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Operationalizing Cattle–Environment Interactions in a Traditional Silvopastoral System: CEII 

(Cattle–Environment Interaction Index) and SWAI (Silvopastoral Water Accessibility Index) 

for Assessing Vegetation and Topographic Controls in Türkiye 

Abstract 30 

This study conceptualizes traditional silvopastoral cattle production systems in the Beşparmak Mountains as an 31 

adaptive agro-silvopastoral socio-ecological system shaped by dynamic interactions among vegetation 32 

composition, land-use configuration, water accessibility, topographic heterogeneity, and human management 33 

practices. As a methodological innovation, the study introduces two composite indicators—the Cattle–34 

Environment Interaction Index (CEII) and the Silvopastoral Water Accessibility Index (SWAI)—to operationalize 35 

and quantify multidimensional interactions governing system organization and animal–environment relationships. 36 

Findings show that the system functions beyond a resource-extractive production regime, operating instead as a 37 

biophysical and management-mediated mechanism regulating key ecological processes. Agricultural production 38 

areas act as functional transition zones characterized by partial spatial overlap between grazing activity and animal 39 

movement, while hygrophilous water-associated habitats serve as critical aggregation nodes where drinking and 40 

short-duration resting behaviors are concentrated. The heterogeneous vegetation mosaic developed on gneissic 41 

bedrock supports selective grazing behavior, while livestock spatial distribution and foraging decisions are 42 

constrained by feed selectivity, microclimatic variability, and thermal comfort conditions. Among the examined 43 

drivers, water accessibility emerges as the primary determinant shaping movement trajectories and grazing 44 

intensity patterns. At the system level, these interactions contribute to regulating ecosystem functions, particularly 45 

fuel load reduction, biomass regulation, and nutrient cycling. The proposed CEII and SWAI effectively capture 46 

and operationalize the coupled socio-ecological complexity of the system. Despite the growing dominance of 47 

industrialized livestock systems in Türkiye, this traditional silvopastoral system persists as a resilient rural 48 

production model characterized by ecological plasticity and its ability to integrate livestock production with 49 

ecosystem functionality. 50 

Keywords: Silvopastoral systems, socio-ecological systems, free-ranging cattle, cattle–environment interactions 51 

Introduction 52 

Livestock production systems occupy approximately one-third of the Earth’s ice-free terrestrial surface and are 53 

recognized as one of the major anthropogenic drivers of global land-use change. These systems are not merely 54 

components of food production, but complex socio-ecological structures that influence biodiversity dynamics, 55 

carbon cycling, and the organization of agro-silvopastoral systems. While industrial and high-input production 56 
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models are predominantly associated with habitat loss, greenhouse gas emissions, and land degradation, low-input 57 

and traditional grazing systems, under appropriate conditions, can contribute to agro-silvopastoral 58 

multifunctionality and enhance ecosystem resilience through the conservation of diverse plant communities, 59 

improved soil health, enhanced nutrient recycling, and the maintenance of ecological processes that support long-60 

term ecosystem stability (Carvalho et al. 2021; Ickowicz et al. 2023; Maree et al. 2025). 61 

In recent years, the relevant literature has increasingly framed pastoral systems within the context of socio-62 

ecological resilience and agro-silvopastoral multifunctionality (Byrnes et al. 2014; Aaron et al. 2024; Fonseca et 63 

al. 2024; Mouratiadou et al. 2024; Geck et al. 2025). This perspective conceptualizes pastoral systems not merely 64 

as production systems, but as integrated socio-ecological entities shaped by interactions between ecological 65 

processes (e.g., vegetation regeneration, species distribution, and disturbance regimes) and social processes (e.g., 66 

local knowledge systems, governance structures, and livelihood strategies). 67 

Within this framework, silvopastoral systems have emerged as multifunctional agro-silvopastoral landscapes 68 

characterized by high structural heterogeneity, in which trees, shrubs, and grazing livestock coexist and interact. 69 

Existing studies have demonstrated that these systems support biodiversity conservation, regulate fire regimes, 70 

and enhance carbon sequestration (de Macedo Carvalho et al. 2024; Mackay-Smith et al. 2025). However, a 71 

substantial body of the literature has predominantly focused on the well-documented Dehesa and Montado systems 72 

of the Western Mediterranean Basin, which are widely recognized as benchmark silvopastoral landscapes (Jose 73 

and Dollinger 2019; Plieninger et al. 2021; Amorim et al. 2023; Mackay-Smith et al. 2025; Dahhou et al. 2026). 74 

These systems represent traditional land-use models in which livestock production is conducted under open oak 75 

woodland conditions, delivering high biodiversity values and multiple ecosystem services. 76 

In contrast, empirical evidence on the ecological and socio-economic dynamics of traditional silvopastoral cattle 77 

production systems in other parts of the Aegean and Mediterranean basins remains limited. Consequently, the 78 

generalizability of existing theoretical frameworks across heterogeneous socio-ecological contexts is still subject 79 

to debate. This limitation reveals two key gaps in the literature: first, the dominance of a Western Mediterranean-80 

centered epistemological framework in silvopastoral theory; and second, the insufficient representation of the high 81 

socio-ecological heterogeneity of the Aegean–Mediterranean transition zone. In addition, the limited empirical 82 

understanding of fine-scale interactions between livestock mobility and vegetation dynamics constrains process-83 

based interpretations of these systems. 84 

Against this background, the Beşparmak Mountains (ancient Latmos), located in southwestern Türkiye within the 85 

