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Climate projections for the Mediterranean area indicate a rise in temperature and an increase in drought frequency, which directly impact water availability and consequently, ecosystems. In the protected area of Montesinho in northeast Portugal, sheep and goat pastoralism characterizes the landscape and plays an important socio-economic role. However, like in many regions of the globe, this historical activity is becoming increasingly unsustainable due to shifting climatic conditions. To understand the impact of climate change on water availability in the park and its consequences for small ruminant pastoralism, trends in rainfall and temperature were analyzed using historical climate data from 1951 to 2022, and semi-structured interviews with local shepherds provided insight into their perceptions on this matter. We used TWI and NDVI to map relative moisture and green forage patterns underlying shepherds’ grazing-route decisions. Findings revealed a decrease in precipitation during winter and spring, with a significant increase during autumn months, and local knowledge revealed a focus on drying springs and shifts in seasonal patterns that led to pastoral adaptations like adjusting grazing routes and increasing reliance on alternative water sources. This study concluded that pastoralism in this region faces significant climatic challenges, highlighting the need to implement adaptive strategies to improve the livelihood of these communities and increase their resilience in a fast-changing environment. Large-scale aid and locally addressed actions, such as improving water infrastructures and promoting drought-tolerant vegetation growth, are key to the long-term sustainability of this ancient practice.
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INTRODUCTION
Pastoralism is practiced in over 100 countries worldwide, supporting the livelihoods of approximately 200 million people and contributing 10% of global meat production (FAO, 2001; FAO, 2020). This production system emerges from a complex interplay of biophysical factors such as orography and climate, technological innovation, social dynamics, cultural traditions, and political structures involving regulation, protection, and support policies (Muhammad et al., 2019; Serrano-Zulueta et al., 2024). This activity delivers multiple economic, social, and environmental benefits. Economically and socially, pastoralism diversifies landowners’ income and enhances food security, especially in remote or mountainous areas, becoming a vital means of subsistence (Karki et al., 2012; Garmendia et al., 2022). Environmentally, it contributes to improved soil health by increasing organic matter, enhancing nutrient cycling, and improving moisture retention (Teague and Kreuter, 2020; Lu et al., 2024). Pastoralism also mitigates climate change by increasing soil carbon sequestration (Wang et al., 2024) and reducing wildfire risk through the removal of combustible biomass by grazing (Rouet-Leduc et al., 2021; Davies et al., 2024). The economic importance of pastoralism varies worldwide, reflecting the diversity of the socioeconomic contexts in which it operates. In some countries, such as Mongolia, it is a central pillar of the national economy, contributing approximately 88% of the national GDP (Shagdar, 2002). In more diversified economies, its direct economic role may be smaller, but its social and environmental value remains substantial. In Europe, for example, grazing systems play a key role in maintaining rural landscapes, supporting biodiversity, and preserving cultural heritage. Its ecological role is illustrated by the vast areas occupied by permanent pastures, which cover around 34% of the European Union agricultural land, approximately 53 million hectares, highlighting the continued relevance of extensive pastoral systems (Leroy et al., 2018; Malek et al., 2024; United Nations Convention to Combat Desertification, 2024).
The social and environmental relevance of this activity is particularly evident in Mediterranean mountain regions, where pastoralism has long shaped both agroecosystems and rural lives (Gomez-Sal, 2001; Köhler-Rollefson, 2020; Manzano et al., 2021). These areas are often characterised by low-input systems, small family farms, and a strong biocultural heritage, and they host extensive grazing practices that are well adapted to local climatic and topographic constraints. One example is the Trás-os-Montes region in north-eastern Portugal, where the extensive pastoral system within the Montesinho Natural Park (PNM) has historically been a vital source of sustenance and a cornerstone of the local economy and social organization (Pinto et al., 2023). This system relies on daily mobile grazing, understood here as an extensive form of herding in which a shepherd (and dogs) accompanies the flock on foot and moves it through different forage patches during the day, rather than keeping animals in fixed paddocks. When stocking rates are kept at or below the local grazing capacity, this mobile use of the landscape results in short residence times on each patch and longer recovery periods for vegetation, helping to maintain pasture condition and reduce risks of overgrazing, vegetation loss, soil degradation, and erosion (Macheroum and Chenchouni, 2022). Similar pastoral systems have been documented in other mountainous regions of the Iberian Peninsula, including Galicia in north-western Spain (Serrano-Zulueta et al., 2024).
