interconnected (Cumming and Allen, 2017; 

Dudley et al., 2015). Within these systems, ecological outcomes are shaped not solely 

by biophysical conditions but also by institutional arrangements, policy decisions, and 

socioeconomic dynamics operating across multiple scales (Cumming and Allen, 2017; 

Cumming et al., 2015). In hazard-prone and rapidly urbanizing contexts such as the 

Philippines, protected landscapes perform critical functions beyond conservation, 

including water regulation, flood mitigation, and climate-related shock buffering. Global 

assessments emphasize that ecosystem protection is central to climate-resilient 

development, particularly in regions facing increasing climate variability (IPCC, 2022; 

Paudel et al., 2024). Institutional resilience has therefore emerged as a central concept 

for understanding how governance systems respond to environmental disturbances. 

Despite this recognition, the effectiveness of protected areas depends not only on 

ecological integrity but also on the capacity of governing institutions to manage risks, 

coordinate across sectors, and adapt to changing conditions (Abdulaziz et al., 2019; 

Borrini-Feyerabend et al., 2013). Resilience literature highlights that institutions play a 

key role in shaping how systems anticipate, absorb, respond to, and recover from 

disturbances (Béné et al., 2012; Graveline and Germain, 2022; Tanner, Bahadur and 

Moench, 2017; Tyler and Moench, 2012). Within protected landscapes, resilient 

institutions are expected to balance conservation objectives with disaster risk reduction, 

stakeholder participation, and sustainable resource management. 

 

However, existing studies often assess institutional capacity in fragmented ways, 

focusing separately on governance structures, response mechanisms, and adaptive 

capacity. This limits an understanding of how different dimensions of capacity interact 

within protected landscape governance, particularly in Global South contexts where 

institutional constraints persist (Borrini-Feyerabend et al., 2013; Simmons and 

Simmons, 2023). Such approaches offer valuable insight into individual governance 

functions but say less about how these capacities interact to support resilience across 

governance levels. In particular, relatively little empirical research has examined 

whether governance systems possess balanced capacities across operational, integrative, 

and transformative dimensions of resilience, especially within protected landscapes in 

developing countries. 

 

The Upper Marikina River Basin Protected Landscape (UMRBPL) in the Philippines 

provides a compelling case for examining these issues. As a legally designated protected 

area under the Expanded National Integrated Protected Areas System Act (Republic of 

the Philippines, 2018), it operates in a multi-level governance system involving national 

agencies like the Department of Environment and Natural Resources (DENR), local 

government units (LGUs), and the Protected Area Management Board (PAMB). Its 

exposure to urban pressure and climate hazards makes institutional capacity a central 

determinant of its long-term sustainability. 

 

In the Philippine context, LGUs and public institutions play a key role in resilience-

building by enforcing environmental regulations, guiding local planning, delivering public 
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services, and mediating access to resources. Evidence from local climate and disaster 

governance studies shows that institutional resilience is shaped by technical competence, 

stakeholder engagement, organizational capacity, and implementation support systems 

(Grefalda et al., 2020; Pulhin et al., 2021). At the same time, adaptation priorities may 

differ across decision-makers and marginalized communities, underscoring the need for 

inclusive, context-sensitive governance (Nabong et al., 2021). These dynamics make the 

UMRBPL a relevant case for examining how institutional capacity is distributed across 

operational, integrative, and transformative resilience functions.   

 

This study adopts an institutional resilience perspective, conceptualizing resilience not 

as a single aggregate capacity but as a layered governance process composed of 

operational, integrative, and transformative functions. While existing frameworks 

distinguish absorptive, adaptive, and transformative capacities (Béné et al., 2012; Folke 

et al., 2010; Tanner, Bahadur and Moench, 2017; Tyler and Moench, 2012), they remain 

limited in explaining how these capacities are distributed and interact within multi-level 

governance systems.  This study addresses that gap by adapting and empirically applying 

a layered institutional resilience framework to examine uneven governance capacities 

across seven dimensions: access rights and entitlements, information flows, decision-

making processes, application of new knowledge, capacity to anticipate risk, capacity to 

respond, and capacity to recover and change. It aims to assess the institutional capacity 

of governance actors in the UMRBPL for climate and disaster resilience. Specifically, it 

seeks to: (1) determine the perceived institutional capacity across seven resilience-

related dimensions; (2) examine how these dimensions are distributed across 

operational, integrative, and transformative resilience layers; (3) analyze associations 

between institutional resilience dimensions and selected sociodemographic variables; 

and (4) evaluate institutional gaps and leverage points for strengthening protected 

landscape governance. 

 

Conceptualizing Layered Institutional Resilience 
 

Drawing on existing resilience and adaptive governance scholarship, the study 

contributes to resilience research by synthesizing and operationalizing a layered 

institutional resilience framework that links operational, integrative, and transformative 

capacities to specific governance functions in protected landscape systems (Figure 1). 

The framework shows the core governance functions, institutional capacity dimensions, 

empirical indicators, and theoretical meanings at three levels. It conceptualizes 

institutional resilience as a layered governance capacity composed of three 

interdependent functions: (1) operational resilience or the capacity to anticipate risks and 

respond effectively; (2) integrative resilience or the capacity to coordinate information, 

make decisions, and apply new knowledge; and (3) transformative resilience or the 

capacity to recover and change (Cardona et al., 2012; Friend and MacClune, 2012; 

Friend and Moench, 2013; Tyler and Moench, 2012). This layered approach allows for 

a more precise interpretation of institutional capacity, revealing how strength in one 

domain, response, for instance, can coexist with weakness in another, such as 

coordination or transformation. 

 

This layered view is consistent with resilience scholarship that distinguishes between the 

capacity to absorb disturbance, adapt through learning and coordination, and transform 
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institutional arrangements when existing systems are no longer sufficient (Béné et al., 

2012; Folke et al., 2016; IPCC, 2022). Rather than treating resilience as a single 

institutional attribute, the framework positions resilience as a differentiated set of 

governance capacities that may develop unevenly across institutional functions. 

Figure 1: Layered institutional resilience framework: Building from operational to 

transformative resilience [Sources: Cardona et al. (2012); Friend and MacClune 

(2012); Friend and Moench (2013); Tyler and Moench (2012)] 

 

Operational resilience represents the absorptive and response-oriented capacity of 

institutions. It refers to the ability of governance actors to maintain basic institutional 

functions and act immediately during risk events. The dimensions access rights and 

entitlements, capacity to anticipate risk, and capacity to respond are placed in this layer 

because they reflect the minimum institutional conditions needed to function under 

disruption, including personnel, resources, equipment, plans, emergency protocols, 

quick-response systems, and crisis management capacity. It measures whether 

institutions can absorb shocks and continue operating — a necessary but not sufficient 

condition for full resilience. In resilience theory, this corresponds to absorptive capacity, 

or the ability of systems to withstand disturbance while preserving essential functions 

(Béné et al., 2012; IPCC, 2022). 
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Integrative resilience refers to the connective and coordinating capacity of institutions. 

This is central to protected landscape governance because it involves multiple offices, 

sectors, and governance levels. Information flows, decision-making processes, and the 

application of new knowledge are placed here because coordination depends on 

accessible information, records management, regular meetings, transparent decision-

making, accountability, feedback mechanisms, and the practical use of knowledge. It 

reveals whether institutions act individually or are capable of coordinated, collective 

governance. Weakness at this layer tends to produce fragmented action, duplicated 

effort, poor institutional memory, or delayed decision-making. This interpretation is 

consistent with adaptive governance literature, which emphasizes learning, information 

exchange, institutional networks, and cross-scale coordination as central to governing 

complex social-ecological systems (Folke et al., 2005; Folke et al., 2016; Gupta et al., 

2010). A key distinction in this framework is that integrative resilience primarily 

involves coordination, information sharing, adaptive adjustment, and maintaining 

coherence across offices, sectors, and governance levels. It strengthens institutions’ 

ability to work together, align decisions, exchange knowledge, and reduce fragmentation 

within existing governance arrangements. Transformative resilience, in contrast, refers 

to deeper institutional redesign, structural and systemic change, and alterations in 

governance pathways when existing arrangements are no longer sufficient to reduce 

vulnerability. Integrative resilience, then, improves coordination and adaptation within 

the existing system, whereas transformative resilience concerns whether institutions can 

change the system itself. 

 

Transformative resilience refers to the long-term capacity of institutions to recover, 

learn, adapt, and reduce vulnerability. It moves beyond restoring normal operations 

toward institutional change and risk-reducing transformation. Capacity to recover and 

change is central to this layer, while decision-making processes and application of new 

knowledge also contribute when they support learning, adaptive planning, and feedback 

that improves future governance. The empirical indicators, including immediate 

recovery, openness to change, build-back-better capacity, monitoring, feedback, 

learning, and adaptive planning, assess whether institutions are capable of moving from 

short-term restoration toward risk-reducing transformation. This aligns with literature on 

transformative resilience, which views recovery as an opportunity not only to return to 

pre-disruption conditions but also to reduce future vulnerability and enable systemic 

change (Béné et al., 2012; Graveline and Germain, 2022; Tanner et al., 2015). 

 

Although presented in layered form, the framework is not linear. Instead, institutional 

resilience develops through recursive interactions among response, coordination, learning, 

and adjustment. Transformative processes, such as learning, monitoring, and adaptive 

planning, can strengthen lower layers by improving preparedness, refining response 

protocols, and informing future decisions. Similarly, integrative processes facilitate both 

immediate response and long-term adaptation by enabling continuous information 

exchange. This feedback logic is consistent with adaptive governance theory, which 

emphasizes iterative learning, institutional flexibility, and cross-scale interaction in 

managing complex social-ecological systems (Folke et al., 2005; Gupta et al., 2010). 

 

The framework is further supported by institutional foundations that operate across all 

layers, including policies, legal mandates, resources, leadership, and organizational 
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culture. These conditions shape how institutional capacities are developed and sustained. 

Weak foundations may constrain performance even when specific capacities exist within 

individual offices or programs, while strong enabling conditions reinforce coherence 

across operational, integrative, and transformative functions. This is consistent with 

institutional adaptive capacity literature, which highlights leadership, resources, fairness, 

learning capacity, and governance arrangements as key conditions for responding 

effectively to environmental change (Gupta et al., 2010). 

 

Operational resilience corresponds to absorptive capacity, integrative resilience reflects 

adaptive capacity through coordination and knowledge exchange, and transformative 

resilience aligns with the capacity for systemic change and long-term vulnerability 

reduction (Béné et al., 2012; Folke et al., 2016; Graveline and Germain, 2022; IPCC, 

2022). Adapted from existing resilience and adaptive governance literature, the 

framework was operationalized in this study to examine how institutional capacity 

dimensions are distributed across operational, integrative, and transformative layers. Its 

value lies in revealing that institutional resilience is not only multidimensional but also 

structurally uneven, with weaknesses that aggregate capacity scores may hide. 

 

Methodology 
 

Study Site 

 

The study was conducted in the Upper Marikina River Basin Protected Landscape 

(UMRBPL), a legislated protected area covering approximately 26,125.64 ha in Rizal 

Province (Figure 2). Located about 20 km east of Metro Manila, it spans the 

municipalities of Rodriguez, San Mateo, Baras, Tanay, and Antipolo City and is 

governed under Republic Act No. 11038. The study area is situated upstream of Metro 

Manila at approximately 14°40′16″N and 121°12′50″E. 

 

Under the Modified Coronas Climate Classification, the Upper Marikina River Basin 

falls under two climate types, I and III. The entire Wawa Sub-river Basin and the western 

portions of the three other sub-river basins experience a Type I climate, characterized by 

two pronounced seasons: a wet season from June to September and a relatively dry 

season during the remainder of the year. In contrast, the eastern portion of the study area, 

which includes the headwaters of the three sub-river basins, is influenced by a Type III 

climate. Although generally similar to the Type I climate in the western portion, Type 

III has less pronounced seasonal variations, with relatively dry conditions from 

November to April and wetter conditions during the rest of the year. The major 

vegetation communities include the following: (a) Agricultural areas/ Agroforestry/ 

Plantations; (b) Grasslands; (c) Bamboo thickets; (d) Secondary Growth Vegetation; (e) 

Lowland evergreen Forest; (f) Forest over Limestone; and (g) Montane Forest (AECOM 

Philippines, Inc., 2012).  

 

The UMRBPL plays a critical role in watershed protection, biodiversity conservation, 

and disaster risk mitigation, yet its proximity to Metro Manila leaves it exposed to 

mounting land-use pressures. Despite its protected status, rapid urban expansion, land 

conversion, illegal resource extraction, and infrastructure development linked to Metro 

Manila's growth continue to erode the landscape. In addition, the landscape is 
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increasingly vulnerable to climate change impacts, including more frequent extreme 

rainfall events, flooding, and landslides. These challenges make UMRBPL a useful case 

for examining institutional resilience, governance capacity, and adaptive management in 

protected-area systems. 

 

 
Figure 2: Location map of the Upper Marikina River Basin Protected Landscape 

Source: QGIS Association (2026). Base map adapted from Google (n.d.) and Esri 

(n.d.). Boundary data layers adapted from UNEP-WCMC and IUCN (2026) and 

Philippine Statistics Authority (2016) 

 

Survey Instrument 

 

This study employs a quantitative institutional assessment using a structured survey 

instrument adapted from established resilience and governance frameworks (Friend and 

MacClune, 2012; Grefalda et al., 2020; Tyler and Moench, 2012) (Table 1). It measured 

seven dimensions: access rights and entitlements, information flows, decision-making 

processes, application of new knowledge (Friend and MacClune, 2012; Tyler and 

Moench, 2012), capacity to anticipate risk, capacity to respond, and capacity to recover 

and change (Cardona et al., 2012; Friend and Moench, 2013). Responses were measured 

using a 5-point Likert scale. 

 

The corresponding Likert scales are presented in table 2. The verbal interpretation of 

average scores was based on a common 5-point Likert equal-interval scheme: 1.00–1.80 

as very low; 1.81–2.60 as low; 2.61–3.40 as moderate; 3.41–4.20 as high; and 4.21–5.00 

as very high (Nyutu, Cobern and Pleasants, 2021). In this study, these were adopted to 

reflect institutional capacity levels, with 1.00–1.80 interpreted as lacking capacity; 1.81–



Grassroots Journal of Natural Resources, Vol.9, No.2 (August 2026), p. 78-107       |         ISSN 2581-6853 | CODEN GJNRA9 

Doi: https://doi.org/10.33002/nr2581.6853.090204        Open Access 

 

 

 

 

 

85 Liezl B. Grefalda, Juan M. Pulhin, Kazuhiro Harada 

2.60 as low capacity; 2.61–3.40 as moderate capacity; 3.41–4.20 as high capacity; and 

4.21–5.00 as very high capacity (Table 3). 

 

Table 1: Institutional Capacity Dimensions and Number of Survey Indicators 

Dimension Sets Number of Indicators 

Access rights and entitlements 16 

Information flows 14 

Decision-making processes 18 

Application of new knowledge 4 

Capacity to anticipate risk 10 

Capacity to respond 5 

Capacity to recover and change 3 

 

Table 2: Likert scales used in the dimension for institutional capacity 

 

Likert Scale 

Dimension Set 1–4 

Friend and MacClune (2012), 

Tyler and Moench (2012) 

Dimension Set 5–7 

Friend and Moench (2013), 

Tyler and Moench (2012) 

1 Very dissatisfied Poor 

2 Dissatisfied Below average 

3 Slightly satisfied Average 

4 Satisfied Above average 

5 Very satisfied Excellent 

 

Reliability of the dimensions was assessed using Cronbach’s alpha (Table 4), with 

coefficients ranging from 0.9126 (capacity to anticipate risk) to 0.9578 (capacity to 

respond), well above the conventional threshold for excellent reliability (McNeish, 2018; 

Taber, 2017). However, Cronbach’s alpha should not be treated as the sole evidence of 

scale quality; thus, reliability results were interpreted alongside the theoretical alignment 

of the dimensions with the study’s institutional capacity framework (Hayes and Coutts, 

2020). The high alpha coefficients support the instrument’s reliability for assessing 

institutional capacity in the UMRBPL governance context. 

 

Table 3: Interpretation of Mean Scores for Institutional Capacity Levels 

Likert Scale Interval Interpretation 

1.00–1.80 Lacking capacity 

1.81–2.60 Low capacity 

2.61–3.40 Moderate capacity 

3.41–4.20 High capacity 

4.21–5.00 Very high capacity 

 

Institutional capacity was measured through respondents’ assessments of their own 

agencies, functions, and practices; thus, the findings are interpreted as perceived 

institutional capacity rather than direct evidence of actual performance. Potential self-

assessment bias was mitigated through neutral, behavior-oriented dimensions, 

confidentiality assurances, and aggregate reporting. Nevertheless, self-assessment 

approaches may still produce socially desirable or favorable responses, particularly 

when respondents evaluate institutions in which they are directly involved. Given the 
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reliance on self-assessment data from 55 respondents, future studies may triangulate 

these findings with document analysis, key informant interviews, budget records, 

disaster response reports, and longitudinal institutional performance data. 

 

Table 4: Cronbach’s alpha reliability coefficients of the institutional capacity dimensions 

Dimension Sets Inter-item Correlation Value Alpha 

Access rights and entitlement 0.4390 0.9260 

Information flows 0.5565 0.9461 

Decision-making process 0.5538 0.9572 

Application of new knowledge 0.8317 0.9519 

Capacity to anticipate risk 0.5109 0.9126 

Capacity to respond 0.8196 0.9578 

Capacity to recover and change 0.8104 0.9276 

 

Conduct of Survey and Selection of Participants 

 

The institutional capacity assessment targeted key local stakeholders involved in 

governing the UMRBPL in Rizal Province. Participants included representatives from 

the five LGUs within the protected area, namely Antipolo City, Baras, San Mateo, 

Tanay, and Rodriguez, as well as members of the PAMB, the Provincial Planning Office, 

and DENR Region IV-A. In total, 55 respondents completed the survey. The respondents 

were purposively selected based on their direct involvement in the governance and 

operations of the protected area. As members of the PAMB, DENR, LGUs, and related 

offices, they are familiar with the day-to-day functioning of the protected landscape and 

participate in its decision-making processes. Thus, they are in a position to provide 

informed and relevant assessments of institutional capacity. The sample reflects the 

maximum number of available and qualified respondents reached during data collection. 

Because the study targeted institutional governance actors directly involved in UMRBPL 

management rather than the general population, a purposive institutional sampling 

approach was used. The 55 respondents represent key agencies and governance actors 

responsible for protected landscape planning, coordination, environmental management, 

disaster risk reduction, and decision-making within the UMRBPL governance system. 

Thus, the study prioritizes institutional relevance and governance representation over 

statistical generalization. Data collection began during the regular PAMB meeting on 

June 24, 2025, followed by additional survey administration through researcher visits to 

participating LGUs and concerned agencies on August 15, 2025. 

 

Data Analysis 

 

Survey data were analyzed using R statistical software. Descriptive statistics included 

means, standard deviations, frequencies, and percentages. The Likert-scale results were 

interpreted as indicative patterns of perceived institutional conditions rather than precise 

measurements of actual institutional effectiveness; accordingly, the analysis emphasized 

comparative patterns across governance dimensions. Cronbach's alpha was used to 

assess the internal consistency of each institutional capacity dimension. Spearman's rank 

correlation coefficient was used to examine associations involving age, years in office, 

and educational attainment, while Cramér's V was used for sex and professional role. 