Aegean–Mediterranean climatic transition zone, provide a highly heterogeneous landscape in which forest, 86 
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rangeland, and agricultural areas are extensively interwoven (Bayraka 2023). This ecotonal landscape constitutes 87 

a natural model system for testing theoretical assumptions under real-world conditions. Within this mosaic, 88 

consisting of maquis formations, Turkish red pine (Pinus brutia Ten.) forests, and agricultural fields, silvopastoral 89 

cattle production exhibits strong convergence with silvopastoral system dynamics, particularly in terms of low 90 

external input use and extensive spatial mobility (Yavuzer 2014; Akbaş 2020; Karaca et al. 2022). 91 

The aim of this study is to characterize the traditional silvopastoral cattle production system that persists in the 92 

Aegean–Mediterranean transition zone despite the increasing dominance of industrial livestock production models, 93 

and to assess its human–animal–environment interactions within an integrated, data-driven framework. The system 94 

is conceptualized as a socio-ecological structure shaped by interactions among livestock mobility, vegetation 95 

dynamics, water accessibility, and local management practices. 96 

In contrast to conventional index-based approaches that are often unidimensional, infrastructure-oriented, and 97 

static in their representation of resource access, this study develops two field-based composite indicators—the 98 

Cattle–Environment Interaction Index (CEII) and the Silvopastoral Water Accessibility Index (SWAI)—to enable 99 

a comparative and quantifiable assessment of system functioning relative to industrial production models. These 100 

indices capture environmental interaction patterns and water accessibility dynamics, providing a robust analytical 101 

framework for the comparative evaluation of structural and functional system properties. 102 

Materials and Methods 103 

Study Area 104 

This study was conducted in the Beşparmak Mountains (ancient Latmos), located within the Aegean–105 

Mediterranean transition zone of southwestern Türkiye. The mountain system forms part of the northwestern sector 106 

of the Western Menteşe Mountains and extends predominantly within the provincial boundaries of Aydın, with a 107 

smaller portion reaching Muğla Province. The study area is geographically surrounded by the districts of Çine, 108 

Karpuzlu, Koçarlı, and Söke in Aydın Province, and Milas and Yatağan in Muğla Province (Figure 1).  109 

The Beşparmak Mountains constitute a highly heterogeneous agro-silvopastoral system in which forest, rangeland, 110 

and agricultural areas are closely interwoven. Characterized by a mosaic of maquis shrublands, Turkish red pine 111 

(P. brutia) forests, agricultural lands, and natural rangelands, the area exhibits the typical ecological features of a 112 

Mediterranean mountain ecosystem. Owing to the persistence of traditional free-ranging cattle husbandry based 113 

on low external inputs, the region represents one of the few remaining socio-ecological systems where livestock 114 

mobility and vegetation dynamics remain strongly interconnected, providing an ideal natural setting for 115 

investigating animal–environment interactions. 116 
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The study was conducted across 22 villages located within the provinces of Aydın and Muğla. The distance of 117 

settlements from district centers ranged from 6 to 55 km (mean: 23.5 km), while the average elevation, population 118 

size, and number of households were 423 m, 640 inhabitants, and 210 households, respectively. Land-use patterns 119 

were characterized by a mean agricultural area of 1,684 ha, a mean forest area of 1,145 ha, and a mean rangeland 120 

area of 548 ha per settlement (Table 1, Table S1). 121 

Research Design 122 

This study was grounded in an integrated conceptual framework that combines the Socio-Ecological Systems 123 

(SES) approach with agro-silvopastoral systems ecology. The research employed a multiscale mixed-methods 124 

design, enabling the simultaneous examination of household-level socio-economic structures and ecosystem-level 125 

processes. Within this framework, interactions among livestock mobility, vegetation dynamics, and local 126 

management practices were evaluated from a process-based perspective. Data were collected from 104 cattle-127 

producing households using semi-structured interviews, complemented by field observations and secondary data 128 

sources 129 

Data Collection 130 

Data collection followed a multi-source approach integrating field observations, official records, and semi-131 

structured interviews. This design was intended to facilitate a comprehensive assessment of the socio-ecological 132 

processes underlying the silvopastoral production system. 133 

Field surveys were conducted across different elevational zones, and vegetation types were systematically 134 

recorded. Hygrophilous, agricultural, maquis and phrygana, forest, and ruderal–segetal vegetation types were 135 

identified and characterized based on species composition, vegetation cover, and structural attributes. These 136 

characteristics were documented using standardized field observation forms and photographic records. Cattle–137 

vegetation interactions were assessed through direct observations focusing on the spatial distribution of grazing 138 

activity and vegetation preferences. 139 

Socio-economic data related to cattle production were obtained from records maintained by the Turkish Ministry 140 

of Agriculture and Forestry and local administrative units (village head offices). In addition, structured and semi-141 

structured interviews with livestock-producing households were conducted to collect information on production 142 

organization, grazing area utilization, and local management practices. 143 

Grazing system characteristics were evaluated in relation to seasonal herd movements, grazing intensity, and 144 

management strategies based on local ecological knowledge. Interactions between livestock mobility and agro-145 

silvopastoral system attributes were subsequently analyzed at both spatial and behavioral scales. 146 
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Data Structure and Standardization 147 