Pastoral systems are becoming increasingly vulnerable to the effects of climate change. Over the last decades, numerous studies have reported alarming climate trends that jeopardize pastoralism’s predictability and stability (Luber and McGeehin, 2008; Stott, 2016; Clarke et al., 2022). According to the Intergovernmental Panel on Climate Change - IPCC (2021), the Mediterranean region could experience a temperature rise of 2 °C–3 °C under the RCP4.5 scenario, accompanied by more frequent hydrological, agricultural, and ecological droughts. Mountainous headwater regions, crucial for generating surface runoff and sustaining wetlands, are particularly vulnerable (Ozturk et al., 2015). Some projections estimate a 12%–15% decline in runoff due to decreasing precipitation (Yeste et al., 2021). Evidence from diverse regional studies illustrates these impacts in East Africa (Egeru, 2016), Morocco (Snaibi et al., 2021), and Nepal (Tiwari et al., 2020), where pastoralists face fodder shortages, water scarcity, livestock losses, and increased poverty. In Mediterranean mountain regions such as the PNM, climate change is already driving significant socio-economic and environmental impacts (Aleixo-Pais et al., 2025). According to Almeida et al. (2023), the region is particularly vulnerable to warming due to the strong dependence of local communities on climate-sensitive activities such as pastoralism. These broader climate impacts manifest locally as reduced forage availability, increased production costs, water scarcity, and greater income volatility for pastoral communities (Gentle and Maraseni, 2012). Extensive small ruminant systems are especially at risk due to limited water availability, which is worsened by rising temperatures (Henry et al., 2018; Joy et al., 2020). Although small ruminants are relatively resilient, they still experience negative effects under such conditions. These include body weight loss (Li et al., 2000; Alamer and Al-Hozab, 2004; Alamer, 2006), physiological and behavioural stress characterised by elevated cortisol levels, and reduced growth and reproductive performance as biological resources are redirected to survival functions (Koyuncu and Canbolat, 2009; Liker et al., 2010).
The growing climate risks highlight the urgent need for adaptation and resilience strategies in pastoral systems. As a representative socio-ecological landscape of Mediterranean mountain regions in Europe, the PNM offers a valuable case study for assessing the impacts of global change on pastoralism. The objective of this study is to analyse the interaction between recent climatic dynamics, particularly changes in temperature and precipitation, and the spatial distribution of key resources for small-ruminant pastoralism in Montesinho Natural Park. The specific objectives are as follows: (a) to quantify long-term trends in temperature and precipitation, including changes in seasonal patterns; (b) to characterise how these climatic trends translate into the spatial distribution of vegetation greenness and moisture propensity, as proxies for forage and potential water availability; and (c) to examine how these environmental constraints influence grazing routes and daily management decisions, combining GPS-tracked herds with local pastoral knowledge collected through semi-structured interviews.
MATERIALS AND METHODS
Hydroclimatic data analysis was carried out to identify potential changes in rainfall and temperature patterns. Additionally, vegetation data (NDVI) and the topographic wetness index (TWI) were cross-referenced with GPS-tracked grazing routes to assess how these environmental changes influenced herd movements, particularly during hot and dry months. Moreover, semi-structured interviews were used to explore pastoralists’ perceptions of these changes and the strategies they adopted in response.
Study area
This study was conducted in Parque Natural de Montesinho (PNM), in northeastern Portugal (Figure 1). The territory has a heterogeneous relief, with a plateau cut by deep valleys and some mountains consisting of flat to very steep slopes (Castro J et al., 2021). The average annual rainfall varies between 1262 (Montesinho mountain range) and 806 mm (Lombada plateau), and the annual temperature between 8.5 °C–12.9 °C (INMG, 1991). This is one of the largest and most biodiverse protected areas in Portugal, standing out for its remarkable natural values, which include a wide variety of habitats, fauna and flora, and landscapes of extraordinary beauty (Azevedo et al., 2016; Sil et al., 2019). Its physiographic characteristics, such as rugged terrain and specific climatic conditions, make it unsuitable for the implementation of intensive agricultural systems, yet favorable to extensive pastoral practices based on endemic sheep and goat breeds (Castro et al., 2009). The region has a low and ageing population residing in 98 villages within the park, and rural abandonment has been ongoing since the 1960s (Azevedo et al., 2011; INE, 2020).