Statistical significance was set at p < .05. For consistent interpretation, the absolute 
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magnitude of Spearman's rho was classified as negligible (< .10), weak (.10-.29), 

moderate (.30-.49), or strong (≥ .50), following the convention summarized by Akoglu 

(2018). Because qualitative thresholds are context-dependent, the coefficients and p-

values are reported alongside the verbal descriptors.  

 

Results 
 

Respondent Profile 

 

Among the 55 respondents, 24 were female (43.64%), and 31 were male (56.36%). 

Regarding educational attainment, the respondents were generally highly educated. Most 

possessed a tertiary (bachelor's) qualification (81.82%), while 16.36% had completed 

postgraduate studies. Only one respondent (1.82%) reported elementary education, and 

none reported secondary education as their highest educational attainment. This profile 

suggests respondents had the academic background needed to assess institutional 

governance and management practices with some degree of informed judgment (Table 

5). In terms of professional role, 30 occupied supervisory positions, 13 held technical 

roles, 5 performed administrative functions, and 7 were elected officials involved in local 

leadership or governance. Respondents had an average tenure of 5.8 years in their current 

positions and a mean age of 46.1 years, suggesting considerable professional experience 

and organizational familiarity. These characteristics lend some credibility to the 

assessments, as respondents were likely familiar with governance structures, operational 

procedures, and institutional challenges within the UMRBPL. 

 

Table 5: Sociodemographic profile of the respondents 

 Frequency Percentage (%) 

Sex   

Female 24 43.64 

Male 31 56.36 

Professional Role   

Supervisory 30 54.55 

Technical  13 23.64 

Administrative 5 9.09 

Elected official 7 12.73 

Educational attainment   

Elementary 1 1.82 

Secondary 0 0 

Tertiary 45 81.82 

Postgraduate 9 16.36 

Average years in office 5.8 years 

Average age 46.1  years 

 

Perceived Institutional Capacity Across the Seven Dimensions 

 

The overall mean score was 3.76, which falls within the high perceived institutional 

capacity category (Table 6). Application of new knowledge recorded the highest mean 

(3.88), followed by capacity to respond (3.87), access rights and entitlements (3.79), 
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decision-making processes (3.78), and capacity to anticipate risk (3.75). Capacity to 

recover and change (3.64) and information flows (3.59) obtained the two lowest 

dimension-level means, although both remained within the high category. 

 

Item-level results showed the greatest limitations within information flows. The lowest 

scores concerned the availability of databases and records-management support systems 

(3.29), transfer of information from previous to incoming personnel (3.29), ease of 

retrieving relevant records (3.31), and availability of historical records (3.38). Relatively 

lower scores were also observed for staffing (3.44), equipment and supplies (3.53), access 

to new technologies (3.58), monitoring the impacts of decisions (3.42), and incentives for 

good performance (3.36). Detailed item-level results are provided in Appendix A. 

 

Table 6: Summary of institutional capacity assessment 

Dimension Average Score 

Access rights and entitlements 3.79 

Information flows 3.59 

Decision-making processes 3.78 

Application of new knowledge 3.88 

Capacity to anticipate risk 3.75 

Capacity to respond 3.87 

Capacity to recover and change 3.64 

Mean 3.76 

Note: Detailed item-level results for each institutional capacity dimension are provided 

in Appendix A. 

 

Sociodemographic Associations with Institutional Resilience 

 

Age was significantly and negatively associated with access rights and entitlements (ρ = 

-0.274, p = .043), information flows (ρ = -0.396, p = .003), application of new knowledge 

(ρ = -0.326, p = .015), and capacity to respond (ρ = -0.282, p = .037). The associations 

with information flows and application of new knowledge were moderate, while those 

with access rights and entitlements and capacity to respond were weak (Table 7). 

 

Years in office was significantly and negatively associated with access rights and entitlements 

(ρ = -0.311, p = .021), information flows (ρ = -0.271, p = .046), capacity to anticipate risk (ρ = 

-0.331, p = .014), and capacity to respond (ρ = -0.282, p = .037). The associations with access 

rights and entitlements and capacity to anticipate risk were moderate, whereas those with 

information flows and capacity to respond were weak. Educational attainment was not 

significantly associated with any institutional resilience dimension. 

 

Table 7: Spearman's rho for age, years in office, and educational attainment 

Sociodemo-

graphic 

Variable 

Indicators p-value ρ Interpretation 

Age Access rights and 

entitlement 

0.043 –0.274 Significant, weak negative 

association 

 Information flows 0.003 –0.396 Significant, moderate 

negative association 
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 Decision-making 

process 

0.285 –0.147 Not significant, weak 

negative association 

 Application of 

new knowledge 

0.015 –0.326 Significant, moderate 

negative association 

 Capacity to 

anticipate risk 

0.107 –0.220 Not significant, weak 

negative association 

 Capacity to 

respond 

0.037 –0.282 Significant, weak negative 

association 

 Capacity to recover 

and change 

0.270 –0.151 Not significant, weak 

negative association 

Years in 

office 

Access rights and 

entitlement 

0.021 –0.311 Significant, moderate 

negative association 

 Information flows 0.046 –0.271 Significant, weak negative 

association 

 Decision-making 

process 

0.147 –0.198 Not significant, weak 

negative association 

 Application of 

new knowledge 

0.064 –0.251 Not significant, weak 

negative association 

 Capacity to 

anticipate risk 

0.014 –0.331 Significant, moderate 

negative association 

 Capacity to 

respond 

0.037 –0.282 Significant, weak negative 

association 

 Capacity to recover 

and change 

0.069 –0.248 Not significant, weak 

negative association 

Educational 

attainment 

Access rights and 

entitlement 

0.570 0.078 Not significant, negligible 

positive association 

 Information flows 0.424 0.110 Not significant, weak 

positive association 

 Decision-making 

process 

0.934 –0.012 Not significant, negligible 

negative association 

 Application of 

new knowledge 

0.394 0.117 Not significant, weak 

positive association 

 Capacity to 

anticipate risk 

0.582 0.076 Not significant, negligible 

positive association 

 Capacity to 

respond 

0.791 0.037 Not significant, negligible 

positive association 

 Capacity to 

recover and 

change 

0.615 –0.069 Not significant, negligible 

negative association 

Note: ρ = Spearman's rank correlation coefficient. Statistical significance was set at 

p<.05. Magnitude was interpreted using absolute values: <.10 = negligible, .10-.29 = 

weak, .30-.49 = moderate, and ≥ .50 = strong (Akoglu, 2018). 

 

Chi-square tests indicated that sex was not significantly associated with any of the seven 

institutional-resilience dimensions, with all p-values exceeding .05 (Table 8). Cramér’s 

V values ranged from 0.058 to 0.239, indicating weak-to-moderate descriptive 

associations. The largest observed association was between sex and capacity to respond 



Grassroots Journal of Natural Resources, Vol.9, No.2 (August 2026), p. 78-107       |         ISSN 2581-6853 | CODEN GJNRA9 

Doi: https://doi.org/10.33002/nr2581.6853.090204        Open Access 

 

 

 

 

 

90 Liezl B. Grefalda, Juan M. Pulhin, Kazuhiro Harada 

(V = 0.239, p = .372), while the weakest was between sex and information flows (V = 

0.058, p = .980).  

 

Professional role was likewise not significantly associated with any institutional-

resilience dimension, as all p-values exceeded .05. Cramér’s V values ranged from 0.125 

to 0.291, indicating moderate descriptive associations within the sample. The largest 

association was observed for application of new knowledge (V = 0.291, p = .123), 

followed by capacity to recover and change (V = 0.264, p = .242) and decision-making 

processes (V = 0.261, p = .263).  

 

Table 8: Cramér's V for sex and professional role 

Sociodemo-

graphic 

Variable 

Indicators χ² df p-value V Interpretation 

Sex Access rights and 

entitlement 

1.021 2 0.600 0.136 Not significant, 

moderate association 

 Information flows 0.184 3 0.980 0.058 Not significant, weak 

association 

 Decision-making 

process 

1.499 3 0.682 0.165 Not significant, 

moderate association 

 Application of new 

knowledge 

2.211 3 0.530 0.201 Not significant, 

moderate association 

 Capacity to 

anticipate risk 

2.290 3 0.515 0.204 Not significant, 

moderate association 

 Capacity to respond 3.131 3 0.372 0.239 Not significant, 

moderate association 

 Capacity to recover 

and change 

0.678 3 0.878 0.111 Not significant, 

moderate association 

Professional 

role 

Access rights and 

entitlement 

1.724 6 0.943 0.125 Not significant, 

moderate association 

 Information flows 9.534 9 0.390 0.240 Not significant, 

moderate association 

 Decision-making 

process 

11.197 9 0.263 0.261 Not significant, 

moderate association 

 Application of new 

knowledge 

13.972 9 0.123 0.291 Not significant, 

moderate association 

 Capacity to 

anticipate risk 

7.680 9 0.567 0.216 Not significant, 

moderate association 

 Capacity to respond 7.754 9 0.560 0.217 Not significant, 

moderate association 

 Capacity to recover 

and change 

11.520 9 0.242 0.264 Not significant, 

moderate association 

Note: χ² = chi-square statistic; df = degrees of freedom; V = Cramér’s V. Statistical 

significance was set at p <.05. Cramér’s V was interpreted based on the magnitude of 

association, where values closer to 0 indicate weaker relationships and values closer to 

1 indicate stronger relationships. 
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Discussion 
 

Institutional Capacity as a Layered and Uneven Governance Condition 

 

The results demonstrate that a high aggregate institutional-capacity score can coexist 

with important functional weaknesses, indicating that institutional resilience in the 

UMRBPL is layered rather than uniform. Institutions performed relatively well in 

knowledge awareness and immediate response but showed comparatively weaker 

capacities in information flows, institutional memory, recovery-oriented learning, and 

transformative change. Within the layered framework, access rights and entitlements, 

capacity to anticipate risk, and capacity to respond were interpreted as dimensions of 

operational resilience because they reflect the ability of institutions to maintain essential 

functions and act during climate- and disaster-related events. Information flows, 

decision-making processes, and the application of new knowledge were treated as 

dimensions of integrative resilience because they represent communication, 

coordination, knowledge exchange, and collective decision-making among governance 

actors. Capacity to recover and change, together with the learning-oriented components 

of decision-making and knowledge application, was interpreted as transformative 

resilience because it reflects the ability of institutions to move beyond restoring previous 

conditions toward adaptation, institutional learning, governance redesign, and long-term 

vulnerability reduction.  

 

Operational capacities appear stronger because they are embedded in routine 

institutional functions, formal mandates, and existing response protocols. Integrative 

capacities remain weaker, by contrast, because cross-agency coordination, information-

sharing, and records management are not yet fully institutionalized across agencies and 

governance levels. Transformative capacities are even more limited because recovery 

processes are not consistently connected to feedback mechanisms, adaptive planning, 

institutional learning, and the redesign of governance arrangements.  

 

This uneven pattern closely parallels the empirical assessment of local governments in 

Aurora, Philippines, where institutions performed better in risk response and 

management but continued to face limitations in staffing, external financial support, and 

knowledge-management systems (Grefalda et al., 2020). Pulhin et al. (2021) similarly 

found that collaborative capacity-building was constrained by limited data availability 

and insufficient functional knowledge for local climate planning. Evidence from 

protected areas in Australia, Colombia, and South Africa further demonstrates that site-

level adaptation is shaped by institutional readiness, technical and resource capacity, and 

the ability to coordinate responses across multiple governance levels (Múnera-Roldán et 

al., 2024). Collectively, these findings and empirical comparisons support the study’s 

central claim that institutional resilience cannot be adequately inferred from a single 

aggregate score, as a high overall assessment may conceal weaknesses in information 

management, cross-agency integration, institutional learning, and transformative 

recovery. Although UMRBPL institutions appear capable of fulfilling routine mandates 

and responding to immediate risks, their capacity to institutionalize information 

exchange, sustain learning, and translate recovery into long-term adaptation and 

vulnerability reduction remains comparatively limited. 
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Operational Resilience is the Strongest Institutional Layer 

 

The strongest pattern appears at the operational layer. High scores for capacity to 

respond, capacity to anticipate risk, and access rights and entitlements suggest that 

participating LGUs, DENR, PAMB, and related agencies have established basic 

mechanisms for risk awareness, emergency response, and institutional support (Grefalda 

et al., 2020). These capacities indicate that the governance system has a functional 

absorptive capacity (Béné et al., 2012) and can maintain operations and act during 

disruptions (Tyler and Moench, 2012). 

 

However, the operational layer is not without constraints. Lower item-level scores for 

staffing, equipment, technology, and external funding show that response capacity 

depends heavily on existing personnel and available resources. In a Swedish public-

sector case, Cedergren and Hassel (2024) found that organizational adaptive capacity 

depended on flexible procedures, leadership, coordination, and the ability to reconfigure 

resources during a crisis. Empirical work on local adaptation has similarly shown that 

shortages in personnel, technical systems, infrastructure, and finance can limit the 

sustainability of response capacity during prolonged or compound extreme events 

(Birchall, Kehler and Weissenberger, 2025). The UMRBPL institutions may therefore 

perform adequately during routine or moderate disruptions but face greater strain when 

hazards are recurrent, simultaneous, or large in scale. 

 

Integrative Resilience is Functional but Fragmented 

 

The integrative layer shows a mixed pattern. The high score for application of new 

knowledge indicates that institutional actors are aware of climate change, protected area 

governance, and related environmental concepts (McNaught, 2024). Similarly, the high 

score for decision-making processes suggests that regular meetings, planning structures, 

transparency, and accountability mechanisms are present (Ahrens and Rudolph, 2006; 

Tyler and Moench, 2012). However, the lower information-flow score, particularly for 

databases, historical records, retrieval systems, and turnover of information, indicates 

that knowledge is not consistently embedded in organizational systems. 

 

This finding is consistent with the Aurora case, in which data limitations and knowledge-

management gaps constrained the translation of capacity-building into institutional 

practice (Grefalda et al., 2020; Pulhin et al., 2021). It also reflects the cross-scale 

implementation challenges identified by Múnera-Roldán et al. (2024), who found that 

protected-area adaptation required enabling institutional contexts, clear rules, and 

coordinated responses across actors and sectors. In the UMRBPL, weak records and 

turnover mechanisms may leave knowledge person-dependent, thereby reducing 

continuity across changes in personnel and administrations and limiting cumulative 

organizational learning. 

 

When record systems, databases, and turnover mechanisms are weak, knowledge 

remains person-dependent rather than institutionally embedded. This weakens 

coordination and limits cumulative learning, which is a critical concern because 

protected landscape governance depends on continuity, coordination, and cumulative 

learning (Borrás et al., 2024; Cedergren and Hassel, 2024). This also limits adaptive 
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governance because lessons from previous events may not be systematically retained or 

used to improve future decisions. 

 

Transformative Resilience Remains the Least Developed Layer 

 

The weakest functional pattern appears in the transformative layer. Although the 

capacity to recover and change was still rated high, it received one of the lowest scores 

among the seven dimensions. This suggests that recovery mechanisms are less developed 

than response capacities. This gap may arise because disaster-related institutions tend to 

be organized around immediate restoration rather than long-term learning and redesign 

(Béné et al., 2012; Folke et al., 2010; Graveline and Germain, 2022). The finding is 

consistent with the broader distinction in the literature between restoring pre-disruption 

functions and using recovery as an opportunity to reduce future vulnerability (Folke et 

al., 2010; Graveline and Germain, 2022). Whether UMRBPL governance can translate 

recovery into institutional reform and long-term vulnerability reduction remains an open 

question. 

 

Recovery does not automatically mean transformation. Rather, recovery becomes 

transformative only when it moves beyond restoring pre-disaster conditions and instead 

supports institutional learning, risk reduction, and changes in governance arrangements 

(Folke et al., 2010; Udovyk et al., 2025; UNDRR, 2017). This aligns with the disaster 

risk reduction and biodiversity governance literature, which emphasizes that 

transformative change requires shifts in institutions, values, governance arrangements, 

and decision-making systems that address the underlying causes of environmental 

degradation and vulnerability (IPBES, 2024). 

 

Empirical studies of public-sector transformation emphasize that transformative capacity 

requires more than short-term restoration; it depends on organizational learning, 

strategic direction, resource mobilization, and the ability to alter established structures 

and practices (Borrás et al., 2024). Comparative disaster-governance cases similarly 

show that institutional resilience is strengthened when lessons from major events are 

retained and translated into governance reform rather than lost after the immediate 

response phase (Woodall et al., 2024). Without these mechanisms, the UMRBPL 

governance system risks remaining in a cycle of repeated response rather than 

progressing toward long-term risk reduction and transformative protected-landscape 

management. 

 

Sociodemographic Associations with Institutional Resilience 

 

Age and years in the office showed statistically significant negative associations with 

selected institutional resilience dimensions. These results suggest that institutional 

experience does not automatically translate into stronger perceived resilience. One 

possible explanation is that longer-serving personnel may be more aware of recurring 

procedural gaps, resource constraints, weaknesses in information transfer, and other 

institutional limitations. Alternatively, this may reflect institutional inertia, in which 

established routines and long-standing procedures limit adaptive learning, innovation, 

and response improvement, rather than automatically strengthening resilience (Ashok et 

al., 2021; Kauffman and Hill, 2021). This supports the view that institutional resilience 



Grassroots Journal of Natural Resources, Vol.9, No.2 (August 2026), p. 78-107       |         ISSN 2581-6853 | CODEN GJNRA9 

Doi: https://doi.org/10.33002/nr2581.6853.090204        Open Access 

 

 

 

 

 

94 Liezl B. Grefalda, Juan M. Pulhin, Kazuhiro Harada 

depends not merely on accumulated experience but on adaptive capacity, or the ability 

of organizations to adjust, redesign, and improve responses when conditions change 

(Cedergren and Hassel, 2024). The negative associations may also indicate that 

personnel with longer service are more aware of institutional limitations, procedural 

gaps, resource constraints, and recurring governance weaknesses. 

 

In contrast, educational attainment was not significantly associated with any of the seven 

institutional resilience dimensions. Although some values indicated weak-to-moderate 

associations, all p-values exceeded .05. Therefore, the data do not provide sufficient 

statistical evidence to conclude that educational attainment significantly influences 

perceived institutional resilience in the UMRBPL governance context. This suggests that 

formal education alone may not strengthen institutional resilience unless it is translated 

into practical skills, institutional learning, technical competence, and decision-support 

capacity. 

 

For the nominal variables, sex was not significantly associated with any institutional 

resilience dimensions. Although several Cramér’s V values fell within the moderate 

range, all p-values exceeded.05. Sex therefore cannot be treated as a statistically 

significant correlate of institutional resilience in this dataset. Nevertheless, sex-

responsive participation remains important as a governance principle because disaster 

risk and resilience are shaped by unequal access to information, resources, leadership, 

and decision-making opportunities (UNDRR, 2023). Similarly, professional role showed 

moderate but non-significant associations across the seven resilience dimensions, with 

the highest association observed for the application of new knowledge. Since these 

associations were not statistically significant, they should be treated as descriptive 

patterns rather than confirmed relationships. 

 

The pattern also differs from the Aurora institutional assessment, which reported 

associations involving professional role and organizational position (Grefalda et al., 

2020). In the present study, educational attainment, sex, and professional role were not 

significantly associated with any resilience dimension. The contrast suggests that 

sociodemographic associations may be context-specific and sensitive to institutional 

composition, sample size, role distribution, and local governance arrangements. Follow-

up interviews or longitudinal assessments would be needed to determine why age and 

tenure were negatively associated with selected dimensions in the UMRBPL. 