Data Normalization 148 

As the dataset comprised variables measured on different scales and units (e.g., hectares, counts, frequencies, and 149 

farm-level observations), all variables were standardized prior to analysis to ensure comparability. To achieve this, 150 

variables were rescaled to a common range between 0 and 1 using the min–max normalization procedure 151 

(Stylianou et al. 2020; Mazziotta and Pareto 2022). Detailed information on the normalized variables is provided 152 

in Supplementary Tables S2, S3, and S4. 153 

For each variable, the normalized value was calculated as follows: 154 

𝑍௜௝ = ௜ܺ௝ − ௝ܺ ௠௜௡௝ܺ ௠௔௫ − ௝ܺ ௠௜௡ 155 

Where Zi denotes the normalized value of variable j for settlement i, Xij represents the observed value of variable 156 

j in settlement i, and Xj max and Xj min correspond to the maximum and minimum observed values of variable j, 157 

respectively. The term (Xj max – Xj min) therefore represents the observed range of the variable. 158 

Vegetation–Grazing Interaction Analysis 159 

Relationships between vegetation types and cattle behavioral patterns were assessed using a thematic ecological 160 

coding approach based on field observations. This framework was developed to systematically characterize 161 

interactions between livestock activities and the major vegetation units of the agro-silvopastoral system. 162 

The coding scheme was structured at three hierarchical levels: 163 

• Vegetation type classification: Land-cover units were classified according to dominant vegetation 164 

characteristics as maquis shrublands, forest areas, agricultural lands, and ruderal-segetal habitats.  165 

• Animal behavioral categories: Observed cattle activities were categorized into grazing, resting, and 166 

water consumption behaviors.  167 

• Interaction intensity: Vegetation–animal interactions were evaluated using an ordinal scale based on 168 

expert assessment and classified as low, moderate, or high interaction intensity.  169 

This approach represents a field-based semi-quantitative coding framework designed to evaluate the influence of 170 

grazing activities on the spatial and ecological heterogeneity of agro-silvopastoral systems. By integrating 171 

vegetation characteristics with observed livestock behaviors, the framework provides a structured basis for 172 

assessing animal–environment interactions across different habitat types. 173 

Cattle–Environment Interaction Index (CEII) 174 

The Cattle–Environment Interaction Index (CEII) was developed to quantify the net socio-ecological effects of 175 

traditional silvopastoral cattle production systems by evaluating the balance between ecosystem services generated 176 
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by the system and the environmental pressures associated with livestock activities. The index is a composite 177 

indicator based on an event-based ratio approach and was designed to enable the comparison of heterogeneous 178 

ecological interactions within a common analytical framework. 179 

The event data used in the analysis were obtained through semi-structured surveys and stakeholder interviews 180 

conducted at the settlement level. Respondents were asked to report both beneficial and adverse events associated 181 

with traditional silvopastoral cattle production system during the most recent production season. To minimize 182 

recall bias, predefined event categories and standardized reference scenarios were employed throughout the 183 

interview process. The variables included in the index were subsequently derived by aggregating reported events 184 

at the settlement level. 185 

Because the use of raw event frequencies may implicitly assume that all events exert identical ecological 186 

significance, potentially introducing methodological bias, the CEII was formulated using a weighted event-score 187 

approach. Given the absence of direct empirical measurements of event magnitude and impact, an equal-weighting 188 

scheme was initially adopted across all event categories. This approach represents a commonly applied baseline 189 

assumption in the development of composite indicators under conditions of limited empirical evidence. To 190 

evaluate the robustness of this assumption, the sensitivity of the index to alternative weighting structures was 191 

subsequently assessed through sensitivity analysis. 192 

Accordingly, Benefit Scores (BS) and Damage Scores (DS) were calculated for each settlement and subsequently 193 

combined to construct the Cattle–Environment Interaction Index (CEII). 194 

a. Beneficiary Score (BS) 195 

Within the CEII framework, ecosystem services associated with traditional silvopastoral cattle production systems 196 

were classified into six categories: natural fertilization, support for olive grove management, fire risk reduction, 197 

vegetation and biomass control, soil aeration, and support for ecological production systems. 198 

For each settlement, a composite benefit score was calculated by aggregating the frequencies of reported ecosystem 199 

service events across the six categories. The benefit score was expressed as: 200 

ܤ 201  ௜ܵ = ௞(௞ݓ௜௞ݔ)∑  202 

Where BSi denotes the total benefit score for settlement i, xik represents the number of reported events associated 203 

with benefit category k in settlement i, and wk is the weight assigned to benefit category k.  204 

b. Damage Score (DS) 205 
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Environmental pressures associated with silvopastoral cattle production systems were classified into three 206 

principal categories: damage to olive groves, damage to agricultural lands, and impacts on water resources. These 207 

categories were selected to represent the most frequently reported adverse environmental effects associated with 208 

livestock activities in the study area. 209 

For each settlement, a composite environmental pressure score was calculated by aggregating the frequency of 210 

reported adverse events across the three categories. The pressure score was computed as follows: 211 ܦ ௜ܵ = ௞(௞ݓ௜௞ݕ)∑  212 

Where DSi denotes the total damage score for settlement i, yik represents the number of reported events associated 213 

with damage category k in settlement i, and wk is the weight assigned to damage category k.  214 