[image: Map of the Vinhais Quinta Ranca and Ponte Pinelo sub-basins in the Parque Natural de Montesinho. It highlights stream networks and grazing areas, with outlets and meteorological station locations marked. Inset shows the map’s location in the Iberian Peninsula.]FIGURE 1 | Map of the protected area of Parque Natural de Montesinho (PNM), depicting relevant geographical features and the subbasins and meteorological monitoring stations from where the data used in this study were collected. The inset image shows the Iberian Peninsula, comprising the countries of Spain (ES) and Portugal (PT).Three grazing areas within the PNM were selected (Figure 1), covering approximately 10% of the park’s total area (7,225 ha). These areas were identified within the framework of the PASTOpraxis project (MTS/CAC/0028/2020, 2021–2025) and are representative of the park’s heterogeneous pastoral landscapes and distinct bioclimatic conditions. To gain a better understanding of grazing dynamics and management practices, six flocks of local sheep (Churra Galega Bragançana Branca e Preta) and goat (Cabra Preta de Montesinho) were tracked with GPS collars and systematically monitored throughout the study period. These sites encompass three distinct bioclimatic zones, highlighting the diversity of conditions within the region. Specifically, Areas 1 and 2 (Figure 1) fall within the upper humid and lower humid ombrotypes and correspond to the lower and upper supra-Mediterranean thermotypes. In contrast, zone 3 predominantly lies in the upper subhumid ombrotype, with a smaller section classified as upper humid and lower supra-Mediterranean thermotype (Monteiro-Henriques, 2010; Castro M et al., 2021).
To assess the hydrological processes of the study area, the river basin was adopted as the spatial analysis unit, a scale widely used across soil and water conservation studies, as well as in water resource management (Wang et al., 2016). Specifically, two hydrographic sub-basins were delineated: the Tuela river sub-basin upstream of the “Vinhais Quinta Ranca” hydrometric monitoring station (BHVQR) and the Maçãs river sub-basin upstream of the “Ponte Pinelo” hydrometric station (BHPP). Both sub-basins have a transboundary character, originating in Spain and flowing into Portuguese territory. Importantly, the delineation of these sub-basins was carried out to ensure that the areas monitored for grazing activities are fully encompassed within the spatial analysis framework (Figure 1).
Climate data and analysis
Assessment and calculation of climate normals
Climatological normals for precipitation and temperature were calculated to characterise the baseline climate conditions of the study area. Following the recommendations of the World Meteorological Organization (WMO, 2007), these normals were computed as average values over a standard reference period of 30 years. This approach provides a consistent climatic context for analysing hydrological processes and pastoral dynamics within the delineated sub-basins. Data was obtained from the online database of the Instituto Português do Mar e da Atmosfera (IPMA, 2023), specifically from the Bragança meteorological station (41°48′14″N, 6°44′34″W; 691 m altitude - Figure 1). This dataset was selected due to its robustness, completeness, and quality-controlled processing. A historical series of monthly precipitation and average temperature spanning 69 years (from 1951 to 2020) was used to calculate climatological normals over five distinct 30-year periods. These periods were 1951–1980 (T1), 1961–1990 (T2), 1971–2000 (T3), 1981–2010 (T4), and 1991–2020 (T5). Monthly average precipitation and temperature values were compiled for each period.
Rainfall trends
To provide a more spatially representative analysis of rainfall trends across the study area, rainfall data from four meteorological stations located within the sub-basins were analysed: Moimenta da Raia (02P/01C) and Vinhais (020/02UG) in the BHVQR sub-basin, and Deilão (02R/02G) and Pinelo (04R/02G) in the BHPP sub-basin (Figure 1). Data was obtained from the Sistema Nacional de Informação de Recursos Hídricos (SNIRH), which was selected because it includes a greater number of stations situated within the catchments that define the study area. Using multiple stations distributed throughout the catchments allows for a more robust and spatially detailed assessment of rainfall trends. Detailed information on the stations is provided in Table 1.