 

Generally, the findings suggest that institutional resilience in the UMRBPL was more 

clearly associated with age and years in office than with educational attainment, sex, or 

professional role. However, the significant negative associations for age and tenure 

indicated that seniority and length of service do not necessarily translate into stronger 

perceptions of resilience. This highlights the need for resilience-building efforts that go 

beyond formal qualifications, demographic characteristics, and accumulated experience. 

Capacity building should focus on organizational learning, knowledge management, and 

information-sharing systems, as resilience is strengthened when institutions 

continuously acquire, share, and apply knowledge rather than relying solely on routine 

experience (Ashok et al., 2021; Jiao and Bu, 2024). This aligns with the IPCC’s view 

that resilient governance requires flexible and responsive institutions supported by 

information, capacities, finance, human resources, technology, inclusive processes, and 
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social learning (IPCC, 2022). For UMRBPL governance, capacity development should 

prioritize continuous learning, updated technical training, stronger information systems, 

inter-agency coordination, and adaptive decision-making, along with mechanisms that 

help personnel convert experience into innovation rather than routine. 

 

Implications for Protected Area Governance 

 

The findings imply that protected area governance should not rely solely on aggregate 

assessments of institutional capacity. In the UMRBPL, high overall capacity masks 

uneven resilience across governance layers: operational capacities are relatively strong, 

while integrative and transformative capacities remain more constrained. This pattern 

aligns with the resilience literature, which distinguishes between absorptive, adaptive, 

and transformative capacities in governance systems (Béné et al., 2012; Tyler and 

Moench, 2012). For the PAMB, DENR, LGUs, and partner agencies, this means 

preparedness for immediate climate-related hazards must be complemented by stronger 

systems for information management, institutional memory, inter-agency learning, 

monitoring, and recovery governance. These capacities are critical because protected 

landscape governance requires institutions that can not only respond to disruption but 

also retain knowledge, coordinate across agencies, and redesign practices to reduce 

future vulnerability. Recovery becomes transformative only when it is linked to learning, 

risk reduction, institutional reform, and build-back-better approaches (IPCC, 2022; 

UNDRR, 2023). These findings identify key leverage points for strengthening UMRBPL 

governance, particularly by improving information and records management, 

institutional memory, inter-agency learning and monitoring systems, and recovery 

governance. These priorities align with global calls for governance shifts that address 

the underlying drivers of biodiversity loss and vulnerability (IPBES, 2024). 

 

Conclusions 
 

This study examined institutional capacity for climate and disaster resilience in the 

governance of the Upper Marikina River Basin Protected Landscape (UMRBPL) in the 

Philippines. Using a layered institutional resilience framework, the findings show 

generally high institutional capacity, with an overall mean of 3.76, but uneven 

performance across resilience functions. 

 

Institutional resilience was strongest at the operational layer, particularly in risk 

anticipation, access to institutional support, and emergency response. This suggests that 

LGUs, DENR, PAMB, and other participating agencies have established basic 

mechanisms for maintaining functions and responding to climate-related and disaster 

events. However, lower scores for information flows and capacity to recover and change 

indicate persistent weaknesses in the integrative and transformative layers. 

 

These findings support the study’s central argument that protected landscape governance 

should not be assessed solely on aggregate capacity scores. High overall capacity may 

conceal gaps in information management, institutional memory, records systems, inter-

agency coordination, post-disaster learning, and build-back-better recovery. Thus, while 

UMRBPL institutions can respond to immediate risks, they remain less equipped to 

convert recovery into long-term risk reduction and adaptive governance. 
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The study contributes to institutional resilience literature by operationalizing a layered 

framework that distinguishes operational, integrative, and transformative capacities. The 

framework reveals where institutional resilience is concentrated and where governance 

weaknesses persist across resilience functions. This provides a more nuanced 

understanding of protected landscape governance under climate risks, land-use 

pressures, and multi-level institutional arrangements. 

 

Therefore, strengthening UMRBPL governance requires investments in information and 

records management, institutional memory, human resource sufficiency, inter-agency 

coordination, monitoring systems, and recovery governance. These improvements are 

needed to shift the governance system from reactive resilience to more proactive, 

transformative protected landscape management. 
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Appendix A. Item-level scores for the seven institutional capacity 

dimensions 
 

Table A.1: Specific indicators for the access rights and entitlements dimension 

I. Access Rights and Entitlements Average Score 

1. Location of your office in the municipal/city hall (including the 

positions of your desk, shelves, documents, etc.) 

3.89 

2. Number of staff members 3.44 

3. Technical capacity of staff members to carry out their 

responsibilities 

3.69 

4. Relationship among staff members of your office 4.09 

5. Relationship of your office with other offices within the 

municipality/city 

4.07 

6. Relationship of your office with other offices at the provincial 

level 

3.95 

7. Opportunities to attend training/seminars/workshops 3.98 

8. Training/seminars/workshops attended during the time spent in 

your office 

4.09 

9. Financial support (within LGU or the Mayor’s Office) 3.89 

10. Financial support (provincial level to your municipality/city) 3.75 

11. Financial support from other sources (e.g., private sector, other 

funding agencies) 

3.62 

12. Equipment and supplies for daily operations 3.53 

13. Access to new technologies to facilitate operations 3.58 

14. Existence of rules and regulations within the office to 

harmonize operations 

3.78 

15. Development that happened in your sector/office (in terms of 

politics/governance) 

3.73 

16. Physical development in your office 3.58 

AVERAGE 3.79 

 

 

Table A.2: Specific indicators for the information flows dimension 

II. Information Flows Average Score 

1. Access to information/resources at the barangay level 3.60 

2. Access to information/resources at the municipal/city level 3.91 

3. Access to information/resources at the provincial level 3.82 

4. Access to information/resources at the national level 3.82 

5. Accuracy of information accessed from different sources 3.62 

6. Completeness of information accessed from different sources 3.56 

7. Availability of historical records and information concerning 

changes/developments in your sector/office 

3.38 

8. Availability of a database and other support systems for 

managing records and information used by the office 

3.29 

9. Ease in accessing and/or retrieving relevant records and 

information used by the office 

3.31 
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10. Data/information passed on from previous officials to new 

ones (or from absent to present staff members) 

3.29 

11. Safety of important materials/documents needed by 

information users 

3.44 

12. Capacity to produce relevant reports/documents needed by 

information users 

3.76 

13. Capacity to package or prepare information produced by the 

office, specific to the needs of the end-users 

3.65 

14. Dissemination of information to relevant users 3.80 

AVERAGE 3.59 

 

 

Table A.3: Specific indicators for the decision-making processes dimension 

III. Decision-making Processes Average Score 

1. Regular meetings within the office to discuss issues, etc. 4.05 

2. Regular meeting with other sectoral offices at the municipal/city 

level 

3.95 

3. Regular meeting with other sectoral offices at the provincial 

level 

3.76 

4. Venue for dialogue with constituents/communities to know their 

needs 

3.67 

5. Venue to hear feedback from constituents/communities 3.64 

6. Participation, cooperation, and unity among staff 

members/officials when finalizing decisions 

3.80 

7. Decision-making following the principle of transparency 3.93 

8. Decision-making following the principle of accountability 3.91 

9. Decision-making following the principle of responsiveness 3.89 

10. Capacity to implement decisions (e.g., policies, programs) 

from your sector 

3.89 

11. Flexibility to change decisions if the need arises 3.67 

12. Acceptability of decisions made to constituents/communities 3.76 

13. Mechanism to monitor the impacts of decisions made 3.42 

14. Avenue to provide incentives or reward good works 3.36 

15. Ability to handle conflict situations within the office 3.80 

16. Ability to handle conflict situations with other offices 3.80 

17. Availability of development plans/strategies to manage the 

concerned sectors 

3.91 

18. Ability to update development plans/strategies to manage the 

concerned sectors 

3.76 

AVERAGE 3.78 
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Table A.4: Specific indicators for the application of the new knowledge dimension 

IV. Application of New Knowledge Average Score 

1. Awareness of the concept of climate change 4.00 

2. Awareness of the concept of protected area 3.87 

3. Awareness of the protected area (or holistic) approach in 

managing socio-ecological systems 

3.76 

4. Awareness and knowledge about the protected area in your 

municipality 

3.89 

AVERAGE 3.88 

 

 

Table A.5: Specific indicators for the capacity to anticipate risk dimension 

V. Capacity to Anticipate Risk Average 

Score 

1. Thorough knowledge of the sector you are currently working on 

(status, concerns, challenges, etc.) 

3.95 

2. Knowledge of risk events related to the concerned sector at the 

municipal and provincial levels 

3.93 

3. Knowledge of potential impacts of climate-related risk events on 

the concerned sector 

3.85 

4. Availability of human resources to respond to climate-related 

risk events in the concerned sector  

3.45 

5. Availability of resources (goods, including relief goods, seed, 

etc.; funds) to respond to climate-related risk events in the 

concerned sector 

3.75 

6. Availability of equipment to respond to climate-related risk 

events in the concerned sector (communications, vehicles, etc.) 

3.65 

7. Availability of infrastructures/facilities to respond to climate-

related risk events in the concerned sector (evacuation centers, crop 

dryers, etc.) 

3.55 

8. Availability of disaster risk reduction and management plan for 

the sector 

3.87 

9. Capacity to prepare people/constituents in anticipation of 

disaster risks 

3.76 

10. Presence of emergency response systems (with an organized 

chart) in the concerned sector to guide actions and decision-making 

during risk events 

3.78 

AVERAGE 3.75 
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Table A.6: Specific indicators for the capacity to respond dimension 

VI. Capacity to Respond Average Score 

1. Quick response to problems/emergencies (during disasters, 

calamities, or accidents) 

3.89 

2. Effective implementation of guidelines/protocols (e.g., 

command responsibility) to respond to disasters and risk events 

3.87 

3. Efficiency of people/group networks to disseminate information 3.76 

4. Capacity to make quick and relevant decisions during risk 

events (e.g., use of resources and their distribution, prioritization, 

etc.) 

3.93 

5. Capacity to manage crisis for the concerned sector during risk 

events 

3.89 

AVERAGE 3.87 

 

 

Table A.7: Specific indicators for the Capacity to recover and change dimension 

VII. Capacity to Recover and Change Average Score 

1. Immediate recovery of the concerned sector from the impacts of 

risk events and disasters 

3.65 

2. Capacity to build better to reduce risks in the future for the 

concerned sector 

3.58 

3. Capacity to welcome change brought about by the impacts of 

risk events and disasters 

3.67 

AVERAGE 3.64 
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Abstract 
The present study aimed to quantify how the photosynthetic apparatus of 

maize and soybean is reorganized under binary intercropping and to 

establish how that reorganization translates into yield formation under 

contrasting fertilization regimes in the Forest-Steppe zone of Ukraine. A 

five-year field experiment (2021–2025) was carried out on typical low-

humus chernozem in the Right-Bank Forest-Steppe as a two-factor split-

plot design with four replications. Factor A comprised five cropping 

systems, namely sole maize (hybrid RZhT Zanetikks, FAO 340), sole 

soybean (cultivars Sireliya and Sakuza) and two binary maize–soybean 

intercrops established in an additive arrangement with soybean at 50% of 

its sole-crop seeding rate. Factor B comprised three fertilization regimes, 

namely an unfertilized control, N₆₀P₄₅K₄₅ and N₉₀P₆₀K₆₀. Leaf area index 

(LAI), photosynthetic potential (PP), net assimilation rate (NAR), grain 

yield, land equivalent ratio (LER) and stability parameters were determined. 

Binary intercrops reached a maximum canopy LAI of 6.56–6.81, which 

exceeded sole maize by 44–50% and sole soybean by 78–85%. 

Photosynthetic potential attained 4.00–4.32 million m²·days ha⁻¹, or 43–

54% above sole maize, and canopy NAR reached 8.63–10.78 g m⁻² d⁻¹. 

Total intercrop grain yield of 9.92–15.13 t ha⁻¹ exceeded sole maize by 36–

45%, and the maize component alone yielded 11.5–19.1% more in the 

intercrop than in sole cropping at identical maize density. Partial LER for 

maize was consistently above unity (1.12–1.19), which provides a formal, 

design-independent quantification of facilitation, while total LER ranged 

from 1.89 to 2.15. Agronomic efficiency of the intercrop was 59.5–61.5 kg 

grain per kg N at N₆₀P₄₅K₄₅ and declined at the higher rate. The intercrop 

gross margin was 63–91% above sole maize. Increasing fertilization from 

N₆₀P₄₅K₄₅ to N₉₀P₆₀K₆₀ gave a VCR of only 1.79–1.83, supporting N₆₀P₄₅K₄₅ 

as the more efficient tested rate.  

 

Keywords  
Binary intercropping; Forest-Steppe of Ukraine; Gross margin; Land 

equivalent ratio; Leaf area index; Net assimilation rate; Photosynthetic 

potential; Yield stability 

 

How to cite this paper: Mokriienko, V. and 

Kalenska, S. (2026). Photosynthetic Dynamics 

and Yield Formation in Maize and Soybean 

under Sole Cropping and Binary Intercropping 

Systems. Grassroots Journal of Natural Resources, 

9(2): 108-136. Doi: 

https://doi.org/10.33002/nr2581.6853.090205 

 

 

 

Received: 17 March 2026 

Reviewed: 21 April 2026 

Provisionally Accepted: 27 April 2026 

Revised: 16 July 2026 

Finally Accepted: 22 July 2026 

Published: 31 August 2026 

Copyright © 2026 by author(s) 

 

 

 

Publisher’s Note: We stay neutral with regard to 

jurisdictional claims in published maps, permissions 

taken by authors and institutional affiliations.  

 

 

This work is licensed under the Creative Commons 

Attribution International License (CC BY 4.0). 

http://creativecommons.org/licenses/by/4.0/ 

 
 

 

Executive Chief Editor 

Dr. Hasrat Arjjumend 

Assistant Managing Editor 

Mr. Kartik Omanakuttan 

Associate Editors 

Dr. Usongo Patience 

Pramod Ghimire 

 

Grassroots Journal of Natural Resources, Vol.9 No.2 (August 2026) 

ISSN:  2581-6853 | CODEN: GJNRA9 | Published by The Grassroots Institute 

Website: https://grassrootsjournals.org/gjnr | Main Indexing: WoS, CABELL, EBSCO 

00652 | Research Article 

 

ISSN 2581-6853 | 9(2) August 2026 



Grassroots Journal of Natural Resources, Vol.9, No.2 (August 2026), p. 108-136       |       ISSN 2581-6853 | CODEN GJNRA9 

Doi: https://doi.org/10.33002/nr2581.6853.090205        Open Access 

 

 

 

 

 

109 Volodymyr Mokriienko, Svitlana Kalenska 

Introduction  
 

Global food security depends on cropping systems that raise output per unit of land while 

limiting the environmental cost of that output (Foley et al., 2011; Tilman et al., 2011). 

Intercropping, the simultaneous cultivation of two or more species on the same field, is 

a long-established route to this goal that has regained scientific attention because it can 

deliver yield gains without proportional increases in external inputs (Brooker et al., 

2015; Li et al., 2020). The pairing of maize (Zea mays L.) with soybean (Glycine max 

(L.) Merr.) is agronomically attractive because the two species differ in photosynthetic 

pathway, canopy height, root architecture and nitrogen acquisition strategy, and these 

differences create scope for temporal and spatial niche differentiation, for facilitation 

through biological nitrogen fixation and for improved resource-use efficiency (Andrade 

et al., 2017; Bedoussac et al., 2015; Hauggaard-Nielsen and Jensen, 2005; Martin-Guay 

et al., 2018). 

 

The photosynthetic apparatus is the proximate determinant of agrocenosis productivity. 

Leaf area index sets the fraction of photosynthetically active radiation that a canopy can 

intercept, photosynthetic potential integrates leaf area with its functional duration over 

the season, and net assimilation rate expresses how efficiently intercepted energy is 

converted into dry matter (Gou et al., 2016; Zhu, Long and Ort, 2010). In an intercrop, 

these three quantities are not simply the sum of the component crops, because vertical 

stratification alters both the size of the assimilatory surface and the light environment in 

which it operates. Recent work has begun to separate these two contributions. Chen et 

al. (2025) found that the yield advantage of soybean–maize intercropping in semi-arid 

China arose mainly through an enlarged leaf area index rather than through improved 

leaf-level photosynthetic parameters, whereas Nasar et al. (2023) attributed a 30–34% 

maize yield gain under intercropping to enhanced nitrogen assimilatory enzyme activity. 

Which of these routes predominates under a given edaphoclimatic regime remains open, 

and the answer has direct consequences for how such systems should be fertilized. 

 

The Forest-Steppe zone of Ukraine is a demanding test case. Its deep chernozems 

support high baseline productivity, yet its semi-continental climate is becoming more 

variable, and projections indicate rising drought frequency and more frequent 

temperature extremes (Prysiazhniuk et al., 2023; Shvidenko et al., 2017). Systems that 

combine high absolute output with buffered interannual variability are therefore of 

particular regional value. Global evidence on maize–soybean intercropping is 

nevertheless dominated by East Asian relay-strip systems and by semi-arid irrigated 

environments (Du et al., 2018; Raza et al., 2022; Xu et al., 2020), and multi-year datasets 

that follow the photosynthetic apparatus and the yield response through the same 

experiment are scarce for temperate rainfed chernozem. The specific gap addressed here 

is the absence of a multi-season, quantitatively integrated account linking canopy-level 

photosynthetic parameters, land-use efficiency and interannual yield stability in maize–

soybean intercropping on rainfed chernozem of the Ukrainian Forest-Steppe. 

 

The present study aimed to evaluate the photosynthetic parameters of maize and soybean 

grown in sole and binary intercropping systems under three fertilization regimes, and to 

determine how those parameters shape yield formation, yield structure, land-use 

efficiency and yield stability over five consecutive seasons. 
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Materials and Methods 
 

Study area and soil 

 

The experiment was conducted from 2021 to 2025 in a stationary field trial at the 

Agronomic Research Station of the National University of Life and Environmental 

Sciences of Ukraine (50°05′21.2″N, 30°12′44.2″E; village of Pshenychne, Vasylkiv 

district, Kyiv region) in the central part of the Right-Bank Forest-Steppe zone. The 

climate is moderately continental, with a mean annual temperature of 7.5–8.0 °C, mean 

annual precipitation of 550–600 mm and growing-season (April–September) 

precipitation of 350–400 mm. The hydrothermal coefficient over the study period ranged 

from 0.85 in the dry season of 2022 to 1.42 in the favorable season of 2023, with a five-

year mean of 1.12, which is typical for the zone. 

 

The soil is a typical low-humus chernozem of medium loamy texture developed on loess, 

corresponding to a Haplic Chernozem in the international classification (FAO, 2015). 

The humus horizon extends to 25–30 cm. Soil samples were taken from the 0–30 cm 

layer before sowing in each season. Humus content was determined by the Tyurin wet-

oxidation method with K₂Cr₂O₇ in H₂SO₄, alkaline-hydrolysable nitrogen by the 

Kornfield method, available phosphorus and exchangeable potassium by the Chirikov 

method with extraction in 0.5 M CH₃COOH, and pH potentiometrically in a 1 M KCl 

suspension. Initial characteristics of the 0–30 cm layer were 3.5 ± 0.2% humus, 112 ± 8 

mg kg−1 alkaline-hydrolysable nitrogen, 128 ± 12 mg kg−1 available P₂O₅, 118 ± 10 mg 

kg−1 exchangeable K₂O and pH(KCl) 6.2 ± 0.3. 