Functional Structure of the CEII 215 

To quantify the net socio-ecological effects of the traditional silvopastoral cattle production system, the benefit 216 

score (BS) and damage score (DS) components were integrated within a unified analytical framework and 217 

combined into a composite indicator. The resulting Cattle–Environment Interaction Index (CEII) was formulated 218 

as follows: 219 

௜ܫܫܧܥ = ܤ ௜ܵln (ܦ ௜ܵ + ݁) 220 

Where CEIIi represents the cattle–environment interaction index for settlement i, BSi is the total benefit score, and 221 

DSi is the total damage score. The constant e denotes Euler’s number (≈ 2.718), introduced to ensure numerical 222 

stability and prevent undefined values in the log-transformed component. 223 

The distribution of the damage score (DS) exhibited pronounced positive skewness (skewness > 1). Consequently, 224 

a logarithmic transformation was applied to improve distributional properties, reduce the influence of extreme 225 

values, and achieve scale compression. Accordingly, the damage component of the CEII was expressed as ln (DS 226 

+ e), whereas the benefit score (BS) was retained in its original linear form. 227 

This formulation is consistent with the assumption that benefits and environmental pressures exhibit distinct 228 

functional responses within socio-ecological systems. While ecosystem service benefits tend to accumulate in an 229 

approximately linear manner, environmental pressures frequently display saturation effects and diminishing 230 

marginal impacts at higher intensity levels. Under these conditions, logarithmic transformation provides a 231 

theoretically and methodologically justified approach for reducing the disproportionate influence of extreme 232 

damage values on the composite index. 233 
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Furthermore, the ln (DS + e) transformation attenuates the dominance of high damage scores while preserving 234 

meaningful variation among low and moderate levels of environmental pressure. The Euler constant (e=approx 235 

2.718) was added prior to transformation to reduce the sensitivity of the logarithmic function near zero, avoid 236 

undefined values, and improve numerical stability during index computation. 237 

The influence of these assumptions on model outcomes was subsequently evaluated through sensitivity analyses. 238 

The results demonstrated a high degree of consistency in CEII rankings across alternative specification scenarios, 239 

supporting the robustness of the proposed index structure. 240 

Due to its ratio-based structure, the CEII does not have a theoretical upper bound and is therefore expected to 241 

exhibit a positively skewed distribution. This characteristic was confirmed through skewness and kurtosis 242 

statistics. Given the heterogeneous distribution of reported events among settlements, a relative classification 243 

approach based on empirical quartiles was adopted rather than applying fixed threshold values. Accordingly, CEII 244 

values were classified into four categories based on their empirical distribution (Table 2). 245 

This classification approach is a robust relative evaluation method commonly applied in socio-ecological studies 246 

to account for spatial heterogeneity in observational datasets. 247 

Validation of the CEII 248 

The construct validity of the proposed Cattle–Environment Interaction Index (CEII) was assessed using a multi-249 

method validation framework. In this context, the consistency of the index with ecological reality was evaluated 250 

through field observations, a known-groups approach, and the structural properties of the socio-ecological system. 251 

First, field observations revealed spatial patterns consistent with the interaction structure represented by the CEII. 252 

The pronounced use of hygrophilous areas in proximity to water sources, high grazing pressure in maquis and 253 

phrygana formations, and the predominance of forested areas as low-intensity grazing and resting zones all 254 

demonstrated strong agreement with the interaction gradients captured by the index. 255 

Second, within the known-groups framework, settlements expected to differ in socio-ecological characteristics 256 

were compared. Settlements with higher water accessibility, lower dependence on mechanized inputs, and higher 257 

reported ecosystem service provision (Karpuzlu, Söke, Milas, and Yatağan) were classified as high-interaction 258 

groups, whereas settlements characterized by limited water accessibility and higher reported environmental 259 

pressures (Çine and Koçarlı) were categorized as low-interaction groups. 260 

The observed CEII values exhibited a clear separation between these groups. High-interaction settlements 261 

consistently displayed higher CEII values, whereas low-interaction settlements showed comparatively lower 262 
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values. These results indicate that the CEII is capable of capturing structural heterogeneity within the socio-263 

ecological system. 264 

Taken together, these findings suggest that the CEII demonstrates strong construct validity. The index not only 265 

aligns with empirically observed ecological interaction patterns at the field scale but also effectively discriminates 266 

between pre-defined the socio-ecological groups. 267 

Integrated Interpretation of the CEII and Quartile Indices 268 

The CEII and Q indices developed in this study represent complementary dimensions of the socio-ecological 269 

system. While the CEII captures the balance between environmental pressures and ecosystem service intensity, 270 

the Q index reflects structural constraints related to resource accessibility. The joint application of these two indices 271 

enables a more comprehensive assessment of the interactions between environmental pressures and resource 272 

accessibility in silvopastoral systems. 273 

Sensitivity Analysis of the CEII 274 

To evaluate the robustness of the equal-weighting assumption, perturbation scenarios of ±10% and ±20% were 275 

applied to the total benefit score (BS). The resulting CEII rankings were then compared with the baseline ranking 276 

using Spearman’s rank correlation coefficient to assess ordinal consistency under alternative weighting 277 

specifications. 278 

Silvopastoral Water Accessibility Index (SWAI) 279 

The Silvopastoral Water Accessibility Index (SWAI) was developed to jointly evaluate both the compositional 280 

structure of water sources and the structural dependency dimension of water accessibility in silvopastoral systems. 281 