TABLE 1 | Summary of the main characteristics of the meteorological stations included in the sub-basin analysis on precipitation trends and magnitude.	Sub-basin	Stations	Locationa	Monitored data period	Missing years
	Long. (N)	Lat. (W)	​	​
	BHVQR	Vinhais	41.827	−6.993	1932–2021	2001–2003, 2009–2014,
2016, 2017, 2019, 2020
	Moimenta da Raia	41.947	−6.976	1932–2006	2002
	BHPP	Deilão	41.847	−6.586	1932–2020	2001–2009, 2012, 2013,
2015, 2016, 2018, 2019
	Pinelo	41.635	−6.552	1959–2022	2003–2006,
2012–2015, 2020


BHVQR - sub-basin upstream of the “Vinhais Quinta Ranca” hydrometric monitoring station; BHPP - sub-basin upstream of the “Ponte Pinelo” hydrometric station.
a Geographical coordinates in decimal degrees, referenced to WGS84.
To detect possible increasing or decreasing trends in the monthly rainfall series, the non-parametric statistical test Mann-Kendall (Mann, 1945; Kendall, 1945) was used at a 5% significance level. This test assesses the presence or absence of monotonic trends in a dataset and is described by the S statistics, as presented in Equation 1.
S=∑i=1n−1∑j=i+1nsinalxj−xi(1)
sinalxj−xi=1 se xj−xi>00 se xj−xi=0−1 se xj−xi<0
Additionally, the non-parametric Sen’s slope estimator (Sen, 1968) was employed. This test assumes a linear trend to analyse the slope for each pair of sample points in the data series, indicating whether a trend exists and calculating its magnitude (Mondal et al., 2012; Bhat et al., 2021). The calculation for pairs follows Equation 2, where n is the number of pairs in the hydrological series of the variable used, Xj and Xk are the values of the variable at times j and k. The magnitude of the trend is calculated from the mean (β) of the Qi values using Equations 3, 4.
Qj=xj−xkj−k(2)
β=12Qn2+Qn+22 if n is even(3)
β=Qn+12 if n is odd(4)
Environmental drivers of grazing-route patterns in pastoral systems
To interpret the decision-making processes underlying the daily selection of grazing routes by shepherds and the influence of landscape features on these choices, we adopted a multifaceted and integrated approach. This involved integrating GPS tracking data from each herd and spatial analyses of environmental variables. We used indices of vegetation density and water accumulation potential to assess how these environmental factors influenced their route choices. By correlating the GPS-derived movement patterns with these environmental indices, we sought to understand the adaptive strategies pastoralists use in response to the spatial and temporal variability of forage and water availability.
To relate pastoral itineraries to topography, land cover, and water availability, we equipped one adult animal in each of six flocks with a GPS-GNSS collar recording a location every 5 min whenever the animals were outside the night pen. The monitored flocks ranged from ≈100 to 380 head and represented sheep-dominated systems in meadow–arable mosaics and chestnut orchards, as well as goat-dominated or mixed flocks using oak woodlands and shrublands (Table 2). A previous calibration study with the same type of collars in a 130-ewe flock grazing a finely subdivided 500-ha landscape showed that 5-min fixes were sufficient to reconstruct grazing and resting patterns and to map patch use at the scale of individual fields, while keeping battery life and data volumes manageable (Castro J et al., 2021). This is consistent with other work demonstrating that GPS logging intervals of 5–15 min allow reliable identification of grazing, resting, and travelling behaviour, particularly when combined with ancillary information or accelerometers (Ungar et al., 2005; McGranahan et al., 2018; Ermetin et al., 2022).