 

Experimental design, spatial arrangement and crop management 

 

The trial was established as a two-factor split-plot design in randomized complete blocks 

with four replications. Main plots carried Factor A, the cropping system, at five levels, 

and subplots carried Factor B, the fertilization regime, at three levels (Table 1). 

Individual subplot area was 50 m2 (5 × 10 m), and 1 m buffer strips separated adjacent 

plots. All rows ran north to south, so that both components of the intercrop received 

comparable diurnal radiation exposure. 

 

Maize was sown at 70,000 viable seeds ha−1 in rows spaced 70 cm apart, giving an in-

row plant-to-plant distance of approximately 20 cm, at a depth of 4–5 cm. Sole soybean 

was sown at 450,000 viable seeds ha−1 in rows spaced 35 cm apart, giving an in-row 

distance of approximately 6 cm, at a depth of 2–3 cm. The binary systems used an 

additive arrangement in which maize retained its full sole-crop density and spatial layout, 

and a single soybean row was inserted midway between adjacent maize rows, that is, 35 

cm from each maize row. Soybeans in the intercrop were sown at 225,000 viable seeds 

ha−1, which is 50% of its sole-crop rate, giving an in-row distance of approximately 13 

cm. Because maize density was unchanged and soybean was added rather than 

substituted, the intercrop's total plant population exceeded that of sole maize. This design 

choice is noted here because it governs how the land equivalent ratio is interpreted in 

Section 4.2. 
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Winter wheat was the preceding crop in every season. Primary tillage comprised stubble 

disking to 10–12 cm followed by moldboard plowing to 25–27 cm. Compound fertilizer 

FERTIS NPK 10-20-20+S+ME was incorporated during primary tillage according to the 

design, and the balance of nitrogen was applied as ammonium nitrate (34.4% N) during 

pre-sowing cultivation. Fertilizer rates are expressed as kg ha−1 of active ingredient and 

were applied per unit of total plot area, identically in sole and intercropped plots. Crop 

protection followed standard practice, with pre-emergence and post-emergence herbicide 

application and insecticide treatment triggered by scouting thresholds. Each subplot was 

harvested at full physiological maturity of the respective component. The two outermost 

rows and 0.5 m at each plot end were treated as borders and excluded from harvest, so that 

all reported yields derive from the inner harvest area of 30.8 m2. Yields were adjusted to 

standard moisture content of 14% for maize and 13% for soybean. 

 

Table 1: Experimental design. Factor A, cropping system 

No. Cropping 

system 

Cultivar or hybrid FAO / 

CHU 

Seeding rate, thousand 

viable seeds ha−1 

1 Sole maize RZhT Zanetikks FAO 340 70 

2 Sole soybean Sireliya CHU 

2300 

450 

3 Sole soybean Sakuza CHU 

2600 

450 

4 Binary 

intercrop 

RZhT Zanetikks + 

Sireliya 

— 70 + 225 

5 Binary 

intercrop 

RZhT Zanetikks + 

Sakuza 

— 70 + 225 

Factor B, fertilization (kg ha−1 of active ingredient), comprised an unfertilized control, 

N60P45K45 and N90P60K60. 

 

Photosynthetic parameters and their definitions 

 

Four canopy parameters were used throughout, and each is defined once here in order to 

avoid ambiguity. Unless a value is explicitly qualified as “per plant”, every value 

reported in this paper is expressed per unit of total ground area of the plot. Component 

values given for maize or soybean within an intercrop are therefore also per unit of total 

intercrop area, not per unit of the strip occupied by that component, and the canopy value 

of an intercrop is the arithmetic sum of its two component values. 

 

Leaf area index (LAI, m2 m−2) is the ratio of one-sided leaf area to ground area. 

Photosynthetic potential (PP, million m2·days ha−1) is the time integral of leaf area over 

the growing season and is numerically identical to leaf area duration; the term 

photosynthetic potential is retained here for consistency with the regional agronomic 

literature. Net assimilation rate (NAR, g m−2 d−1) is the increment in total above-ground 

dry matter per unit leaf area per unit time between consecutive sampling dates; this 

quantity is termed net photosynthetic productivity in part of the older literature, and the 

two designations are used synonymously. The abbreviation NPR is not used in this paper. 

Photosynthetic potential use efficiency (kg per thousand m2·days) is grain yield divided 

by seasonal PP. 
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Leaf area was measured on five common sampling dates defined by maize development: 

7-leaf, 15-leaf, silking (concurrent with soybean flowering), milk and wax maturity. At 

the first sampling date, soybean was at the third trifoliate stage; this term is used 

consistently throughout the manuscript. At each stage, ten representative plants of each 

component were sampled per plot. Individual leaf area was computed by the length × 

width × correction-factor method, with k = 0.67 for maize leaves and k = 0.72 for 

soybean trifoliates, and was verified against planimetric measurement with a LI-3100C 

Area Meter (LI-COR Biosciences, Lincoln, NE, USA) on a subset of 50 leaves per 

treatment. Leaf area per hectare was obtained by multiplying mean leaf area per plant by 

the actual stand density recorded in that plot. Photosynthetic potential was obtained by 

trapezoidal integration of the leaf area dynamics over the season. 

 

Yield and yield structure 

 

At harvest maturity, 25 representative plants of each component were collected per plot. 

For maize, ear length and diameter, number of kernel rows per ear, kernels per row, total 

kernels per ear, shelling percentage and 1000-kernel weight were recorded. For soybean, 

productive nodes per plant, pods per plant, seeds per pod, total seeds per plant, seed mass 

per plant and 1000-seed weight were recorded. Grain protein content was determined by 

the Kjeldahl method (AOAC 2001.11) and starch content by the Ewers polarimetric 

method. All determinations were made independently on each of the four replications. 

 

Derived indices 

 

Partial and total land equivalent ratios were computed as 

LERmaize = Yim / Ysm, LERsoybean = Yis / Yss, LER = LERmaize + LERsoybean, 

where Yim and Yis are the grain yields of the maize and soybean components of the 

intercrop per unit of total intercrop area, and Ysm and Yss are the corresponding sole-crop 

yields. Because the design is additive rather than substitutive, total LER values obtained 

here are not directly comparable with values from replacement designs, and this 

restriction is applied consistently in the Discussion. 

 

Agronomic efficiency of fertilization was computed as 

AE = (YF − Y0) × 1000 / Napplied, 

expressed as kg of grain per kg of applied nitrogen, where YF and Y0 are the system 

yields of the fertilized and unfertilized treatments in t ha−1 and Napplied is the nitrogen rate 

in kg ha−1. For intercrops, Y refers to the total yield of both components. 

 

An indicative partial budget was constructed for each treatment. Gross margin was 

computed as the value of the grain harvested minus those variable costs that differ among 

the systems compared, namely mineral fertilizer, seed of both components, inoculant 

and the additional harvest pass required by the intercrop. Costs common to all treatments, 

such as tillage, crop protection and land, were excluded because they do not affect the 

ranking. Prices were taken as of mid-2026 for the Kyiv region at 9,200 UAH t−1 for 

maize grain and 19,400 UAH t−1 for soybean seed on an EXW elevator basis, 31 UAH 

kg−1 for ammonium nitrate containing 34.4% N and 33 UAH kg−1 for complex NPK 10-

20-20, with maize seed at 4,800 UAH ha−1, certified soybean seed at 40 UAH kg−1, 

inoculant at 300 UAH ha−1 and the additional harvest pass at 2,000 UAH ha−1. The value-
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cost ratio (VCR) for moving from the moderate to the intensive fertilization regime was 

computed as the ratio of additional revenue to additional variable cost; the corresponding 

change in gross margin was reported separately. Sensitivity of the conclusions to the 

soybean-to-maize price ratio and to the fertilizer price level was tested by recomputing 

the budget across a range of values. 

 

Interannual stability was characterized by the coefficient of variation, CV = 100 · s / ȳ, 

where s is the standard deviation and ȳ the mean of the five annual yields, by the yield 

stability index, Si = Ymin / Ymax; and by the parameters of the Eberhart and Russell (1966) 

model, namely the regression coefficient bi of treatment yield on the environmental 

index of each season and the deviation from regression S²di. 

 

Statistical analysis 

 

Data were analyzed by mixed-model analysis of variance appropriate to a split-plot 

design repeated over five seasons. Cropping system (A), fertilization (B) and their 

interaction (A × B) were treated as fixed effects. Season, replication nested within 

season, and the main-plot error term of cropping system within replication and season 

were treated as random effects, and the season × treatment interactions were tested 

against the appropriate random error. The full fixed part of the model was Yijk = μ + Ai 

+ Bj + (AB)ij + εijk, fitted separately for each measured trait. 

 

Least significant differences at p = 0.05 were derived as LSD0.05 = t0.05, df · √(2·MSE / n), 

where MSE is the error mean square of the stratum against which the comparison is made, 

df its degrees of freedom, and n = 4 the number of replications. Subplot comparisons 

within a main plot, main-plot comparisons and comparisons across both factors therefore 

use different error terms, and the LSD0.05 reported at the foot of each table is the value 

applicable to comparisons among the treatment means presented in that table. Each 

results table therefore reports four least significant differences, namely one for 

comparisons among individual treatment means, one for the marginal means of cropping 

system, one for the marginal means of fertilization and one for the interaction. Two 

means differ significantly at p = 0.05 when the absolute difference between them exceeds 

the relevant LSD0.05. 

 

Pearson correlation coefficients were computed between photosynthetic parameters and 

yield components, and their significance was tested by a two-tailed t-test with n − 2 

degrees of freedom. The relationship between grain yield and seasonal photosynthetic 

potential was described by least-squares linear regression, with the coefficient of 

determination reported. All computations were performed in Statistica 10 following the 

procedures set out by Prysiazhniuk et al. (2016), and phenological staging followed 

Prysiazhniuk et al. (2024). 

 

Results 
 

Leaf area index 

 

At the 7-leaf stage sole maize had formed 5.24 thousand m2 ha−1 of leaf area in the 

unfertilized control, corresponding to LAI = 0.52, which is typical of early growth before 
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canopy closure (Fig. 1). Mean daily leaf area increment over the 7-leaf to 15-leaf interval 

was 0.52–0.62 thousand m2 ha−1 d−1, and nitrogen use efficiency for leaf formation was 

58–62 cm2 g−1 N. 

Figure 1: Seasonal course of leaf area index of maize and soybean in sole and 

intercropped stands under three fertilization regimes (means for 2021–2025). Values 

for the intercrops are canopy totals, that is, the sum of the maize and soybean 

components per unit of total ground area. Leaf area reached its seasonal maximum 

around silking, at 36.0 thousand m2 ha−1 (LAI = 3.60) in the control and 42.8 thousand 

m2 ha−1 (LAI = 4.28) under N90P60K60. A further small gain of 6.3–6.4% occurred by 

the milk stage, when absolute maxima of 38.3–45.5 thousand m2 ha−1 were recorded, 

and LAI reached 3.83–4.55, approaching the upper limit of the range generally 

regarded as optimal for sole maize. 

 

Soybean formed consistently less leaf area than maize. At the third trifoliate stage, which 

coincides with the maize 7-leaf stage, cultivar Sireliya reached 4.56 thousand m2 ha−1 

(LAI = 0.46), or 13.0% below maize, and cultivar Sakuza reached a marginally higher 

4.64 thousand m2 ha−1. Maximum soybean leaf area occurred at flowering, at 31.2–31.9 

thousand m2 ha−1 in the control and 34.6–36.0 thousand m2 ha−1 under intensive 

fertilization, giving an LAI of 3.12–3.60 and an estimated interception of 85–90% of 

incident photosynthetically active radiation. The soybean response to fertilizer was 

weaker than that of maize, with leaf area gains of 3.1–4.7% under N60P45K45 and 10.5–

12.9% under N90P60K60, which is consistent with the capacity of the crop to meet a large 

share of its nitrogen requirement symbiotically. 

 

Within the binary intercrops, maize leaf area was slightly below its sole-crop level early 

in the season, at 4.97–5.01 thousand m2 ha−1 at the 7-leaf stage, a shortfall of 4.4–5.2% 

that most likely reflects early competition for soil resources. The relative shortfall did 

not widen thereafter. At the 15-leaf stage, maize in the intercrop reached 26.4–26.5 

thousand m2 ha−1 (−4.7 to −5.0%), at flowering 34.1–34.3 thousand m2 ha−1 (−4.7 to 

−5.3%), and at the milk stage 36.3–36.5 thousand m2 ha−1 (−4.7 to −5.2%), and under 

fertilization the gap narrowed to 3.5–7.0%. The intercropped soybean component, sown 
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at half its sole-crop density, formed 2.83–3.08 thousand m2 ha−1 at the third trifoliate 

stage, 62.1–66.4% of the sole-crop value per unit ground area, but 24–33% more leaf 

area per individual plant. Its seasonal maxima of 19.4–22.4 thousand m2 ha−1 at 

flowering and 20.6–24.2 thousand m2 ha−1 at the milk stage likewise represented 62.2–

65.9% of sole cropping, in close proportion to the density reduction, and the component 

LAI of 1.94–2.42 lay below the sole-crop optimum while benefiting from improved 

illumination in the stratified canopy. 

 

Summed over both components, the intercrop canopy was substantially larger than either 

sole crop. At the 15-leaf sampling stage, total leaf area in the unfertilized control was 

41.5 thousand m2 ha−1 for the combination with Sireliya and 42.7 thousand m2 ha−1 

for the combination with Sakuza. Compared at this same sampling date with sole maize 

(27.8 thousand m2 ha−1), these values were 49.3–53.5% higher; they were also 72.2–

73.1% above the respective sole-soybean canopies. Under N90P60K60 the canopy reached 

61.7–64.0 thousand m2 ha−1 at flowering, or 44.2–49.8% above sole maize, with a canopy 

LAI of 6.17–6.40, and attained its seasonal maximum of 65.6–68.1 thousand m2 ha−1 at 

the milk stage, corresponding to a canopy LAI of 6.56–6.81 and to an estimated 

interception of 95–97% of incident radiation. Canopy LAI values of this magnitude 

exceed the optimum reported for sole stands, yet the correlation between yield and LAI 

was tighter in the intercrops (r = 0.78–0.82, p < 0.01) than in the sole crops (r = 0.65–

0.72, p < 0.05), which indicates that the additional leaf area remained functionally 

productive rather than merely self-shading. 

 

Photosynthetic potential 

 

Over the 7-leaf to 15-leaf interval, the photosynthetic potential of sole maize was 0.25 

million m2·days ha−1 in the control, the modest value reflecting the short 17-day duration 

of the interval despite rapid leaf expansion, and fertilization raised it to 0.28–0.29 million 

m2·days ha−1. Seasonal PP of sole maize was 2.22 million m2·days ha−1 in the control, 

rising to 2.57 million m2·days ha−1 under N60P45K45 (+15.8%) and to 2.80 million 

m2·days ha−1 under N90P60K60 (+26.1%), driven jointly by an 18.5–19.0% larger leaf area 

and a 5–7 day longer period of green leaf retention (Figure 2).  

 

Soybean distributed its PP differently across the season. The interval from the milk stage 

to full maturity contributed 1.26–1.86 million m2·days ha−1, or 79.7–82.3% of the seasonal 

total, reflecting prolonged leaf retention over the 39–50 days of pod filling and ripening, 

whereas the budding-to-flowering interval contributed 0.97–1.34 million m2·days ha−1 and 

the short 11–14 day flowering interval only 0.35–0.56 million m2·days ha−1. 

 

The internal structure of the maize photosynthetic potential is shown in Fig. 3. The 

interval from the 15-leaf stage to silking made the largest single contribution in every 

treatment, at 0.79–1.13 million m2·days ha−1 or 36–38% of the seasonal total, and it was 

also the interval that responded most strongly to fertilizations. The opening interval from 

the 7-leaf to the 15-leaf stage contributed only 0.24–0.29 million m2·days ha−1 despite 

the exponential leaf expansion occurring within it, because the interval itself lasts only 

17 days. 
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Figure 2: Seasonal photosynthetic potential of the cropping systems under three 

fertilization regimes (means for 2021–2025). 

 

 

 
Figure 3: Contribution of successive phenological intervals to the seasonal 

photosynthetic potential of maize in sole and intercropped stands (means for 2021–

2025). Stack totals are the sums of the interval values and differ from the tabulated 

seasonal totals by up to 5% through rounding of the interval estimates. 

 

The maize component of the intercrops accumulated 2.14–2.15 million m2·days ha−1 in 

the control, 3.2–3.6% below sole cropping, and the difference narrowed under 

fertilization to 2.42–2.60 million m2·days ha−1 (−5.8 to −0.8%) at N60P45K45 and to 2.66–

2.81 million m2·days ha−1 (−5.0 to +0.4%) at N90P60K60. The intercropped soybean 

component reached 1.02–1.23 million m2·days ha−1 in the control, or 64.6–68.7% of the 

sole-crop value per unit ground area, again broadly proportional to the halved density, 

while on a per-plant basis PP was 29.1–37.4% higher than in sole cropping. Canopy PP 

of the intercrops was correspondingly high, at 3.17–3.37 million m2·days ha−1 in the 

control, which exceeded sole maize by 42.8–51.8% and sole soybean by a factor of 1.9–
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2.1, rising to 3.56–3.92 million m2·days ha−1 under N60P45K45 and to 4.00–4.32 million 

m2·days ha−1 under N90P60K60 (+42.9 to +54.3% relative to sole maize). The highest 

value, 4.32 million m2·days ha−1, occurred in the RZhT Zanetikks + Sakuza combination 

under intensive fertilization, where peak leaf area of the two components was most 

closely synchronized. 

 

Efficiency of PP conversion into grain was also higher in the intercrops, at 3.00–3.13 kg 

per thousand m2·days in the control and 3.50–3.82 kg per thousand m2·days under 

fertilization, which indicates that the enlarged assimilatory surface was matched by 

adequate sink capacity. Correlation analysis identified different critical periods for the 

two species. For maize, the strongest association with yield was PP accumulated between 

the 15-leaf stage and flowering (r = 0.82–0.85, p < 0.01), where each additional 0.1 

million m2·days ha−1 corresponded to 0.95–1.12 t ha−1 of grain. For soybean, the critical 

interval was from the milk stage to full maturity (r = 0.78–0.81, p < 0.01), where the 

same PP increment corresponded to 0.18–0.22 t ha−1 of seed. In the intercrops, the 

combined contribution of the period-specific PP terms exceeded the sum of the 

corresponding sole-crop contributions by 15–18%, which is consistent with an altered 

partitioning of assimilates between the components rather than with simple additivity. 

 

Net assimilation rate 

 

Sole maize reached its highest net assimilation rate between the 15-leaf stage and silking, 

at 6.01 g m−2 d−1 in the control, when high irradiance, favorable temperature and adequate 

water supply coincide and the C₄ pathway operates with minimal photorespiration (Table 

2). Fertilization raised NAR to 6.57 g m−2 d−1 under N60P45K45, whereas under N90P60K60 

it fell slightly to 6.46 g m−2 d−1, which is attributable to excessive vegetative growth and 

increased mutual shading at the higher nitrogen rate. During grain filling NAR declined 

to 4.57–5.02 g m−2 d−1 as assimilates were redirected to reproductive organs and 

respiration increased, and over the final interval to full maturity it fell further to 3.93–

4.14 g m−2 d−1 with leaf senescence and declining chlorophyll content, while remaining 

positive throughout. 