Min–max normalization was not adopted, as it is considered insufficient to capture the qualitative and directional 282 

characteristics of water access and is sensitive to extreme values. Instead, the index was constructed as a two-283 

component framework comprising water source composition and tractor dependency. 284 

a. Resource Composition Score (RCS) 285 

The Resource Composition Score (RCS) is defined as the weighted average of water source accessibility, 286 

excluding tractor-dependent systems, reflecting the compositional structure of available water resources. 287 

ܥܴ ௜ܵ = ∑ ∑+௞݊௜௞௞∈௄ݓ ݊௜௞௞∈௄+  288 

Where RCSi denotes the weighted average resource composition score for settlement i, based on water sources 289 

excluding tractor-based water transportation systems. i represents the settlement (district), and k denotes the type 290 

of water source, where K+ includes all non-tractor-based water sources. nik indicates the number of farms in 291 
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settlement i utilizing water source k, and wk represents the weight assigned to each water source type based on 292 

accessibility continuity, seasonal reliability, and logistical requirements. 293 

Weights were assigned based on accessibility continuity, seasonal reliability, and logistical burden criteria (Table 294 

3). 295 

b. Tractor Dependency Ratio (TDR) 296 

The Tractor Dependency Ratio (TDR) captures the extent of reliance on tractor-based water transportation within 297 

the system and is therefore incorporated as a negative component in the index formulation. 298 ܴܶܦ௜ = ݊௜_௧௥௔௖௧௢௥௜ܰ  299 

where TDRi denotes the proportion of farms dependent on tractor-based water transportation in settlement i. 300 

ni_tractor represents the number of farms relying on tractors for water transport, and Ni is the total number of farms 301 

in settlement i. The TDR is bounded between 0 and 1, with higher values indicating greater structural dependence 302 

on tractor-based water supply systems. 303 

The final silvopastoral water accessibility index (SWAI) was formulated by combining the positive contribution 304 

of resource composition (RCS) with the negative effect of tractor dependency (TDR), as follows: 305 ܹܵܫܣ௜ = ܥܴ ௜ܵ1)ݔ −  ௜) 306ܴܦܶ

Where SWAi is the silvopastoral water accessibility index for settlement i, RCSi is the resource composition score 307 

reflecting the quality and accessibility of available water sources, and TDRi is the tractor dependency ratio. The 308 

term (1−TDRi) acts as a penalty factor that incorporates the structural constraints associated with tractor-dependent 309 

water access, thereby reducing the final index value as dependency increases. 310 

This formulation ensures that water accessibility decreases proportionally as tractor dependency increases and 311 

reduces the SWAI value to zero when (TDRi=1). Consequently, the index is normalized within a bounded range 312 

of 0 to 1, facilitating direct comparison across settlements. 313 

To evaluate the influence of the weighting scheme on index outcomes, a sensitivity analysis was conducted by 314 

perturbing the assigned weights by ±10%. The resulting SWAI rankings exhibited a high degree of stability, 315 

indicating the robustness of the proposed index structure. 316 

For interpretative purposes, SWAI values were classified into five categories according to predefined threshold 317 

values (Table 4). 318 

Statistical and Thematic Analysis Strategy 319 

Data analysis was conducted within a framework combining descriptive statistics, comparative assessments, and 320 

rank-based analytical approaches. All statistical analyses were performed using SAS (1999) and Microsoft Excel. 321 
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The analytical framework focused on identifying relative differences and spatial patterns among settlements rather 322 

than evaluating absolute values. Accordingly, variables were analyzed comparatively at both settlement and 323 

district levels to reveal underlying socio-ecological heterogeneity. 324 

To assess the robustness of the proposed indices, sensitivity analyses were conducted and ranking stability was 325 

evaluated under alternative specification scenarios. The consistency of rankings was quantified using Spearman’s 326 

rank correlation coefficient. This non-parametric measure was selected because it does not require distributional 327 

assumptions and provides robust estimates in datasets characterized by relatively small sample sizes and 328 

heterogeneous data structures. 329 

The analytical strategy emphasized the evaluation of structural consistency, relative patterns, and ranking stability 330 

rather than formal hypothesis testing. Consequently, results were interpreted within a comparative and exploratory 331 

framework, focusing on the identification of socio-ecological gradients and system-level relationships. The overall 332 

analytical design was developed to accommodate the multi-scale and heterogeneous nature of socio-ecological 333 

data and to provide an integrated assessment of interactions among environmental, management, and production-334 

related variables. 335 

Results 336 

The findings indicate that the traditional silvopastoral cattle production system constitutes a multifunctional socio-337 

ecological production system that integrates crop production, livestock husbandry, and the use of natural resources 338 

at the settlement level. 339 

Vegetation in the study area was classified into seven major types: maquis, forest, agricultural land, ruderal–segetal 340 

vegetation, phrygana, hygrophilous habitats, and grassland formations. These vegetation types reflect the 341 

environmental heterogeneity of the region and provide a diverse ecological matrix for livestock grazing and 342 

silvopastoral interactions. 343 

Field observations revealed pronounced spatial and functional differentiation between vegetation types and cattle 344 