TABLE 2 | Main characteristics of the six flocks monitored with GPS collars in Montesinho Natural Park.	Herd	Village/grazing area (1–3)	Collared animal (species)	Dominant livestock and breeds	Approx. flock size (n animals)	Use in Sept 2022	Brief description of the grazing landscape
	1	Palácios/3	Sheep	Churra Galega Bragançana Branca	380	Yes	Mixed mosaic of meadows, cereal fields, and shrubs
	2	Zeive/1	Sheep	Churra Galega Bragançana Branca	260	Yes	Chestnut orchards, meadows, and cereal fields, plus shrub edges
	3	Soeira/1	Sheep	Churra Galega Bragançana Preta	170	No Incomplete data	River-valley meadows and arable patches, with slopes
	4	Vinhais/2	Sheep or goat	Mixed flock – goats (mostly Cabra Preta de Montesinho) and sheep (Churra Bragançana Preta)	200	Yes	Steep terrain with oak stands, shrubland, and cereal fields
	5	Maçãs/1	Goat	Cabra Preta de Montesinho (with some crossbreeds)	130	Yes	Oak woodlands, chestnut orchards, shrubland, and meadows
	6	São Julião de Palácios/3	Goat	Cabra Preta de Montesinho (with other local breeds)	100	No Incomplete data	Mosaic of small fields, oak woods, and shrubs on hill slopes


As a first step, grazing route data collected with a GPS collar in September 2022 were downloaded in.txt format, imported into QGIS 3.30.0, and processed to examine the spatial distribution of the herds during the hottest and driest hours of the day. A heat map was produced to identify areas with higher animal density (location points), reflecting a greater incidence of herd permanence/small movement in these areas. The month of September was selected as the point of analysis due to its representation of a critical juncture in the Mediterranean mountain climates, such as Montesinho, where soil water reserves are most depleted and herbaceous vegetation is under maximum stress, coinciding with the onset of the main autumn rains. In the Iberian Peninsula, numerous studies have demonstrated that late summer and early autumn frequently correspond to periods of heightened meteorological and agricultural drought, as the cumulative rainfall deficits from spring and summer are yet to be offset by autumn precipitation, thereby increasing the vulnerability of rainfed rangelands and extensive livestock systems (e.g., Barbancho, 2004). From a pastoral standpoint, this period marks the time when meadows and cereal stubbles have largely depleted their summer growth, shrub and tree foliage commences the process of senescence, and the reliability of natural watering points becomes most uncertain.
The next step involved producing spatialized maps of two key environmental indices: i) the Normalized Difference Vegetation Index (NDVI), and ii) the Topographic Wetness Index (TWI). The first one provides information on vegetation density and allowed us to assess the influence of forage availability and potential shading for the herds during particularly hot periods. The second identifies areas with greater or lesser potential for water accumulation (Kirkby, 1975; Beven and Kirkby, 1979), based on slope and upstream contributing area. This index enabled the identification of zones with higher soil moisture retention capacity and helped us understand spatial constraints related to water scarcity, especially during the summer.
To derive a spatially explicit NDVI for the study area, later focusing specifically on the grazed sites, we downloaded Sentinel-2 Level 2A imagery captured on 21st September 2022, with only 0.06% cloud cover, using the Semi-Automatic Classification Plugin (SCP) in QGIS. To ensure the reliability of the analysis, a maximum cloud cover threshold of 5% was applied, after which the images were clipped to the defined region of interest. The NDVI was then calculated in QGIS using the raster calculator, following the standard Equation 5 and employing the spectral bands required for its computation: Band 8 (Near-Infrared, NIR) and Band 4 (Visible Red, RED). It is important to note that GPS data for the shepherd from Soeira village in September could not be recorded due to an equipment malfunction. By focusing on September 2022, an exceptionally dry year according to both meteorological records and shepherds’ narratives, a conservative, “worst-case” picture of how water scarcity and forage decline shape daily grazing routes and force sheep and goat flocks to concentrate around the remaining moist and green patches identified by NDVI, TWI, and local knowledge is provided.
In parallel, to generate the Topographic Wetness Index (TWI) for the same area, the SAGA plugin in QGIS 3.30.0 was used. Specifically, the basic terrain analysis tool was applied to a Digital Elevation Model (DEM) with a spatial resolution of 30 m, derived from the Shuttle Radar Topography Mission (SRTM), resulting in a spatialized TWI map.
NDVI=NIR−REDNIR+RED(5)
In the third stage, two composite maps were produced to analyze the spatial patterns of grazing activity in relation to environmental variables. The first map overlaid GPS-recorded herd routes, highlighting areas of higher point density, with the NDVI layer, enabling an assessment of grazing behavior in relation to vegetation density. The second map combined the same GPS data with the TWI layer to evaluate how grazing distribution corresponds to variations in topographic wetness.