 

Table 2: Net assimilation rate of maize and soybean in sole and binary stands, g m−2 d−1 

(five-year means, 2021–2025) 

Cultivar or hybrid Fertilisation 15-leaf – 

silking 

Silking – 

milk stage 

Milk stage – 

full maturity 

RZhT Zanetikks (sole) Control 6.01 4.57 3.93 

N60P45K45 6.57 4.94 4.14 

N90P60K60 6.46 5.02 4.07 

Sireliya (sole) Control 1.53 2.95 0.43 

N60P45K45 2.10 3.93 0.61 

N90P60K60 1.50 2.61 0.45 

Sakuza (sole) Control 1.65 3.01 0.40 

N60P45K45 2.05 3.64 0.51 

N90P60K60 1.30 2.20 0.35 

Zanetikks + Sireliya, 

maize component 

Control 6.77 5.31 4.28 

N60P45K45 7.55 6.35 5.30 

N90P60K60 7.75 6.39 4.88 
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Cultivar or hybrid Fertilisation 15-leaf – 

silking 

Silking – 

milk stage 

Milk stage – 

full maturity 

Zanetikks + Sireliya, 

soybean component 

Control 1.93 3.52 0.53 

N60P45K45 2.49 4.43 0.69 

N90P60K60 1.88 2.98 0.53 

Zanetikks + Sireliya, 

canopy total 

Control 8.70 8.83 4.81 

N60P45K45 10.04 10.78 5.99 

N90P60K60 9.63 9.38 5.41 

Zanetikks + Sakuza, 

maize component 

Control 6.80 5.37 4.30 

N60P45K45 6.96 6.03 5.04 

N90P60K60 7.16 5.88 4.65 

Zanetikks + Sakuza, 

soybean component 

Control 1.83 3.02 0.46 

N60P45K45 2.25 3.84 0.63 

N90P60K60 1.81 2.74 0.50 

Zanetikks + Sakuza, 

canopy total 

Control 8.63 8.39 4.76 

N60P45K45 9.21 9.87 5.67 

N90P60K60 8.97 8.63 5.15 

LSD0.05, individual 

means 

 0.12 0.10 0.13 

 

All values are expressed per unit of total ground area. Component rows give the 

contribution of one species within the intercrop; canopy total rows are the sum of the 

two component rows. The graphical summary of this table is given in figure 4. 

 

Canopy NAR of the intercrops exceeded that of either sole crop throughout the season. 

Between the 15-leaf stage and silking, the canopy reached 8.63–8.70 g m−2 d−1 in the 

control, which is 43.6–44.8% above sole maize and 5.2–5.6 times the sole-soybean 

value, and rose to 9.21–10.04 g m−2 d−1 under moderate fertilization. During grain filling, 

canopy NAR was 8.39–10.78 g m−2 d−1; when each intercrop was compared with sole 

maize at the same fertilization level, this corresponded to 71.9–118.2% higher NAR, and 

over the final interval it remained at 4.76–5.99 g m−2 d−1, sufficient to support maturation 

of both components. The maize component itself gained 10.8–27.3% and the soybean 

component 10.9–26.1% relative to their respective sole crops, so the canopy advantage 

arose from a genuine increase in both components rather than from the addition of a 

second species alone. 

 

Yield structure of maize 

 

The 1000-kernel weight of sole maize was 343.0 g in the control, which is typical of the 

FAO 340 maturity group, and rose to 352.0 g under N60P45K45 and 361.0 g under 

N90P60K60, gains of 2.6% and 5.2% attributable to a longer grain-filling period and more 

intensive assimilate transport (Table 3). In the intercrops, the corresponding values were 

340.0–341.0 g in the control and 359.0–359.5 g under intensive fertilization, so the 

reduction of 0.3–0.9% relative to sole cropping was well below LSD0.05 = 12.9 g and was 

therefore not significant, indicating that kernel size was fully maintained under 

intercropping. Shelling percentage behaved similarly, at 83.1% for sole maize and 83.0–

83.3% in the intercrops under the control, rising to 85.0% under N90P60K60 in both 
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systems as kernel set improved and the proportion of cob core declined; none of the 

differences between sole and intercropped stands approached LSD0.05 = 4.2%. 

 

Table 3: Yield structure of maize in sole and binary stands (five-year means, 2021–2025) 

Cultivar or 

hybrid 

Fertilisation 1000-

kernel 

weight, 

g 

Shelling 

percentage, 

% 

Ear 

length, 

cm 

Kernel 

rows 

per ear, 

no. 

Kernels 

per row, 

no. 

RZhT 

Zanetikks 

(sole) 

Control 343.0 83.1 22.0 16 34.0 

N60P45K45 352.0 84.0 22.4 18 35.2 

N90P60K60 361.0 85.0 22.9 18 36.6 

Zanetikks + 

Sireliya 

(intercrop) 

Control 341.0 83.0 22.0 16 33.8 

N60P45K45 351.7 83.7 23.0 18 35.0 

N90P60K60 359.5 85.0 23.4 18 36.2 

Zanetikks + 

Sakuza 

(intercrop) 

Control 340.0 83.3 21.7 16 34.1 

N60P45K45 350.3 84.0 22.5 18 35.6 

N90P60K60 359.0 84.9 23.0 18 36.5 

LSD0.05, individual means 12.9 4.2 1.1 1.0 2.3 

LSD0.05 for factor A 4.3 1.5 0.3 0.4 1.0 

LSD0.05 for factor B 4.2 1.5 0.4 0.4 0.8 

LSD0.05 for A × B 4.1 1.2 0.4 0.2 0.5 

 

Four least significant differences are given for each trait. The first applies to comparisons 

among the individual treatment means shown in the body of the table; the remaining 

three apply, respectively, to comparisons among the marginal means of cropping system, 

among the marginal means of fertilization, and among the interaction means. Any 

difference exceeding the relevant LSD0.05 is significant at p = 0.05. 

 

Ear morphometrics responded to fertilization but changed little between cropping 

systems. Ear length was 22.0 cm in sole cropping and 21.7–22.0 cm in the intercrops 

under the control, and fertilization extended it to 22.9–23.4 cm, a gain of 4.1–6.4% that 

exceeds LSD0.05 = 1.1 cm and reflects additional kernel set in the apical part of the ear. 

The number of kernel rows rose from 16 in the control to 18 under both fertilized regimes 

in every cropping system, a change of exactly LSD0.05 = 1.0 and therefore at the limit of 

significance, which is consistent with the strong genetic determination and low 

phenotypic plasticity of this trait. Kernels per row increased from 33.8–34.0 in the 

control to 36.2–36.6 under N90P60K60, a gain of 6.5–7.6% that exceeds LSD0.05 = 2.3 and 

is attributable to improved pollination and reduced ovary abortion. Comparison of the 

two cropping systems showed a tendency towards slightly longer ears in the intercrops 

(+0.4–0.5 cm) accompanied by 0.2–0.4 fewer kernels per row, but neither difference 

reached LSD0.05, so the apparent compensatory adjustment of ear structure under 

interspecific competition should be regarded as a trend rather than an established effect. 

 

Yield structure of soybean 

 

The two cultivars differed markedly in seed size, with Sireliya producing 206.0–215.8 g 

and Sakuza 187.1–200.0 g per 1000 seeds, a difference of 7.9–10.1% that greatly 

exceeds LSD0.05 = 7.3 g and reflects their different genetic background and intended use 
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(Table 4). In the intercrops, the 1000-seed weight fell by 3.4–5.5% in Sireliya and by 

3.1–5.1% in Sakuza, differences that are at or slightly above the LSD and are consistent 

with partial shading during seed filling and with competition for assimilates. The 

response to fertilization was weak in both cultivars, at 2.4–6.9% under N60P45K45 and 

4.8–7.0% under N90P60K60, again reflecting symbiotic coverage of a large part of the 

nitrogen requirement. 

 

Table 4: Yield structure of soybean in sole and binary stands (five-year means, 2021–2025) 

Cultivar Fertilisation 1000-

seed 

weight, g 

Pods 

per 

plant, 

no. 

Seeds 

per 

pod, no. 

Seeds 

per 

plant, 

no. 

Seed 

mass per 

plant, g 

Sireliya (sole) Control 206.0 14.0 1.9 26.6 5.5 

N60P45K45 211.0 16.0 2.4 38.6 8.1 

N90P60K60 215.8 17.9 1.8 31.6 6.8 

Sakuza (sole) Control 187.1 16.3 2.0 33.4 6.2 

N60P45K45 192.3 17.8 2.5 44.7 8.6 

N90P60K60 200.0 21.0 1.5 32.0 6.4 

Sireliya 

(intercrop 

with maize) 

Control 199.0 18.9 2.5 47.3 9.4 

N60P45K45 203.1 20.2 3.3 65.8 13.4 

N90P60K60 204.0 21.3 2.7 57.8 11.8 

Sakuza 

(intercrop 

with maize) 

Control 181.2 20.4 2.7 55.5 10.1 

N60P45K45 187.0 21.5 3.5 75.1 14.0 

N90P60K60 189.8 23.0 2.9 67.2 12.8 

LSD0.05, individual means 7.3 1.1 0.4 2.5 0.2 

LSD0.05 for factor A 4.3 1.5 0.3 0.4 1.0 

LSD0.05 for factor B 4.2 1.5 0.4 0.4 0.8 

LSD0.05 for A × B 4.1 1.2 0.4 0.2 0.5 

 

Values are per plant. Four least significant differences are given for each trait, applying 

respectively to individual treatment means, to the marginal means of cropping system, 

to the marginal means of fertilization and to the interaction means. 

 

Pods per plant increased from 14.0–16.3 in sole cropping under the control to 17.9–21.0 

under fertilization, and in the intercrops reached 18.9–23.0, an increase of 35.0–40.0% 

over sole cropping that far exceeds LSD0.05 = 1.1 and represents an unambiguous 

compensatory response to halved density. Seeds per pod followed a more complex 

pattern. In sole cropping, the trait rose from 1.9–2.0 in the control to 2.4–2.5 under 

N60P45K45 but fell to 1.5–1.8 under N90P60K60, a depression of pod seed set consistent 

with disturbance of hormonal balance at high nitrogen supply. In the intercrops it was 

uniformly higher, at 2.5–2.7 in the control and 2.7–3.5 under fertilization, with a 

maximum of 3.5 seeds per pod in Sakuza under N60P45K45, that is 40.0% above the 

corresponding sole crop. Because these differences exceed LSD0.05 = 0.4, the advantage 

of the intercrop for this trait is statistically supported. 

 

Seeds per plant, which integrates the preceding components, was 26.6–33.4 in sole 

cropping under the control and reached 38.6–44.7 under N60P45K45, whereas in the 
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intercrops it attained 47.3–55.5 in the control and 65.8–75.1 under moderate fertilization, 

corresponding to increases of 66.2–77.8% and 68.0–70.5% respectively. Seed mass per 

plant, the most direct agronomic expression of individual plant productivity, rose from 

5.5–6.2 g in sole cropping under the control and 8.1–8.6 g under N60P45K45 to 9.4–10.1 

g and 13.4–14.0 g in the intercrops, gains of 62.9–70.9% and 62.8–65.4%. All of these 

differences exceed the respective LSD0.05 values by a wide margin. 

 

Correlations among yield components 

 

For maize, 1000-kernel weight was strongly and positively associated with shelling 

percentage (r = 0.78, p < 0.01), which indicates synchronous development of the two 

traits, and ear length correlated closely with kernels per row (r = 0.82, p < 0.01) but only 

weakly with the number of kernel rows (r = 0.35, p > 0.05). The strongest associations 

with grain yield were those of kernels per ear (r = 0.89, p < 0.001) and 1000-kernel 

weight (r = 0.75, p < 0.01), whereas shelling percentage was only moderately associated 

(r = 0.52, p < 0.05), confirming its secondary role in yield determination. For soybean, 

pod number and seeds per pod were negatively associated (r = −0.42, p < 0.05), which 

is the expected signature of competition for assimilates among reproductive sites, and 

1000-seed weight was only weakly related to the remaining components (r = 0.18–0.35, 

p > 0.05), consistent with strong genetic control. Seeds per plant (r = 0.92, p < 0.001) 

and seed mass per plant (r = 0.95, p < 0.001) showed the closest associations with seed 

yield, which underlines the importance of stand density management in realizing the 

yield potential of the crop. 

 

Grain yield 

 

Sole maize responded strongly to intensification. The five-year mean yield in the 

unfertilized control was 7.28 ± 0.54 t ha−1, ranging from 5.45 t ha−1 in the unfavorable 

season of 2022 to 8.70 t ha−1 in the favorable season of 2023 (Table 5). Moderate 

fertilization raised the mean to 9.39 ± 0.57 t ha−1, a gain of 29.0%, and the response was 

largest in the drought season of 2022 (+35.0%), which points to a role of adequate 

mineral nutrition in maintaining performance under water limitation. The intensive 

regime raised the mean further to 10.45 ± 0.62 t ha−1, or 43.5% above the control, with 

a maximum of 11.91 t ha−1 in 2023, but the marginal gain from N60P45K45 to N90P60K60 

was only 11.3%, indicating that the response was approaching a plateau. 

 

Sole soybean produced lower absolute yields and showed a distinctly non-monotonic 

response to fertilization. Cultivar Sireliya yielded 2.26 ± 0.10 t ha−1 in the control, rising 

to a maximum of 3.33 ± 0.19 t ha−1 under N60P45K45 (+47.3%) but falling to 2.80 ± 0.12 

t ha−1 under N90P60K60. Cultivar Sakuza had a higher baseline of 2.55 ± 0.12 t ha−1 and 

followed the same pattern, with a maximum of 3.52 ± 0.18 t ha−1 under moderate 

fertilization and a decline to 2.63 ± 0.13 t ha−1 under the intensive regime, a reduction of 

25.3% relative to N60P45K45 that greatly exceeds the applicable LSD0.05. 
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Table 5: Grain yield of maize and soybean in sole and binary stands, t ha−1 (2021–2025) 
Cultivar or hybrid Fertilisation 2021 2022 2023 2024 2025 Mean ± SE 

RZhT Zanetikks (sole) Control 7.85 5.45 8.70 7.48 6.93 7.28 ± 0.54 

N60P45K45 10.01 7.36 10.62 9.97 8.99 9.39 ± 0.57 

N90P60K60 11.44 8.35 11.91 10.52 10.03 10.45 ± 0.62 

Sireliya (sole) Control 2.32 1.90 2.51 2.30 2.25 2.26 ± 0.10 

N60P45K45 3.56 2.73 3.79 3.44 3.11 3.33 ± 0.19 

N90P60K60 2.89 2.37 3.11 2.87 2.77 2.80 ± 0.12 

Sakuza (sole) Control 2.59 2.15 2.89 2.62 2.50 2.55 ± 0.12 

N60P45K45 3.67 2.84 3.92 3.63 3.54 3.52 ± 0.18 

N90P60K60 2.69 2.19 2.93 2.79 2.52 2.63 ± 0.13 

Zanetikks + Sireliya, maize 

component 

Control 8.45 6.10 9.49 8.25 8.30 8.12 ± 0.55 

N60P45K45 11.60 8.39 12.79 11.03 10.39 10.84 ± 0.73 

N90P60K60 13.39 10.06 14.23 12.28 11.68 12.33 ± 0.72 

Zanetikks + Sireliya, 

soybean component 

Control 1.92 1.58 2.03 1.80 1.81 1.83 ± 0.08 

N60P45K45 2.70 2.21 2.84 2.72 2.57 2.61 ± 0.11 

N90P60K60 2.35 2.02 2.60 2.35 2.29 2.32 ± 0.09 

Zanetikks + Sireliya, 

system total 

Control 10.40 7.91 11.18 10.20 9.91 9.92 ± 0.55 

N60P45K45 14.40 10.80 15.60 13.60 13.68 13.61 ± 0.79 

N90P60K60 16.36 11.39 17.01 15.14 13.14 14.61 ± 1.04 

Zanetikks + Sakuza, maize 

component 

Control 8.63 6.76 9.34 7.95 8.37 8.21 ± 0.43 

N60P45K45 12.09 9.03 12.70 11.03 10.49 11.07 ± 0.64 

N90P60K60 13.08 9.86 13.72 13.16 12.42 12.45 ± 0.68 

Zanetikks + Sakuza, 

soybean component 

Control 2.03 1.65 2.20 1.99 1.91 1.96 ± 0.09 

N60P45K45 2.84 2.29 3.08 2.81 2.68 2.74 ± 0.13 

N90P60K60 2.56 2.21 2.71 2.47 2.57 2.51 ± 0.08 

Zanetikks + Sakuza, system 

total 

Control 10.78 7.95 11.52 10.44 9.84 10.11 ± 0.60 

N60P45K45 14.25 11.09 15.51 14.35 13.18 13.68 ± 0.74 

N90P60K60 16.29 11.43 16.90 15.78 15.27 15.13 ± 0.97 

LSD0.05, individual means 0.12 0.14 0.18 0.11 0.13 0.10 

LSD0.05 for factor A 0.05 0.06 0.05 0.06 0.04 0.03 

LSD0.05 for factor B 0.05 0.05 0.08 0.03 0.05 0.04 

LSD0.05 for A × B 0.02 0.03 0.05 0.02 0.04 0.03 

Note: SE is the standard error of the five-year mean and therefore expresses interannual 

rather than within-season variation. The first LSD0.05 row applies to comparisons among 

the individual treatment means within a season; the following three rows give the least 

significant differences for the marginal means of cropping system, for the marginal 

means of fertilization and for the interaction, respectively. 

 

The maize component of the intercrops out-yielded sole maize at every fertilization level 

despite identical maize plant density. In combination with Sireliya, it reached 8.12 ± 0.55 

t ha−1 in the control (+11.5%), 10.84 ± 0.73 t ha−1 under N60P45K45 (+15.4%) and 12.33 

± 0.72 t ha−1 under N90P60K60 (+18.0%), with a seasonal maximum of 14.23 t ha−1 in 

2023. In combination with Sakuza, the corresponding values were 8.21 ± 0.43 t ha−1 

(+12.7%), 11.07 ± 0.64 t ha−1 (+17.9%) and 12.45 ± 0.68 t ha−1 (+19.1%). All of these 

differences exceed the seasonal LSD0.05 values of 0.11–0.18 t ha−1 and were reproduced 

in each of the five seasons, so the effect is both statistically significant and temporally 

consistent. The soybean component yielded less than sole soybean per unit ground area, 

at 1.83–1.96 t ha−1 in the control (78.4–82.9% of sole cropping across the three 

fertilization levels), which is nevertheless well above the 50% that would be expected 
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from the halved seeding rate alone, and per-plant productivity in the intercrop was 

correspondingly some 54–62% higher than in sole cropping. 

 

Summed over both components, the intercrop with Sireliya produced 9.92 ± 0.55 t ha−1 

in the control, 13.61 ± 0.79 t ha−1 under N60P45K45 and 14.61 ± 1.04 t ha−1 under 

N90P60K60, exceeding sole maize under the same regime by 36.3%, 44.9% and 39.8% 

respectively. The intercrop with Sakuza produced 10.11 ± 0.60, 13.68 ± 0.74 and 15.13 

± 0.97 t ha−1, or 38.9%, 45.7% and 44.8% above sole maize, with the highest single-

season total of 17.01 t ha−1 recorded in 2023. 