grazing behavior (Table 5). 345 

The highest grazing pressure was observed in maquis, phrygana, ruderal–segetal vegetation, and grassland 346 

formations. These habitats were characterized as “active-use zones”, where grazing constituted the dominant 347 

behavioral activity and utilization intensity was consistently high. In contrast, forest vegetation exhibited a lower 348 

level of interaction, with resting and shade-seeking behavior predominating over grazing activity. The closed-349 

canopy structure emerged as the principal physical factor limiting grazing utilization within forested habitats. 350 
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Moderate levels of interaction were recorded in agricultural lands, where cattle exhibited both grazing and transit 351 

behaviors. Field observations revealed a partial spatial overlap between agricultural production areas and grazing 352 

activities, indicating that these areas function as transitional zones within the agro-silvopastoral system. 353 

Hygrophilous habitats were identified as livestock aggregation areas associated with water availability. In these 354 

habitats, the dominant activities were water consumption and short-duration resting rather than grazing. This 355 

pattern highlights the pivotal role of water resources in shaping the spatial clustering of livestock behavior. 356 

Overall, the interaction between vegetation types and cattle behavior formed a systematic gradient in terms of 357 

grazing pressure and habitat utilization. Open vegetation formations with low canopy cover were associated with 358 

high grazing pressure, whereas forested habitats were characterized by lower utilization intensity and limited 359 

grazing activity. Field observations further demonstrated that cattle perform functional transitions among 360 

vegetation types throughout their daily movement cycles. Maquis and phrygana formations served as the principal 361 

grazing habitats, while forested areas functioned primarily as resting and shading zones. Ruderal–segetal habitats 362 

provided supplementary forage resources along movement corridors, whereas grasslands experienced the highest 363 

grazing intensity among all vegetation formations. 364 

Species-level observations revealed pronounced selective foraging behavior. Cattle preferentially consumed oak 365 

species, olive leaves, grasses (Poaceae), and legumes (Fabaceae), whereas species such as oleander, chaste tree, 366 

and plants possessing thorny or densely pubescent leaf structures were generally avoided. These observations 367 

indicate that grazing behavior is influenced not only by vegetation structure but also by species-specific 368 

morphological and chemical characteristics that determine forage preference and palatability. 369 

Producer perceptions indicated that the environmental impacts of the traditional silvopastoral cattle production 370 

system were predominantly associated with ecosystem service provision (Table 6). 371 

Among the reported benefits, fire risk mitigation and natural fertilization emerged as the most frequently cited 372 

ecosystem services. Contributions related to vegetation control and olive grove maintenance were reported less 373 

frequently, whereas soil aeration represented the least commonly reported benefit category. This distribution 374 

suggests that producers perceive the traditional silvopastoral cattle production system not merely as a livestock 375 

production activity but also as a multifunctional provider of ecosystem services.  376 

Reports of environmental damage were generally limited in frequency and magnitude (Table 7). 377 

The vast majority of participants reported that the traditional silvopastoral cattle production system does not 378 

generate substantial environmental damage. Among the relatively few negative impacts reported, damage to olive 379 

groves was cited more frequently, whereas impacts on water resources and cultivated land were reported only 380 
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sporadically. These findings suggest that, within the study area, perceived ecosystem services substantially 381 

outweigh perceived environmental pressures in stakeholder evaluations of the system. 382 

The CEII results, derived from the integrated assessment of benefit and damage components, revealed considerable 383 

socio-ecological heterogeneity among districts (Table 8). 384 

The quartile-based classification indicates that some districts are clustered within the high and very high interaction 385 

categories, whereas others are concentrated in the low interaction classes. This pattern suggests that the 386 

environmental effects of the traditional silvopastoral cattle production system are not homogeneously distributed 387 

across the study area, but instead vary in response to local environmental conditions, land-use configurations, and 388 

management practices. 389 

Information regarding the ±10% and ±20% perturbation scenarios applied to the benefit score is presented in Table 390 

9. 391 

This finding indicates that the index exhibits low sensitivity to reasonable deviations from the equal-weighting 392 

assumption and that the results are structurally stable. Although the perturbation scenarios produced expected 393 

directional changes in CEII values, they did not alter the relative ranking of districts. 394 

To assess ranking stability, Spearman’s rank correlation analysis was performed, which demonstrated perfect 395 

agreement between all scenarios and the baseline ranking (Table 10). 396 

Spearman’s rank correlation coefficient was used not for inferential hypothesis testing, but as a robustness metric 397 

to assess the stability of ranking patterns under alternative scenarios. Given the limited number of spatial units 398 

after aggregation, the analysis does not aim to test statistical associations, but to evaluate whether the ordinal 399 

structure of observations is preserved across different model specifications. Accordingly, Spearman’s ρ was 400 

computed to examine rank invariance under ±10% and ±20% perturbations. 401 

As shown in Table 10, Spearman’s ρ remained equal to 1.00 across all scenarios, indicating perfect rank stability. 402 

This result confirms that the relative ordering of spatial units is fully invariant to proportional changes in input 403 

values, thereby demonstrating the robustness of the proposed ranking framework. 404 