In this study, the Normalised Difference Vegetation Index (NDVI) and the Topographic Wetness Index (TWI) are employed as complementary proxies of resource conditions, as opposed to being utilised as direct measures of water availability. The NDVI, derived from Sentinel-2 surface reflectance, offers an index of vegetation greenness and photosynthetic activity that is extensively employed as a remotely sensed surrogate for above-ground biomass and forage availability in rangelands. The TWI, computed from the digital terrain model, captures the tendency of particular terrain positions to accumulate or retain soil moisture based on upslope contributing area and local slope. While the TWI does not account for short-term rainfall variability, groundwater abstraction, or artificial watering structures, it assists in distinguishing valley bottoms and concave footslopes, where soil moisture persists for a greater duration, from ridges and convex slopes that dry out rapidly. Consequently, the NDVI is interpreted as an indicator of green forage and shade potential, and the TWI as an indicator of relative moisture propensity. The joint spatial patterns of both indices are then utilised to contextualise grazing routes and water-related management decisions at the end of the dry season.
Assessment of pastoralists’ perceptions of climate change
To understand how local shepherds perceive and respond to climate change, we conducted semi-structured interviews with six shepherds of local breeds of small ruminants. The six interviewees were not selected at random; instead, they were identified in collaboration with local livestock associations and technicians as some of the most experienced and representative shepherds in the region. Collectively, they represent the main small-ruminant systems still operating in and around the Montesinho Natural Park, including predominantly sheep flocks and mixed or goat-dominated flocks, with herd sizes ranging from approximately 130 to almost 400 animals. Their grazing itineraries span different altitudinal belts, village territories, and hydrological contexts, from relatively water-rich valleys to more water-constrained upland areas. Interviews were conducted in Portuguese between May and September 2023 by accompanying each shepherd during grazing days. This walk-along design enabled the direct correlation of their narratives with observed routes, watering practices, and pasture conditions, thereby capturing the breadth of long-term experiential knowledge on changes in rainfall and water availability, and the diversity of adaptation practices currently employed to sustain extensive grazing under increasing climatic stress.
Our main aim was to gather their perceptions of recent climate change, particularly regarding rainfall patterns, and understand how these changes affect the availability and quality of water in the landscape. We also wanted to identify any adaptative strategies currently used to mitigate the impacts of drought and ensure the continuity of extensive grazing practices in this territory. To do so, we conducted semi-structured interviews based on a script comprising the main topics and questions to be asked (Bernard, 2017). This method followed a logically structured order of predefined ideas, ensuring reliable and comparable data. The choice of a qualitative approach was guided by the opportunity to explore in depth the richness of perception-based data and to fully capture the insights provided by a carefully selected group of interviewees. Interviews aimed at registering factual information regarding water availability and how shepherds perceive climate change in space and time. During the interviews, the pastors were informed in advance about the objectives of the study. It was explained that the data collection aimed at scientific purposes and that the interpretation of the information would contribute to a better understanding and enrichment of the objectives of the ongoing project. The interviews were conducted with the following questions:
	When, during the year, does it usually rain in this territory? Have you noticed any changes in when it rains or how much it rains since you started shepherding?
	Overall, would you say it has been raining more, less, or about the same as before*?
	(If changes in rainfall were mentioned) - Have these changes in water resources led you to make changes in the usual grazing routes or times of beginning and end of the daily activity?
	Does wind bring rain or cold/dry weather? If so, what are they called, and from which direction do they usually come?
	(For shepherds whose animal sheds are provided with watering points) - Where does the water used to fill these structures come from (e.g., public network, river, well, rainwater)? And, when on the grazing routes, where do the animals usually drink water from (e.g., natural streams, springs, ponds, artificial troughs)?

*The term “before” was used in this study as a way to refer to a time in the past for each shepherd’s lifetime.
During the field visits for those interviews, we also recorded the geographic location of several water points along the daily grazing routes, such as springs, streams, rivers, wells, ponds, and improvised structures built to store water. This step allowed for a more detailed characterization of the use and availability of water resources along the grazing routes, considering the shepherds’ perceptions regarding changes in water availability over time.
RESULTS
Shifts in precipitation and temperature patterns
Based on an analysis of regional climatological normals covering the period of 1951–2020, an increase of 1.0 °C in the mean annual temperature was identified along with changes in monthly precipitation patterns (Figure 2; Table 3). A consistent increase in the average temperature was observed over several months of the year. The most significant temperature increases were observed in spring and summer (March, 1.4 °C; June, 1.1 °C; July, 1.5 °C; August, 1.4 °C).