 

Land-use efficiency, agronomic efficiency and yield stability 

 

Season effects were pronounced across all treatments. The 2022 season was the most 

unfavorable, with yields 18–31% below the five-year mean in all treatments, whereas 

2023 delivered yields 15–22% above the mean. Against this background, the three 

efficiency and stability measures given in Table 6 characterize the systems in 

complementary ways. 

 

Table 6: Land equivalent ratio, agronomic efficiency and interannual stability of the 

cropping systems (2021–2025) 

System Fertilisation LERmaize LERsoybean LER 

total 

AE, 

kg 

grain 

per 

kg N 

CV, 

% 

Si bi 

Sole 

maize 

Control — — 1.00 — 16.6 0.626 1.37 

N60P45K45 — — 1.00 35.2 13.6 0.693 1.11 

N90P60K60 — — 1.00 35.2 13.3 0.701 1.09 

Sole 

soybean 

Sireliya 

Control — — 1.00 — 9.8 0.757 0.81 

N60P45K45 — — 1.00 17.8 12.4 0.720 1.01 

N90P60K60 — — 1.00 6.0 9.7 0.762 0.80 

Sole 

soybean 

Sakuza 

Control — — 1.00 — 10.5 0.744 0.85 

N60P45K45 — — 1.00 16.2 11.5 0.724 0.94 

N90P60K60 — — 1.00 0.9 10.9 0.747 0.87 

Zanetikks 

+ Sireliya 

Control 1.115 0.810 1.93 — 14.1 0.667 1.15 

N60P45K45 1.154 0.784 1.94 61.5 13.9 0.678 1.15 

N90P60K60 1.180 0.829 2.01 52.1 12.3 0.718 1.00 

Zanetikks 

+ Sakuza 

Control 1.127 0.767 1.89 — 11.3 0.729 0.91 

N60P45K45 1.179 0.778 1.96 59.5 12.4 0.717 1.01 

N90P60K60 1.191 0.954 2.15 55.8 11.3 0.735 0.92 

Note: LER components were computed from the five-year mean yields of Table 5 as 

defined in Section 2.5. AE is expressed per kg of applied nitrogen and refers to the total 

system yield. CV, Si and bi characterize the five annual system yields; bi was computed 

on the dimensionless relative scale described in Section 2.5. 

 

Partial LER for maize exceeded unity in every intercrop and at every fertilization level, 

ranging from 1.115 to 1.191 and increasing with nitrogen supply. Partial LER for 

soybean ranged from 0.767 to 0.954 and thus consistently exceeded the value of 0.50 
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that the halved seeding rate alone would predict. Total LER ranged from 1.89 in the 

unfertilized Sakuza combination to 2.15 in the same combination under N90P60K60, and 

computed season by season, the estimates were highly repeatable, at 1.90 ± 0.02 to 2.15 

± 0.03 depending on treatment. 

 

Agronomic efficiency differed sharply between systems. For sole maize it was 35.2 kg 

grain per kg N at both fertilization levels, so the crop continued to convert additional 

nitrogen into grain at an undiminished marginal rate over the range tested. For sole soybean 

it fell from 16.2–17.8 kg kg−1 at N60P45K45 to 0.9–6.0 kg kg−1 at N90P60K60, reflecting the 

yield depression at the higher rate. The intercrops achieved 59.5–61.5 kg grain per kg N at 

N60P45K45, which is 69–75% above sole maize, and this fell to 52.1–55.8 kg kg−1 at 

N90P60K60, so within the range examined the moderate regime was the more efficient one 

for the intercrop even though it was not the highest-yielding (Figure 5). 

 

 
Figure 5: Agronomic efficiency of applied nitrogen in sole and intercropped stands, 

expressed as kg of grain per kg of applied N (means for 2021–2025). 

 

Interannual variability was lowest in sole soybean (CV = 9.7–12.4%), highest in sole 

maize under the control (CV = 16.6%), and intermediate in the intercrops (CV = 11.3–

14.1%), and in both maize-containing systems, fertilization reduced CV. The yield 

stability index ranked the systems in the same order, at 0.626–0.701 for sole maize, 

0.720–0.762 for sole soybean and 0.667–0.735 for the intercrops. Regression on the 

environmental index gave bi = 1.09–1.37 for sole maize, indicating a system that gains 

disproportionately in favorable seasons and loses disproportionately in poor ones, bi = 

0.80–1.01 for sole soybean, indicating a conservative response, and bi = 0.91–1.15 for 

the intercrops, which is close to unity and denotes broad adaptability. Deviations from 

regression were small in all cases, so the fitted responses describe the systems 

adequately. 
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Figure 6: Grain yield in relation to seasonal photosynthetic potential across all fifteen 

treatment combinations (means for 2021–2025). Fitted linear regressions are shown for 

each group of systems. 

 

Plotting yield against seasonal PP across all fifteen treatment combinations revealed that 

the two groups behaved in fundamentally different ways (Figure 6). For maize-

containing systems, the relationship was close and positive, with R² = 1.00 for sole maize 

and R² = 0.84 for the intercrops, and the two regression lines had similar slopes of 5.51 

and 4.82 t ha−1 per million m2·days ha−1. For sole soybean, the relationship effectively 

disappeared (R² = 0.02), because the highest fertilization regime enlarged the 

assimilatory surface while simultaneously depressing seed set, so that additional PP was 

not converted into additional yield. Photosynthetic potential is therefore a reliable 

predictor of productivity only where sink capacity expands in step with source capacity. 

 

Because only three fixed fertilizer regimes were compared, the data were not used to 

extrapolate an intermediate fertilizer optimum. Agronomic and economic 

recommendations are therefore restricted to the fertilizer rates actually tested. 

 

Indicative partial budget 

 

Because the systems differ in the value as well as the quantity of the harvest, gross 

margins were computed on a partial-budget basis (Table 7). Sole maize returned 62,176 

UAH ha−1 in the unfertilized control and 76,033 UAH ha−1 under the intensive regime. 

Sole soybean returned less at every fertilization level and lost value under N90P60K60, 

where yield depression outweighed the additional input cost. The intercrops returned 

101,306–104,656 UAH ha−1 in the control and 134,237–139,027 UAH ha−1 under 

intensive fertilization, exceeding sole maize under the same regime by 63–68% in the 

control, by 85–91% under N60P45K45 and by 77–83% under N90P60K60. 
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Table 7: Indicative partial budget of the cropping systems, UAH ha−1 (five-year mean 

yields, prices of mid-2026) 

System Fertilisation Revenue Variable 

cost 

Gross 

margin 

Difference from 

sole maize 

Sole maize Control 66,976 4,800 62,176 — 

N60P45K45 86,388 15,604 70,784 — 

N90P60K60 96,140 20,107 76,033 — 

Sole soybean 

Sireliya 

Control 43,844 3,900 39,944 −22,232 

N60P45K45 64,602 14,704 49,898 −20,886 

N90P60K60 54,320 19,207 35,113 −40,920 

Sole soybean 

Sakuza 

Control 49,470 3,900 45,570 −16,606 

N60P45K45 68,288 14,704 53,584 −17,200 

N90P60K60 51,022 19,207 31,815 −44,218 

Zanetikks + 

Sireliya 

Control 110,206 8,900 101,306 +39,130 

N60P45K45 150,362 19,704 130,658 +59,874 

N90P60K60 158,444 24,207 134,237 +58,204 

Zanetikks + 

Sakuza 

Control 113,556 8,900 104,656 +42,480 

N60P45K45 155,000 19,704 135,296 +64,512 

N90P60K60 163,234 24,207 139,027 +62,994 

Note: Only variable costs that differ among the systems are included, as set out in Section 

2.5. At the exchange rate prevailing in mid-2026, the intercrop gross margins correspond 

to approximately 2,400–3,300 USD ha−1 and those of sole maize to approximately 

1,480–1,810 USD ha−1. 

 

Marginal analysis of raising fertilization from N60P45K45 to N90P60K60 gave contrasting 

results across the systems. The additional variable cost was 4,503 UAH ha−1 in every 

case. Sole maize generated 9,752 UAH ha−1 of additional revenue, giving a VCR of 2.17; 

after the added variable cost, gross margin increased by 5,249 UAH ha−1. The intercrops 

generated 8,082–8,234 UAH ha−1 of additional revenue, corresponding to VCR values 

of 1.79–1.83; the associated increases in gross margin were 3,579–3,731 UAH ha−1. Sole 

soybean generated negative additional revenue (−10,282 to −17,266 UAH ha−1), and 

gross margin fell by 14,785–21,769 UAH ha−1, so the intensive regime destroyed value 

in that system. 

 

Sensitivity analysis showed that these two conclusions differ in their robustness. The 

advantage of the intercrop over sole maize was insensitive to the soybean-to-maize price 

ratio, remaining between 49,000 and 72,000 UAH ha−1 as the ratio varied from 1.5 to 

2.4, so it does not depend on soybean commanding an unusual premium. The ranking of 

the two fertilization regimes, by contrast, was finely balanced. The intensive regime 

remained marginally the more profitable at current input prices, but the moderate regime 

overtook it once fertilizer prices rose by approximately 83% relative to grain prices, that 

is, at about 57 UAH kg−1 for ammonium nitrate and 60 UAH kg−1 for complex NPK. 
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Discussion 
 

What changed in the canopy, and what did not 

 

The central physiological result of this experiment is that the intercrop advantage was 

built almost entirely from canopy size and canopy duration rather than from a 

transformation of leaf-level performance. The two components together maintained a 

canopy LAI well above the optimum normally reported for sole stands, and the 

additional leaf area was retained long enough to lift seasonal PP by roughly half over 

sole maize. Critically, the added leaf area did not behave as redundant self-shading 

tissue. Efficiency of PP conversion into grain rose rather than fell, and the yield–LAI 

correlation tightened relative to sole cropping, which is the expected signature of vertical 

stratification in a C₄–C₃ mixture where the tall component intercepts direct radiation and 

the short component operate on transmitted and diffuse light (Brooker et al., 2015; Gou 

et al., 2016). 

 

Chen et al. (2025) reached a closely analogous conclusion in a semi-arid Chinese system, 

finding that intercropping raised biomass and grain yield by enlarging leaf area index 

rather than by improving leaf photosynthetic parameters. The present data extend that 

finding to a rainfed temperate chernozem and add a temporal dimension, because the two 

species occupied different critical windows. Maize yield tracked PP accumulated between 

the 15-leaf stage and silking, whereas soybean yield tracked PP accumulated from the milk 

stage onward, and it is this offset that allows the canopy to remain photosynthetically active 

across a longer fraction of the season than either component alone. Canopy NAR 

nevertheless rose in both components, not only in the mixture as a whole, which indicates 

that the intercrop also improved the light environment experienced by individual leaves 

and not merely the amount of leaf surface exposed to it. 

 

Quantifying the yield advantage, and the limits of that quantification 

 

Maize yielded 11.5–19.1% more in the intercrop than in sole cropping at identical plant 

density and identical fertilizer rate per unit of total area. Because the density of the maize 

component was held constant, this increment cannot be explained by a change in maize 

population and constitutes overyielding in the strict sense (Li et al., 2014). The 

corresponding partial LER for maize, consistently between 1.12 and 1.19, provides a 

formal index of this facilitation that is independent of the design used for the companion 

crop, and it is this index rather than the total LER that should be read as the quantitative 

measure of interspecific benefit in the present study. The magnitude is modest relative 

to the 30–34% maize yield gain reported by Nasar et al. (2023) under a much higher 

nitrogen supply, but it was reproduced in five consecutive seasons of contrasting 

weather, which strengthens confidence in the effect. 

 

The total LER of 1.89–2.15 requires careful framing and should not be compared directly 

with meta-analytic means. The present experiment used an additive design in which 

soybean was added to a full maize stand rather than substituted for part of it, so total plant 

population exceeded that of either sole crop and total LER is inflated relative to the values 

obtained in replacement designs. Global syntheses of maize–soybean intercropping report 

mean LER close to 1.3 (Xu et al., 2020), and broader analyses of annual intercrops report 
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about 1.2 (Yu et al., 2015), but these summarize a literature dominated by substitutive and 

relay arrangements. Studies that likewise increased total density report values in the range 

observed here, with Du et al. (2018) documenting LER as high as 2.2 in optimized maize–

soybean strip systems. The interpretation supported by the present data is therefore that the 

system converts land into grain far more effectively than sole maize, while the extent to 

which that gain reflects facilitation as opposed to fuller occupation of the available niche 

must be read from the partial LER of maize. 

 

The soybean component reached 77–83% of sole-crop yield per unit ground area from 

half the seeding rate, which corresponds to a 54–62% increase in individual plant 

productivity delivered mainly through additional pods and seeds per pod. Comparable 

plasticity has been documented for soybean in double-row intercrops under drought 

(Kisman et al., 2025), and it is this compensatory capacity, rather than any change in 

maize performance alone, that makes the additive arrangement viable. 

 

Nitrogen dynamics as a plausible rather than a demonstrated mechanism 

 

The facilitative pattern observed here is consistent with improved nitrogen nutrition of 

maize, but the present experiment did not measure nodulation, symbiotic nitrogen 

fixation, isotopic tracers, rhizodeposition or soil mineral nitrogen dynamics, and no 

direct evidence of nitrogen transfer was obtained. The nitrogen interpretation is therefore 

advanced as a plausible mechanism to be tested rather than as a demonstrated cause, and 

two distinct routes remain unresolved. Nitrogen may reach maize directly, through 

rhizodeposition, nodule turnover and mycorrhizal networks, for which the reviewed 

evidence suggests a transfer of the order of 10–15% of fixed nitrogen to a companion 

cereal (Peoples et al., 2009; Thilakarathna et al., 2016). Alternatively, the benefit may 

be indirect, arising because the legume covers much of its own nitrogen demand 

symbiotically and thereby competes less strongly for soil mineral nitrogen, leaving a 

larger share to maize. Facilitation may also operate through phosphorus and 

micronutrient mobilization rather than nitrogen at all (Li et al., 2014). Distinguishing 

these routes requires ¹⁵N labelling together with nodulation assessment, and this is the 

most important extension of the present work. 

 

The behavior of soybean under high fertilization is at least indirectly informative. Sole 

soybean lost 16–25% of its yield when nitrogen rose from 60 to 90 kg ha−1, which matches 

the well-documented suppression of symbiotic fixation by mineral nitrogen (Crews and 

Peoples, 2004; Salvagiotti et al., 2008), whereas the intercropped soybean lost only 9–

12%. A parsimonious reading is that competition from maize lowered mineral nitrogen 

availability in the soybean rhizosphere and so partially protected the symbiosis, but this 

remains an inference from yield behavior rather than a measured effect. 

 

For the same reason, the term synergy is used in this paper only where a quantitative 

index supports it. The maize partial LER above unity and the increase in NAR of both 

components relative to their sole crops qualify on that basis; the descriptive impression 

of mutual stimulation elsewhere in the dataset does not, and has been framed 

accordingly. 
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Fertilization strategy 

 

The intercrops converted applied nitrogen into grain far more efficiently than sole maize, 

at roughly 60 kg grain per kg N under the moderate regime against 35 kg kg−1 for sole 

maize, and this efficiency declined at the higher rate while sole maize maintained its 

marginal response. Two considerations therefore point towards a moderate regime for 

the intercrop. First, agronomic efficiency was maximized there. Second, the higher rate 

depressed the soybean component and eroded the protein contribution that is the 

distinctive product of the system. This is consistent with the meta-analytic finding of Xu 

et al. (2020) that increasing nitrogen input scarcely changes LER while significantly 

reducing intercropped soybean yield, and with the conclusion of Du et al. (2018) that 

optimized maize–soybean systems can balance productivity against sustainability. 

 

Two further consequences of the moderate regime deserve mention. The intercrop 

delivers protein and starch from the same field in a ratio close to that required for 

balanced ruminant and monogastric rations, which is directly relevant to integrated crop–

livestock systems and reduces dependence on imported protein feed (Lemaire et al., 

2014). In addition, the larger and more diverse belowground input of an intercrop has 

been shown to raise soil carbon and nitrogen stocks relative to sole cropping (Cong et 

al., 2015), which matters on chernozem where humus decline under intensive arable use 

is a documented concern for the zone (Prysiazhniuk et al., 2025). Neither soil carbon nor 

grain composition was quantified in the present experiment, so both are noted as 

expected co-benefits rather than as results. 

 

The highest total yield in this experiment was, however, obtained under N90P60K60 rather 

than under the moderate regime, and the indicative partial budget of Section 3.9 does not 

overturn this. At mid-2026 Ukrainian prices, the intensive regime remained marginally 

the more profitable choice for the intercrop, by some 3,600–3,700 UAH ha−1. What the 

budget does show is that the margin of advantage is thin and that the VCR for the 

additional fertilizer (1.79–1.83) falls below the value of about 2.0 conventionally taken 

as the threshold at which a producer should accept the additional cash outlay and risk. 

The moderate regime becomes the more profitable option once fertilizer prices rise by 

roughly 83% relative to grain, a shift well within the range experienced by Ukrainian 

producers in recent seasons. The case for the observed N60P45K45 regime rests on three 

arguments taken together, namely a VCR below the adoption threshold, the substantially 

higher efficiency of nitrogen use, and the protection of the soybean component that gives 

the system its distinctive protein output. It does not rest on profit maximization at any 

single set of prices, and it remains to be validated across more than one site. Published 

assessments from other environments likewise report higher net returns for maize–

soybean intercropping than for sole maize (Raza et al., 2022), but the absolute figures 

are not transferable, and the present budget should be read as indicative rather than 

definitive. 

 

Stability, and how far these results travel 

 

The intercrops combined the highest absolute productivity in the experiment with an 

interannual variability lower than that of sole maize and a regression coefficient close to 

unity, which denotes a system that responds proportionally to the environment rather 
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than one that gains disproportionately in good seasons and collapses in poor ones. The 

advantage was clearest in the drought season of 2022. Meta-analytic evidence indicates 

that cereal–legume intercrops generally buffer yield variability relative to sole cereals 

(Martin-Guay et al., 2018; Raseduzzaman and Jensen, 2017), and the present five-year 

dataset is consistent with that generalization on chernozem. 

 

Three qualifications bound the transferability of these findings. The first concerns 

environment. The results were obtained on a fertile rainfed chernozem in a moderately 

continental climate, and the same canopy logic should apply across temperate systems 

with comparable radiation and season length, including much of Central and Eastern 

Europe, but the absolute yield levels depend on the high baseline fertility of the soil and 

would not be reproduced on lighter or shallower profiles. Under drier or more strongly 

water-limited conditions, the additive arrangement, which raises total transpiring leaf 

area, may become a liability rather than an asset, and a substitutive arrangement would 

then be the safer design. The second concerns mechanization. The 70 cm maize row 

spacing with a single interposed soybean row is compatible with existing row-crop 

equipment for sowing and inter-row operations, yet harvest requires two passes at 

different maturity dates and the arrangement offers no scope for the wide-strip layouts 

developed specifically for machine harvest in China (Du et al., 2018). The system is 

therefore well matched to smallholder and mid-scale operations and to mixed crop–

livestock farms that value on-farm protein, whereas large mechanized enterprises would 

need either strip widths adapted to header geometry or components with synchronized 

maturity. The third concerns climate change. If the projected increase in drought 

frequency in the Forest-Steppe (Prysiazhniuk et al., 2023; Shvidenko et al., 2017) is 

realized, the buffering observed in 2022 becomes more valuable, but the very canopy 

expansion that generates the yield advantage also raises seasonal water demand, and the 

water balance of the system was not measured here. Coupling this design to explicit 

water-use measurement, as done by Raza et al. (2022) in semi-arid conditions, is a 

necessary next step before the system is recommended as a climate-adaptation measure. 