The results indicate that the CEII exhibits a high degree of resistance to reasonable variations in weighting 405 

assumptions and consistently reflects spatial differentiation across the study area. In this context, the CEII can be 406 

considered a composite indicator that effectively represents socio-ecological interaction patterns and demonstrates 407 

structural robustness against methodological uncertainty. 408 

Water provision in settlements where the traditional silvopastoral cattle production system is practiced relies 409 

predominantly on natural water sources (Table 11). 410 
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Water source usage patterns indicate that spring water constitutes the dominant form of water supply, while ponds 411 

serve as an important secondary and complementary source. In contrast, alternative supply modes such as piped 412 

water, streams, and tractor-based water transportation remain limited in use. These findings demonstrate that water 413 

accessibility within the silvopastoral production system is strongly shaped by the underlying natural hydrological 414 

structure. 415 

SWAI results reveal pronounced spatial heterogeneity in water accessibility across settlements (Table 12). 416 

In some settlements, very high water accessibility levels were observed, whereas others were predominantly 417 

concentrated in the moderate and high categories. This variation cannot be explained solely by differences in water 418 

source diversity; rather, it is also associated with the accessibility quality of resources and the operational 419 

dependency structure of the system. 420 

The Resource Composition Score (RCS) indicates that natural and highly continuous water sources play a 421 

dominant role across the system. However, the primary driver of inter-settlement variation appears to be the 422 

Tractor Dependency Ratio (TDR). Settlements with higher reliance on tractor-based water transportation tend to 423 

exhibit lower SWAI values, whereas settlements without such dependency show higher levels of water 424 

accessibility. This pattern demonstrates that water accessibility is determined not only by resource availability but 425 

also by logistical sustainability and operational capacity. 426 

Overall, these results suggest that in a substantial proportion of the study area, silvopastoral systems benefit from 427 

relatively advantageous access to natural water sources. However, tractor dependency observed in some 428 

settlements points to structural vulnerabilities in water provisioning systems. The SWAI findings highlight the 429 

need to jointly consider the spatial distribution of water resources and the management practices governing 430 

production systems. 431 

When interpreted alongside CEII results, settlements with higher water accessibility levels tend to exhibit stronger 432 

socio-ecological interaction profiles. This indicates that SWAI, when used in conjunction with CEII, provides a 433 

complementary framework for the integrated assessment of both resource accessibility and environmental 434 

interaction dimensions in silvopastoral systems. 435 

Discussion and Conclusions 436 

This study demonstrates that the traditional silvopastoral cattle production system in the Beşparmak Mountains 437 

operates as a multidimensional socio-ecological system. The system is shaped by reciprocal interactions among 438 

vegetation structure, land-use patterns, animal behavior, and human management practices, indicating that grazing 439 
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is not merely a production-oriented activity but also a key mechanism actively structuring agro-silvopastoral 440 

system organization and ecosystem processes. 441 

In particular, the heterogeneous floristic structure developed on gneissic bedrock influences the spatial mobility 442 

and foraging strategies of cattle, thereby promoting selective grazing behavior. This pattern is consistent with the 443 

behavioral grazing literature (Bailey et al. 1996; Bailey 2004; Launchbaugh and Howery 2005).  444 

The findings indicate that grazing behavior is shaped not only by forage availability but also by microclimatic 445 

conditions and environmental comfort. The use of forested areas as low-grazing-pressure zones but high-intensity 446 

resting habitats suggests that these habitats primarily function as microclimatic regulators rather than forage 447 

production sites. In particular, the preference for shaded areas during periods of high summer temperatures is 448 

consistent with studies emphasizing the critical role of silvopastoral systems in thermal stress mitigation and 449 

animal welfare (Plieninger et al. 2014; Jose and Dollinger 2019; Pezzopane et al. 2019; Lemes et al. 2021; 450 

Goncherenko et al. 2024). 451 

From a feeding behavior perspective, the preference of cattle for grasses and legumes, alongside the avoidance of 452 

toxic plant species, indicates that foraging decisions are not driven solely by nutritional content, but are also 453 

influenced by plant secondary metabolites and physiological feedback mechanisms. This pattern is consistent with 454 

studies demonstrating that feed selection in ruminants is shaped by learning processes and post-ingestive feedback 455 

mechanisms (Villalba and Provenza 2007, 2009), and suggests that selective grazing may function as a regulatory 456 

ecological filter influencing plant community composition (Provenza 1995).  457 

The system also exhibits a substantial capacity for ecosystem service provision. Among the benefits reported by 458 

producers, fire risk reduction and natural fertilization were particularly prominent. Indeed, studies conducted in 459 

the Mediterranean basin have demonstrated that grazing reduces fire risk by decreasing flammable biomass 460 

(Oikonomou et al. ; Ribeiro et al. 2023; Lovreglio et al. 2024). Therefore, it can be argued that local perceptions 461 

reflect scientifically supported ecological processes. In addition, the recycling of nutrients through animal excreta 462 