 

Limitations 

 

Four limitations should be borne in mind. Nitrogen fixation and transfer were inferred 

rather than measured. The economic assessment is a partial budget resting on a single 

set of prices and on the assumption that cost items common to all treatments are equal; 

it omits labour, machinery depreciation and the risk premium attaching to a less familiar 

system, and a full enterprise budget built on multi-year price series would be needed 

before the fertilization ranking could be regarded as settled. The experiment was 

conducted at a single site, so genotype-by-environment interaction across the wider 

Forest-Steppe remains untested. Finally, the additive design means that total LER 

overstates the land-sparing benefit relative to a substitutive comparison, and the partial 

LER of maize should be preferred as the measure of facilitation. 

 

Conclusions 
 

Binary maize–soybean intercropping on typical chernozem of the Ukrainian Forest-

Steppe reorganizes the photosynthetic apparatus in a way that is quantitatively different 

from either sole crop, and the reorganization is one of canopy architecture rather than of 
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leaf-level physiology. The two components together sustained a canopy LAI of 6.56–

6.81 and a seasonal photosynthetic potential of 4.00–4.32 million m2·days ha−1, roughly 

half again as much as sole maize, and because the two species occupied offset critical 

periods the canopy remained productive across a longer fraction of the season. That this 

additional leaf area was functional rather than redundant is shown by the simultaneous 

rise in photosynthetic potential use efficiency and net assimilation rate. 

 

The physiological gain translated into a system yield of 9.92–15.13 t ha−1, exceeding 

sole maize by 36–45%, and into a maize component yield 11.5–19.1% above sole 

cropping at unchanged maize density. The latter is the key result, because it is 

independent of the design used for the companion crop and is expressed formally in a 

partial land equivalent ratio for maize of 1.12–1.19. Soybean contributed 1.83–2.74 t 

ha−1 of protein-rich grain from half its normal seeding rate through a compensatory 

increase in individual plant productivity. Total land equivalent ratio reached 1.89–2.15, 

a figure that reflects both facilitation and the additive design and should be interpreted 

with that qualification. 

 

The intercrop converted applied nitrogen into grain at roughly 60 kg per kg N under 

N60P45K45 against 35 kg per kg N for sole maize, and this efficiency declined at the higher 

rate while the soybean component was depressed. An indicative partial budget placed 

the gross margin of the intercrop at 101,000–139,000 UAH ha−1 against 62,000–76,000 

UAH ha−1 for sole maize, an advantage of 63–91% that proved insensitive to the 

soybean-to-maize price ratio. Within the intercrop, the intensive regime remained 

marginally the more profitable at present prices, but with a value-cost ratio (VCR) of 

only 1.79–1.83, below the threshold conventionally required for adoption, and the 

moderate regime overtakes it if fertilizer prices rise by about 83% relative to grain. 

Among the tested rates, N60P45K45 is therefore indicated for the region on the combined 

grounds of VCR, nitrogen-use efficiency and protection of the soybean component, with 

the explicit caveat that maximum total yield was obtained at the higher rate. The systems 

also proved broadly adapted, with a regression coefficient close to unity and interannual 

variability below that of sole maize, which is directly relevant where drought frequency 

is projected to rise. 

 

Taken together, these findings position binary maize–soybean intercropping as a 

practical route to sustainable intensification on temperate chernozem, capable of 

producing energy feed and protein feed from the same field, of reducing nitrogen input 

per unit of output, of buffering weather-driven yield variability and of raising the gross 

margin per hectare well above that of sole maize. Realizing that potential at scale now 

depends on three things that lie beyond what this study could supply, namely direct 

measurement of nitrogen fixation and transfer, a full enterprise budget built on multi-

year price series rather than the partial budget presented here, and multi-location 

validation across the Forest-Steppe. 
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Abstract 
Africa confronts a double jeopardy: it endures significant climate 

change impacts and suffers from one of the world's widest digital gender 

gaps. This article argues that closing the digital gender gap is not merely 

an aspiration but a prerequisite for effective women-led climate 

resilience across Africa. By analysing case studies from Kenya, Uganda, 

Rwanda, Ethiopia, and Mozambique, the paper reveals that limited 

digital access restricts women's involvement in climate decision-

making, undermines agricultural adaptation, and limits access to early 

warning systems and financial resources. It further examines key legal 

frameworks, including CEDAW, the Maputo Protocol, and the 

Sustainable Development Goals, which mandate that states and 

stakeholders promote digital inclusion. Methodologically, this article 

adopts a doctrinal legal analysis of the international, regional, and 

domestic instruments bearing on the digital gender gap, combined with 

a qualitative synthesis of secondary case-study literature, policy reports, 

and empirical studies drawn from the 5 focus countries. The paper 

concludes with innovative recommendations for policymakers and the 

private sector, focusing on leveraging technology to enhance women’s 

digital literacy, creating inclusive digital platforms for climate 

adaptation, and fostering public-private partnerships to ensure 

sustainable funding. These strategies aim to integrate digital access into 

climate-resilience frameworks in a transformative manner, ultimately 

empowering women as key agents in addressing climate change.  

 

Keywords  
Digital gender gap; Climate resilience; Women’s empowerment; Africa; 

ICT; Human rights; SDGs  

 

Introduction  
 

Africa is currently grappling with the unprecedented challenges 

of climate change, which disproportionately affects vulnerable 

populations, particularly women (Aguilar, 2008; Osman-Elasha, 

n.d.). As crucial agents of change, women play a vital role in 
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addressing climate-related issues, yet they face significant barriers that hinder their full 

participation in climate decision-making and adaptation efforts (Gender Action, 2008; 

IUCN, 2004b, 2007; Osman-Elasha, 2008; Third Global Congress of Women in Politics 

and Governance, 2008). One such barrier is the persistent digital gender gap, which 

limits women’s access to digital technologies, critical information, and climate support 

networks (IPCC, 2001; IUCN, 2004a), including early warning systems (UN Women, 

2023). This gap not only exacerbates existing gender inequalities but also limits 

women’s capacity to build resilience against climate change, participate in climate 

decision-making processes, and connect with climate support networks and resources 

(UN Women, 2022).   

 

As the world strives to achieve gender equality and mitigate the impacts of climate 

change, addressing the digital gender gap in Africa is crucial. Also, technology/ICT use 

is at the heart of the 17 SDGs, as research has shown that information and 

communication technology (ICT) could be used to improve food security, promote 

agricultural sustainability, end poverty and promote inclusive and sustainable economic 

growth, build resilient infrastructure and foster innovation, etc. (Bogdan-Martin, 2017). 

The paper argues that bridging the digital gender gap in Africa can unlock women’s 

potential to drive climate resilience and sustainable development. To explore the themes, 

the paper aims to answer two questions: How does the digital gender gap perpetuate 

existing gender disparity, and how can gender-inclusive laws and policies bridge this 

gap in climate resilience approaches/frameworks? 

 

Kenya, Uganda, Rwanda, Ethiopia, and Mozambique were selected as case studies 

because, together, they illustrate the principal dimensions of the digital gender gap’s 

relationship to climate resilience across the region: established mobile-money-based 

financial inclusion (Kenya), SMS/IVR-based agricultural extension (Uganda and 

Ethiopia), sustained state investment in digital infrastructure and STEM education 

(Rwanda), and community-based digital early warning systems in a high climate-risk 

setting (Mozambique). This purposive, illustrative sampling, rather than random or 

representative sampling, allows the analysis to draw out common conditions for success 

and failure across varied institutional and infrastructural contexts. To answer the above 

questions, the paper explores the intersection of gender, technology and climate 

resilience, highlighting the need to empower women through digital inclusion and 

gender-sensitive initiatives.  

 

This paper treats women as a broad analytical category for reasons of scope; it does not 

fully disaggregate the digital gender gap by disability, age, rural or urban location, or 

indigenous status. These intersecting factors materially shape digital access and are 

acknowledged here as a scope limitation warranting dedicated future research. 

 

The paper is divided into seven parts. The first part introduces the paper by providing an 

overview of climate change impacts, describing the digital gender gap, and emphasising 

the importance of addressing both issues concurrently. The second part discusses the 

digital gender gap, its scope, and disparities in access to digital technologies and explains 

how it perpetuates existing gender inequalities. The third part discusses the potential of 

digital technologies to enhance women’s climate resilience by leveraging digital access 

and literacy to increase women’s participation in climate decision-making and 
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adaptation efforts. The fourth part discusses the human rights implications and 

framework for the gender data gap. The fifth part discusses strategies, legal reforms, and 

solutions to addressing the digital gender gap. The sixth part discusses successful 

initiatives to address the digital gender gap and women’s climate resilience, as well as 

their impacts and outcomes. The final section concludes the paper by providing specific 

recommendations for policymakers, development practitioners, and private-sector actors 

to address the digital gender gap and empower women to achieve climate resilience.  

 

Methodology 
 

To ensure methodological transparency and rigour, this article employed a systematic 

literature search and thematic synthesis to examine the intersections of the digital gender 

gap, climate resilience, and women's empowerment within African contexts. The search 

strategy utilized targeted keyword combinations including digital gender gap, climate 

resilience, women’s empowerment, Africa, and ICT, across multiple academic databases 

(Google Scholar, JSTOR, and PubMed), institutional repositories, and organizational 

reports from entities such as UN Women, the World Bank, and the International 

Telecommunication Union. Studies were included if they were peer-reviewed, published 

between 2013 and 2026, geographically focused on Africa, and empirically engaged 

with the nexus of digital access, climate adaptation, and gendered empowerment; non-

peer-reviewed works, studies from non-African settings, and those lacking empirical 

data were excluded. Following an initial screening of titles and abstracts, selected full 

texts were reviewed against the inclusion criteria, and a thematic synthesis was 

subsequently conducted to identify, categorize, and interpret recurrent patterns including 

legal frameworks, technological interventions, and contextual case studies, thereby 

illuminating both persistent barriers and strategic opportunities for policy and practice 

aimed at reducing digital disparities and strengthening women's agency in climate 

adaptation efforts. This rigorous and transparent methodological framework underpins 

the study's findings, anchoring them in a robust evidence base. 

 

Digital Gender Gap: A Barrier to Women’s Empowerment 
 

This section situates the digital gender gap within its climate-resilience stakes. As the 

sections that follow show, disparities in digital access directly constrain women’s ability 

to receive climate information, participate in adaptation planning, and access the 

financial and agricultural tools needed to withstand climate shocks. The barriers mapped 

below are therefore not merely a general equality concern but a specific constraint on 

women-led climate resilience. 

 

According to the 2005 UN Women report, the digital gender gap refers to gender 

differences or disparities in the resources and capabilities needed to access and 

effectively utilise ICTs within and between countries, regions, sectors, and socio-

economic groups (UN Women, 2005). It also refers to the disparity between men and 

women regarding access to and use of digital technologies such as the Internet, mobile 

phones, and other digital tools (OECD, 2018). This gap limits women’s access to 

information and opportunities and hinders their empowerment (OECD, 2018). It has also 

been known to manifest in various ways, such as in terms of access to technology, digital 

skills, online participation, and representation in tech-related fields (UNESCO Institute 
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for Statistics, 2023). In quantitative terms, the gap is stark. According to a 2023 World 

Bank blog, Sub-Saharan Africa has one of the widest gender gaps in mobile internet use 

globally, with over 190 million women not using mobile internet services, representing 

a 37% gender gap (GSMA, 2023; Kwakwa, 2023). A survey conducted across 16 

countries in Eastern and Southern Africa found equally low levels of internet access via 

mobile phones by female (48%) and male (50%) respondents. In Kenya, only 10% of 

women used a mobile phone to get information on products and services compared to 

22% of men. In Uganda, only 13% of women use the internet compared to 24% of men 

(Kwakwa, 2023). UNESCO data further confirm that gender imbalances remain 

profound in digital skills and STEM careers across the continent (UNESCO Institute for 

Statistics, 2023). 

 

The consequences of this gap extend well beyond technology itself. Digital technology 

has fundamentally reshaped how people communicate, inform themselves and relate to 

each other (Turkle, 2011). It has shaped people’s experiences of time (Wajcman, 2015), 

expanded existing and new forms of political activism (Friedman, 2016), affected 

governance systems, including how public services are delivered (Eubanks, 2018), and 

altered production and consumption patterns with far-reaching implications for the world 

(ILO, 2019). Therefore, women who lack access to digital technologies are 

disadvantaged across all of these dimensions simultaneously, and that disadvantage is 

compounded in the context of climate change, where timely information, coordination, 

and market access can be life-altering. 

 

While it has been noted that women are increasingly seen as more vulnerable than men 

to the impacts of climate change, mainly because they represent the majority of the 

world’s poor and are proportionally more dependent on natural resources, land and rain-

fed agriculture, unequal access to technology has further exacerbated this vulnerability 

(Kwakwa, 2023). The digital gender gap amplifies this vulnerability by denying women 

the information tools needed to anticipate, respond to, and recover from climate-related 

shocks. Addressing this gap, answering the first research question therefore means 

confronting the structural conditions that produce it: poverty, discriminatory social 

norms, restricted mobility, lower levels of formal education, and the absence of women 

in technology design and governance spaces. 

 

Another critical impact of the digital gender gap with regard to climate resilience is 

climate justice. Climate-resilient projects or infrastructures adopted or provided by a 

nation should focus on vulnerable populations and bring about equitable solutions; that 

is, they should bring more benefit than burden to the vulnerable population. For instance, 

wind, solar, and other clean energy projects must prioritise their benefits to women and 

children. Similarly, Goal 9 of the Sustainable Development Goals emphasises the need 

to build resilient infrastructure, promote sustainable industrialisation, and foster 

innovation. In summary, the digital gender gap is both a symptom and a driver of broader 

gender inequality. It limits women's access to information and opportunities, hinders 

their empowerment, and, critically for the purposes of this article, reduces their capacity 

to build resilience to climate change. The statistics above reveal a stark reality: as 

women's access to digital technologies remains limited, their ability to contribute to 

climate resilience is severely undermined. Understanding this connection is essential as 
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this article explores the potential of digital technologies to empower women in climate 

adaptation efforts. 

 

Leveraging Digital Technologies for Women’s Climate Resilience 
 

This section explains how digital literacy and access can enhance women’s participation 

in climate decision-making and adaptations. It also highlights the importance of gender-

sensitive digital literacy programmes and explains the need for inclusive digital 

infrastructure and access to affordable digital technologies. 

 

Building on the understanding of the digital gender gap, it is evident that enhancing 

digital literacy among women is pivotal. By equipping women with the necessary skills, 

their engagement in climate resilience initiatives can be transformed. The COVID-19 

pandemic demonstrated the vital need for digital technology in education, businesses, 

activities, and services. Recent studies have also shown that the digital revolution can 

bring immense potential to improve social and economic outcomes for women, but, more 

often than not, women are left behind due to the persistent gap in access to digital 

technologies between women and men in Africa (Haleem et al., 2022). Despite the range 

of initiatives that have been implemented since the adoption of the Beijing Declaration 

and Platform for Action and the different constitutional provisions in African countries’ 

constitutions, there remains a lack of coherent policy on promoting the participation of 

women in the digital revolution (ITU, 2023a). 

 

This optimism, however, requires qualification. Increased digital access also creates new 

risks for women: gender-based cyberviolence, online harassment, and surveillance are 

well-documented barriers to women’s continued engagement online and can deter 

participation even after initial access is achieved. Reliance on foreign-owned digital 

platforms and infrastructure further raises ‘digital colonialism’ concerns, in which the 

terms of access, data governance, and platform design are set by external actors rather 

than the women and communities who use them. A gender-responsive digital inclusion 

strategy must therefore pair expanded access with online safety protections and support 

for locally governed digital infrastructure, as discussed further below 

 

Access to Climate Information and Early Warning Systems 

 

In Africa, women face significant challenges in accessing and utilising digital tools to 

enhance their participation in climate resilience efforts. The digital gender gap 

exacerbates existing disparities by limiting women’s ability to access crucial information 

and data on climate change, weather patterns, agricultural practices, and disaster 

preparedness, thereby limiting their capacity to make informed decisions to mitigate the 

impact of climate- related events (Raj et al., n.d.). Weather forecasting and early warning 

systems are particularly significant: they enable women to prepare for extreme weather 

events such as floods, droughts, and storms, reducing loss of life, property, and 

livelihoods (Pham, Thieken and Bubeck, 2024).  

 

Furthermore, the collection, analysis, and dissemination of data related to climate change 

and its impacts can help researchers, policymakers, and communities make more 

informed decisions about climate adaptation and mitigation strategies. Citizen-generated 
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data can complement official data sources and provide valuable insights into local 

climate impacts and adaptation needs (Bryan et al., 2024). 

 

Digital Agriculture Support 

 

In a 2023 International Women's Day statement, the World Food Programme 

emphasised that bridging the digital gender divide is essential for unleashing women’s 

potential in rural areas (WFP, 2023) and also helping reduce losses in agriculture and 

livelihoods (FAO, 2001). Although most low-income women in developing countries 

are primarily employed in agriculture (Mehra and Rojas, 2008), a substantial body of 

literature demonstrates that men have been the primary adopters and shapers of 

agricultural technologies, and that agricultural innovations have historically been 

designed for men's use (Gebre et al., 2019). According to the African Development 

Bank, African women account for up to 52 per cent of the agricultural workforce in Sub-

Saharan Africa and perform approximately 50 per cent of farm labour (AfDB, 2015).  

 

This creates a need for digital agricultural support tools such as mobile apps, drones and 

sensors to provide real-time data on soil quality, crop health and weather conditions to 

help women farmers make more informed decisions about planting, irrigation and pest 

control and increase agricultural resilience (AfDB, 2015).  Digital technology can 

potentially improve agricultural resilience by providing access to markets for rural 

women, aiding financial inclusion and facilitating networking and knowledge sharing 

(Choruma et al., 2024; Kessy, Kampire and Gerald, 2023). Access to information is 

critical for women to adopt climate-smart agricultural practices. Digital platforms have 

the potential to connect women farmers to markets, allowing them to sell their produce 

at a competitive price and access a broader customer base (Vermeltfoort, 2018). This can 

improve their economic resilience and reduce dependency on local markets. They can 

also facilitate networking, crowdsourcing and knowledge sharing among women in rural 

communities, enabling them to learn from each other’s experiences, share best practices 

and collaborate on climate resilience initiatives (Vermeltfoort, 2018). 

 

Financial Inclusion 

 

The digital gender gap hinders women’s empowerment, economic opportunities and 

decision-making power in climate-related activities, ultimately impeding sustainable 

development and resilience in the face of environmental challenges (G20 GPFI, 2020). 

Therefore, addressing this gap can enable women to access financial services, savings 

products, credit, and insurance, all of which help them recover from climate-related 

shocks and invest in climate-resilient agricultural practices (G20 GPFI, 2020). 

According to the World Food Programme, bridging the digital gender divide is essential 

for unleashing women's productive potential in rural areas and reducing losses in 

agriculture and livelihoods (WFP, 2023). 