(feces and urine) represents a critical mechanism for sustaining nutrient cycling in pasture ecosystem (Dubeux Jr 463 

et al. 2007; Lucci 2019; Teague and Kreuter 2020). 464 

However, the limited number of reported negative impacts on olive groves indicates that potential land-use 465 

conflicts within agro-silvopastoral systems are not entirely eliminated. Therefore, controlled grazing practices, 466 

temporary fencing systems, and the protection of young trees during early developmental stages are considered 467 

critical management strategies for ensuring successful tree establishment and growth (Lopez-Sanchez et al. 2020; 468 
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Dimande et al. 2024). This highlights that the sustainability of the system depends not only on ecological processes 469 

but also on targeted management interventions. 470 

The results obtained from the developed CEII index indicate that environmental performance is not spatially 471 

homogeneous, with pronounced differences observed among districts. This finding suggests that environmental 472 

performance cannot be explained solely by livestock presence, but is also determined by land-use patterns and 473 

management practices. The literature similarly supports the view that ecosystem services in silvopastoral systems 474 

exhibit marked spatial variability (Bagella et al. 2020; Amorim et al. 2023; de Macedo Carvalho et al. 2024).  475 

In addition, the stability of CEII rankings across alternative weighting scenarios indicates that the index is 476 

methodologically robust and meets the sensitivity analysis criteria proposed by the OECD (2008) and Saisana et 477 

al. (2005).  478 

SWAI analyses demonstrate that not only the presence of water sources but also their accessibility is a key 479 

determinant of system performance. The dominance of spring water and ponds indicates that the production system 480 

is strongly dependent on the natural hydrological infrastructure. In regions reliant on water transport, increased 481 

logistical costs emerge as a major constraint on system sustainability. Water accessibility is one of the primary 482 

variables shaping cattle movement patterns and grazing intensity across rangelands. In particular, recent GPS-483 

based studies have shown that the location and accessibility of water sources are among the most influential factors 484 

determining cattle movement, grazing distribution, and pasture utilization intensity (Rivero et al. 2021; Maroto-485 

Molina et al. 2023). In light of these findings, the most critical interventions for enhancing system sustainability 486 

include the rehabilitation of water sources, the development of small-scale ponds, the promotion of rainwater 487 

harvesting practices, and the implementation of rotational grazing systems. Such interventions are expected to 488 

support vegetation recovery and contribute to biodiversity conservation. 489 

In conclusion, this study demonstrates that the traditional silvopastoral cattle production system in the Beşparmak 490 

Mountains extends beyond a conventional production practice and functions as a dynamic and adaptive socio-491 

ecological system shaped by human–animal–environment interactions. The system is strongly associated with 492 

environmental variables such as vegetation structure, topographic heterogeneity, water accessibility, and land-use 493 

patterns, while simultaneously reshaping these environmental conditions through feedback mechanisms driven by 494 

animal behavior. This reciprocal interaction indicates that grazing is not merely a resource-extractive activity, but 495 

an active ecological process that regulates the structure and functioning of the foraging landscape. 496 

Within this framework, access to water, the presence of shading habitats, and microhabitat availability emerge as 497 

key controlling factors that determine the spatial distribution of grazing pressure. The system also provides 498 
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important ecosystem services, including fire risk reduction, biomass control, and the maintenance of nutrient 499 

cycling processes; however, the sustainability of these benefits is constrained by structural thresholds related to 500 

water resource management, pasture integrity, and the spatial balance of grazing pressure. 501 

In this context, the composite indicators developed in this study, namely CEII and SWAI, play a critical role in 502 

quantitatively representing the multidimensional structure of the socio-ecological system. While existing 503 

ecosystem service–based indices in the literature (Sullivan 2002; Garriga and Foguet 2010) are predominantly 504 

unidimensional or infrastructure-oriented, CEII explicitly captures benefit and damage interactions through an 505 

event-based framework grounded in participatory and field-derived data. SWAI, in turn, assesses water 506 

accessibility not only in terms of resource availability but also by incorporating structural vulnerability components 507 

such as tractor dependency. In this respect, both indices move beyond conventional sustainability indicators by 508 

jointly addressing the functional and structural dimensions of socio-ecological systems through an integrated 509 

analytical framework. 510 

Overall, the traditional silvopastoral cattle production system can be regarded as a distinctive agro-silvopastoral 511 

production model characterized by a high capacity for ecological adaptation despite low external input use, while 512 

simultaneously supporting multiple ecosystem functions. Rather than being defined solely by production outputs, 513 

the system operates through multidimensional ecological processes, including the continuity of ecosystem 514 

services, the conservation of biodiversity, the regulation of fire regimes, and the maintenance of nutrient cycling. 515 

In this sense, unlike conventional intensive livestock systems, it represents a holistic land-use form that integrates 516 

resource-use efficiency with ecological integration within a unified structural framework. 517 

In this regard, the system functions not only as an economic production activity in rural areas but also as a 518 

regulatory mechanism that supports ecosystem functions and ensures structural continuity within grazing systems. 519 

In particular, its interaction with heterogeneous landscapes and natural vegetation composition enhances adaptive 520 

response capacity within the grazing–habitat matrix and strengthens system resilience to environmental variability. 521 

This highlights the potential of traditional silvopastoral cattle production systems to act as multifunctional 522 

buffering mechanisms against both ecological dynamics and socio-economic shocks. 523 

From this perspective, framing this system within a rural resilience approach helps to reveal not only its current 524 

production functions but also its long-term capacity for ecosystem service provision. Accordingly, traditional 525 

silvopastoral cattle production should not be regarded merely as a conventional practice in rural development 526 

policies, but rather as a strategic agro-silvopastoral system with adaptive management capacity. Integrating such 527 
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systems into agroecological planning processes offers important opportunities for both natural resource 528 

conservation and the diversification of rural livelihoods. 529 
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