 

Data Research and Smart Infrastructure 

 

Beyond immediate household-level benefits, digital technologies enable the collection, 

analysis, and dissemination of climate data that can help researchers, policymakers, and 

communities make more informed decisions about climate adaptation and mitigation. 
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Citizen-generated data can complement official data sources and provide valuable 

insights into local climate impacts and adaptation needs. There is also emerging evidence 

that Internet of Things (IoT) devices and smart sensors can be integrated into 

infrastructure systems to improve their resilience to climate-related hazards: for 

example, smart grids that optimise energy distribution during extreme weather. Although 

digital technologies can provide new opportunities for women’s empowerment, 

technology alone cannot address the systemic problems driving the digital gender divide 

(ICRW, 2010). Policy must prioritise concrete policy actions fostering women and girls’ 

full participation and inclusion in the digital revolution while at the same time addressing 

ingrained stereotypes, practices and norms that lead to discrimination and even violence 

against women (Hilbert, 2011).  There is no one solution to closing the gender digital 

divide. Gender inequality stems from multiple intersecting economic, social, political 

and cultural barriers, and remedies must be grounded in evidence about which barriers 

exist across different contexts. Therefore, national digital strategies must actively aim to 

close the gender digital access, adoption and usage gaps and improve the affordability 

of digital technologies while enhancing online safety. The national digital strategies 

should include targets (both numbers and dates) for closing the digital gender divide 

across at least four dimensions, namely, extend networks and digital access (e.g. through 

satellite) to rural areas to promote access to and affordability and use of connected digital 

devices (e.g. smartphones, tablets, laptops), especially for low-income individuals and 

increase online safety (Squicciarini, 2018).  

 

In summary, bridging the digital gender gap is essential for empowering women for 

climate resilience in Africa by improving access to information, building capacity, 

fostering networking and collaboration, creating economic opportunities, and enhancing 

advocacy and policy influence. By investing in digital skills and connectivity for women, 

stakeholders can support their active participation in climate resilience efforts and 

contribute to more sustainable and inclusive development in the region. 

 

Human Rights Implications of the Digital Gender Gap and Legal Framework 
 

The digital gender gap in Africa poses significant human rights challenges, affecting 

various aspects of women’s social, economic, and political lives (UN Women, 2023). 

Addressing it is not merely a policy choice but a legal obligation arising from a robust 

architecture of international, regional, and national instruments. 

 

International Instrument 

 

The Universal Declaration of Human Rights (UDHR) of 1948 establishes equality and 

non-discrimination as foundational principles (Articles 1 and 2), while Article 19 

guarantees the right to freedom of expression, which encompasses the right to seek, 

receive, and impart information, which is a right increasingly exercised through digital 

platforms (UN General Assembly, 1948). The Convention on the Elimination of All 

Forms of Discrimination Against Women (CEDAW) requires State Parties to eliminate 

discrimination against women in all areas, including education and access to information 

(Articles 1 and 2). Similarly, the CEDAW Committee has specifically recognised the 

importance of technology for women's empowerment, and the CSW67 Agreed 



Grassroots Journal of Natural Resources, Vol.9, No.2 (August 2026), p. 137-157       |       ISSN 2581-6853 | CODEN GJNRA9 

Doi: https://doi.org/10.33002/nr2581.6853.090206        Open Access 

 

 

 

 

 

144 Onyinyechi Lilian Uche 

Conclusions of March 2023 call on states to promote gender-responsive digital policies 

(CEDAW, 1979; CSW67, 2023). 

 

The International Covenant on Civil and Political Rights (ICCPR) ensures the equal right 

of men and women to enjoy civil and political rights (Article 3) and protects freedom of 

expression, including digital communication (Article 19). The International Covenant 

on Economic, Social and Cultural Rights (ICESCR) mandates that states ensure the 

rights in the Covenant are exercised without discrimination (Article 2(2)) and recognises 

the right to participate in cultural life, which is increasingly digital in character (Article 

15) (ICCPR, 1966; ICESCR, 1966). 

 

Regional Instruments 

 

At the regional level, Article 18 of the African Charter on Human and Peoples’ Rights 

emphasises the need to eliminate discrimination against women and promote their rights. 

The African Union's Agenda 2063 includes goals for gender equality and women's 

empowerment, explicitly recognising the importance of technology as an enabler of 

development. Most specifically, Article 12 of the Maputo Protocol emphasises women's 

rights of access to training and resources, particularly in science and technology (Maputo 

Protocol, 2003). This provision underscores the necessity of addressing barriers that 

women face in accessing digital education and resources. By promoting education in 

science and technology and integrating gender sensitization into curricula, this 

framework directly targets the systemic issues contributing to the digital gender gap, 

advocating for equal opportunities that empower women to participate fully in the digital 

economy. 

 

Development Goals and Commission Targets 

 

Sustainable Development Goal (SDG) 5 mandates gender equality and the 

empowerment of all women and girls, including through the enhancement of the use of 

enabling technology. SDG 9 calls for inclusive and sustainable industrialisation and 

innovation, with gender considerations embedded across its targets. UN Women and the 

Broadband Commission for Sustainable Development's Target 7 aims to achieve gender 

equality across all broadband targets by 2025, including eliminating gender disparities 

in broadband policy, affordability, and online access (Broadband Commission for 

Sustainable Development, 2018, 2023). 

 

It is important to distinguish the binding force of these instruments. CEDAW, the 

ICCPR, and the ICESCR are binding treaty law for ratifying states, whereas the SDGs 

and the African Union’s Agenda 2063 are soft-law, political commitments that create no 

directly enforceable obligation. The binding force of CEDAW and the Maputo Protocol 

is, moreover, qualified in practice: not all African states have ratified the Maputo 

Protocol, and a number of CEDAW ratifications carry reservations that limit the 

Convention’s domestic effect. Enforcement also varies: CEDAW obligations are 

principally operationalised through periodic state reporting to the CEDAW Committee, 

while Maputo Protocol violations may be raised through the African Commission on 

Human and Peoples’ Rights’ complaints procedure, both of which depend on state 

cooperation and civil-society monitoring for real-world effect. 
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Taken together, these frameworks establish clear legal obligations. States must take 

active steps through legislation, regulation, investment, and programming to close the 

digital gender gap. The urgency cannot be overstated: the gap is simultaneously an 

obstacle to the realisation of existing human rights and a barrier to achieving the SDGs. 

Failure to act perpetuates cycles of poverty and inequality, reinforces discriminatory 

gender roles, restricts economic agency, and limits women's ability to engage fully in 

the public and political life guaranteed to them under international law. Increasing 

evidence demonstrates that the gap in digital access impedes women’s educational 

opportunities and perpetuates cycles of poverty and inequality, reinforces traditional 

gender roles and stereotypes, limits women's agency and perpetuates systemic 

discrimination, which is contrary to principles of equality and non-discrimination. Also, 

it hinders their ability to participate fully in society and restricts their ability to engage 

in e-commerce and online entrepreneurship, thereby infringing on their economic rights 

and potential for financial independence. Therefore, the urgency in addressing the digital 

gender gap cannot be overemphasised, as it is an enabler for the Sustainable 

Development Goals. 

 

Strategies and Legal Reforms for Closing the Digital Gender Gap 
 

Recognising the human rights implications of the digital gender gap underscores the 

urgency of addressing this issue. Therefore, the following strategies are essential for 

promoting gender-responsive digital inclusion and ensuring women's full participation 

in climate resilience. There is no single solution to closing the digital gender gap. Gender 

inequality stems from multiple intersecting economic, social, political, and cultural 

barriers, and remedies must be grounded in context-sensitive evidence. The following 

strategies represent an integrated set of interventions that, taken together, can materially 

advance women's digital inclusion and thus their climate resilience. 

 

Gender-Responsive National Digital Strategies 

 

Governments across Africa must design and implement national digital strategies that 

actively target the gender gap. Such strategies should include time-bound, measurable 

targets for closing disparities in digital access, adoption, and use across at least four 

dimensions (Squicciarini, 2018). First, networks and digital infrastructure should be 

extended, including through satellite and community networks to rural areas where 

women are most concentrated and most underserved (A4AI, 2020). Second, the 

affordability and availability of digital devices (smartphones, tablets, laptops) must be 

improved, particularly for low-income individuals and households headed by women 

(UNCTAD, 2021). Third, mobile money and e-banking services should be expanded and 

promoted specifically to women and other disadvantaged groups as a gateway to 

financial inclusion (G20 GPFI, 2020). Fourth, online safety frameworks, including legal 

protections against gender-based cyberviolence, data privacy rights, and digital literacy 

on safe use, must be strengthened (ITU, 2023a). 

 

Gender-Sensitive Digital Literacy Programmes 

 

Improving digital access without simultaneously building digital literacy will not 

achieve meaningful inclusion. Gender-sensitive digital literacy programmes should be 
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integrated into national education curricula at primary and secondary levels, and 

delivered through non-formal channels — community centres, agricultural extension 

services, health clinics — for adult women who have not had the benefit of formal 

schooling (UNESCO, 2017). Programmes should go beyond basic computing skills to 

encompass climate-relevant applications: how to access and interpret weather data, how 

to use agricultural market platforms, and how to utilise digital financial services. 

Rwanda's experience of investing in girls' STEM education and establishing ICT 

integration across the school system provides a replicable model for other African states 

(Witaba, 2022). 

 

Integrating Gender into National Climate Frameworks 

 

Climate policy frameworks, including Nationally Determined Contributions (NDCs) 

under the Paris Agreement, should explicitly integrate digital access as a gender-

responsive climate adaptation strategy (Paris Agreement, 2015). The Intergovernmental 

Panel on Climate Change's Sixth Assessment Report confirms that gender-responsive 

adaptation is among the most effective levers for building resilient food systems and 

communities (IPCC, 2022). National Adaptation Plans (NAPs) should incorporate 

digital literacy and connectivity targets for women, with dedicated budget lines and 

implementation monitoring (UNFCCC, 2012). The NDC Partnership provides practical 

guidance for integrating gender into NDC design, which States can adapt to include 

digital inclusion commitments (NDC Partnership, 2021). 

 

Private Sector Engagement 

 

Private-sector actors, including telecommunications companies, device manufacturers, 

financial service providers, and digital platform operators, have both a commercial 

interest and a responsibility to close the gender gap. Companies operating in Africa 

should be encouraged, through regulatory incentives and voluntary commitments such 

as the UN Women's Empowerment Principles, to offer gender-disaggregated products 

and pricing, invest in last-mile infrastructure, and design services that meet the specific 

needs of women in rural and peri-urban areas (ITU, 2022; UN Women and UN Global 

Compact, 2010). 

 

Case Studies/Findings: Initiatives Addressing the Digital Gender Gap and 

Women’s Climate Resilience 
 

The following case studies illustrate how digital interventions, when designed with 

gender intentionality, can materially advance women's climate resilience. They also 

reveal the conditions under which such programmes succeed or fall short. As noted in 

the Introduction, these five cases were selected for the range of digital interventions they 

illustrate, such as financial inclusion, agricultural extension, STEM and digital-literacy 

investment, early warning systems, and market platforms, rather than as a statistically 

representative sample of African digital-inclusion initiatives; they are illustrative rather 

than exhaustive. 
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Kenya: M-Pesa and Women Smallholder Farmers 

 

Kenya's M-Pesa mobile money platform, launched in 2007, has become one of the most 

studied examples of digital financial inclusion in the Global South. For women 

smallholder farmers, M-Pesa has transformed access to input finance, insurance, and 

market payments (Kannan, 2024). Digital weather-indexed crop insurance products 

linked to mobile money accounts have enabled women farmers in drought-prone 

counties to purchase insurance that pays out automatically when rainfall falls below a 

threshold, reducing their vulnerability to climate-related production shocks 

(Muhammad, 2024). The key success factor was interoperability: because M-Pesa 

operated across networks and required only a basic mobile phone, it was accessible to 

women who could not afford smartphones. The lesson for climate resilience 

programming is that digital financial inclusion initiatives must prioritise accessibility 

over sophistication. 

 

Uganda and Ethiopia: Digital Agricultural Extension Services 

 

Across Uganda and Ethiopia, FAO and partner organisations have piloted digital 

agricultural extension services that deliver climate-smart farming advice directly to 

women farmers via SMS and interactive voice response (IVR) in local languages. 

Because women in rural Uganda and Ethiopia often have lower literacy rates than men, 

voice-based delivery is particularly important (FAO, 2022). Platforms such as Esoko 

(operational in multiple African countries) aggregate market price data, weather 

forecasts, and agronomic advice, enabling women to make informed decisions about 

planting, pest management, and when and where to sell their produce (Tsan et al., 2019). 

 

Rwanda: Digital Inclusion and Gender-Responsive STEM 

 

Rwanda's sustained investment in ICT infrastructure, combined with targeted 

programmes to increase girls' participation in STEM education, has produced 

measurable results. The government's Smart Rwanda Master Plan and associated digital 

economy strategy established national ICT hubs, reduced the cost of broadband access, 

and introduced computer literacy as a compulsory subject. Dedicated programmes to 

mentor girls in technology, including partnerships with the private sector, have increased 

the share of women in Rwanda's growing tech sector (Witaba, 2022). In the climate 

context, Rwandan women farmers with greater digital literacy have shown higher rates 

of adoption of digital advisory services for climate-smart agriculture, illustrating the 

compounding benefits of long-term investment in women's digital capabilities. 

 

Mozambique: Digital Early Warning Systems and Cyclone Preparedness 

 

Mozambique is among the African countries most severely affected by cyclones and 

floods. Following Cyclone Idai in 2019, INGC (the national disaster management 

agency) and UNDP piloted community-based early warning systems that used SMS 

alerts, radio, and a community volunteer network to disseminate weather warnings to 

remote villages. The INGC/UNDP post-pilot programme review found that women who 

received timely digital alerts were significantly more likely to evacuate early and to 

organise their families and neighbours to do so (INGC Mozambique and UNDP, 2020). 
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However, the initiative also revealed a critical gap: women with feature phones received 

alerts, but women without any phone, disproportionately the poorest and most isolated, 

did not. This underscores the imperative of universal connectivity as the foundation of 

climate resilience (UNDRR, 2021). 

 

Sub-Saharan Africa: Digital Market Platforms and Women's Economic Resilience 

 

Across sub-Saharan Africa, digital marketplace platforms, linking producers directly to 

urban buyers and export markets, have shown particular promise for women traders and 

farmers. Platforms designed specifically for smallholder farmers, operating in local 

languages and requiring only feature phones, have enabled women to diversify their 

markets, secure better prices, and reduce dependence on male intermediaries (Simons, 

2021). Economic resilience is climate resilience: women who have diversified income 

streams and savings are better able to absorb the losses caused by droughts, floods, or 

pest infestations without making distress sales or withdrawing children from school 

(G20 GPFI, 2020). 

 

Taken together, these case studies support three cross-cutting conclusions. First, digital 

interventions are most effective when designed with the participation of the women they 

aim to serve, and when they take into account literacy levels, language, and device access. 

Second, digital inclusion and climate resilience are mutually reinforcing: investments in 

women's digital access produce dividends across agricultural productivity, financial 

security, and disaster preparedness. Third, no single intervention is sufficient; effective 

programming requires a combination of infrastructure, literacy, content, safety, and 

financial inclusion components working together. The insights gained from these case 

studies not only highlight successful interventions but also illustrate the broader 

implications for policy and practice. These examples demonstrate that closing the digital 

gender gap is crucial for empowering women in climate resilience efforts. 

 

Conclusion and Recommendations 
 

This article does not suggest that closing the digital gender gap is universally sufficient, 

but rather that the evidence reviewed indicates it may be a necessary precondition more 

than a mere aspiration for advancing women-led climate resilience in the African settings 

under consideration. The digital gender gap perpetuates existing gender disparities, the 

answer to the first research question, by denying women timely climate information, 

agricultural market access, financial services, and the ability to participate in climate 

decision-making processes. Gender-inclusive laws and policies can bridge this gap by 

embedding digital access and literacy commitments into NDCs, national digital 

strategies, development plans, and the legal frameworks governing telecommunications, 

land rights, and financial services (UN Secretary-General, 2021). 

 

The human rights architecture reviewed in Section 4 leaves no doubt that States bear 

binding obligations to act. CEDAW, the Maputo Protocol, the SDGs, and the African 

Union's Agenda 2063 collectively demand gender-responsive digital policies with 

measurable outcomes. The case studies in Section 6 confirm that, when digital 

interventions are designed with intentionality and implemented at scale, they deliver real 
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benefits for women's climate resilience. The task now is to move from isolated pilots to 

systemic change. 

 

Recommendations for Policymakers 

 

Governments should enact national digital strategies with explicit, time-bound gender 

equity targets, aligned with their NDC commitments and NAPs, specifying how digital 

access will be extended to women in rural and peri-urban areas (UNFCCC, 2012). This 

recommendation responds directly to a gap identified in Section 6.4: Mozambique’s 

post-Cyclone Idai early warning pilot reached women who owned even a basic feature 

phone, but not the poorest and most isolated women who owned no phone at all. National 

digital strategies should therefore treat universal device access, not merely network 

coverage, as a distinct, measurable target, since network extension alone does not reach 

women without a device to receive such services. Legal and regulatory frameworks 

should be reformed to eliminate discriminatory provisions, including those on property 

ownership, financial account access, and identification, that prevent women from 

accessing digital devices and services. 

 

Gender-disaggregated data on digital access and use should be collected, published, and 

used to track progress. Without data, accountability is impossible (ITU, 2023b). Digital 

literacy for climate resilience should be integrated into agricultural extension services, 

health systems, and community programmes, ensuring that delivery mechanisms are 

accessible to women with low literacy and no prior technology experience. 

 

Recommendations for Development Organizations 

 

Development practitioners should require gender-responsive digital design as a 

standard component of all climate-resilience programming, including minimum 

criteria for women's participation in programme design, gender-disaggregated 

monitoring, and investment in women's digital literacy alongside technology 

deployment. Funding should be directed to close the "last-mile" connectivity gap, 

prioritising community-level infrastructure in rural areas and ensuring that funding 

structures incentivise the inclusion of the most marginalised women, those without any 

phone or without reliable electricity (GSMA, 2020). The evidence base should be 

strengthened through investment in longitudinal research on the relationship between 

women's digital access and climate adaptation outcomes, filling critical knowledge 

gaps that currently limit programme design. 

 

Recommendations for the Private Sector 

 

Telecommunications companies should commit to gender parity targets in mobile 

internet access and develop affordable data packages, device payment schemes, and 

locally relevant content designed to serve women users (UN Women and UN Global 

Compact, 2010). Technology and platform companies should invest in locally-owned 

and locally-operated digital solutions developed in African languages, adapted to low-

bandwidth environments and designed to address the specific climate resilience needs of 

women farmers, traders, and community leaders. 
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Financial service providers should expand women's access to digital financial products 

including weather-indexed insurance, mobile savings, and credit that build economic 

resilience to climate shocks and reduce vulnerability in the aftermath of disasters. The 

digital revolution and the climate crisis are the defining challenges of the twenty-first 

century. African women stand at their intersection, bearing disproportionate burdens 

from both. Closing the digital gender gap will not solve climate change, but it is a 

necessary condition for empowering the women who have the knowledge, the will, and 

the right to lead Africa's climate resilience efforts. The legal frameworks, development 

evidence, and practical models are all available. What is required now is political will, 

sustained investment, and gender-transformative design. 
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