[image: Bar and line chart showing climatological normals for average monthly precipitation in millimeters and temperature in degrees Celsius, respectively, from January to December across six time periods: 1951–1980, 1961–1990, 1971–2000, 1981–2010, 1991–2020. Precipitation is lowest in July and August, when temperature is highest.]FIGURE 2 | Climatological normals for average monthly rainfall and temperature. Data obtained from the IPMA meteorological station in Bragança, Portugal. The left-hand axis shows the monthly average rainfall in millimetres, represented by coloured bars for each month and period of the climate normal. The right-hand axis shows the average temperature in degrees Celsius, represented by coloured lines.TABLE 3 | Mean annual precipitation values (mm) calculated for successive 30-year climatological normals between 1951 and 2020. Data provided by IPMA (https://www.ipma.pt/pt/index.html).	Climatic normal period	30-year period	Mean annual rainfall (mm)	Mean annual temperature °C
	T1	1951–1980	741.3	11.9
	T2	1961–1990	742.9	12.1
	T3	1971–2000	759.4	12.3
	T4	1981–2010	772.7	12.6
	T5	1991–2020	778.9	12.9


Regarding rainfall, a decrease was identified during the winter and spring months, with a reduction of around 39% in February between the T2 period (1961–1990) and the T4 period (1981–2020), and a sharp fall of around 20 mm for March in the previous T5 period (1991–2020). June also showed a 22% decrease compared to the last three climatological normals (T5, T4, and T3), which reinforces the overall downward trend in seasonal precipitation across time. This trend became more pronounced in each following climatic normal period (for example, the T4 downward rainfall trend was more pronounced than in T3). However, a recovery in rainfall was recorded in the most recent period analysed (T5), particularly with a significant increase in the autumn, where October experienced a 63% rise in rainfall compared to the T1 period. A similar trend to that seen in winter and spring was observed in the summer months. The most significant reduction in rainfall occurred in July, which also recorded the greatest increase in average temperature of all the months analysed (1.5 °C).
Contrasting monthly variations observed across time are also detected in the annual totals. Nevertheless, the decrease in rainfall observed for some seasons across the climatic normal periods does not reflect an overall effect. In fact, an increase in annual precipitation is observed over the total period analysed. Derived from the same IPMA data, it was possible to calculate the mean annual rainfall as well as the mean for every 30 years (Table 3). An increase of 37.6 mm was observed across time, with mean annual rainfall rising from 741.3 mm in the T1 period to 778.9 mm in the T5 period.
In addition, precipitation trends were analysed on a sub-basin scale (meteorological stations of Vinhais, Moimenta da Raia, Deilão e Pinelo) using SNIRH data, as described in the methodology. Monthly trends were identified with non-parametric Mann–Kendall (Table 4) and corroborate with some patterns observed in climatological normals (Figure 2). Most months across the year did not show statistically significant changes in precipitation, but in March, April, and June (spring and summer), a decreasing trend was observed, whereas in October (autumn), the opposite trend was detected. Additionally, the magnitude of these trends, calculated using Sen’s slope test, revealed the exact amount of rainfall that significantly changed across time, either with an increase or a decrease in precipitation (Table 4). For example, in October, which was the only month that had an increasing rainfall trend across all five climatic periods and three sub-basins, there was an increase in precipitation of 1.05 mm per year. Based on the data collected at Moimenta da Raia station, a similar trend was observed. In March, a decrease in the rainfall regime was detected (−1.05 mm).
TABLE 4 | Changes in rainfall trends and its magnitude across the study period and at sub-basin level. Raw data obtained from meteorological stations (SNIRH).	Meteorological stations	Months	Trends - Mann Kendall	Sen’s Slope (mm.year−1)
	Vinhais	March	↓	−1.55
	April	↓	−0.65
	June	↓	−0.38
	Moimenta da Raia	March	↓	−1.05
	October	↑	1.05
	Deilão	March	↓	−0.81
	June	↓	−0.29


Downward arrows refer to a decreasing trend and upward arrows an increasing trend in rainfall calculated using Mann-Kendall non-parametric test. Sen’s slope test measures the magnitude of the trend in a scale where negative values indicate a decrease in amount of rainfall per year (in mm), 0 no change and positive values an increase in rainfall.
While all stations listed in the SNIRH report are currently active, only the Pinelo station has data extending to 2022; the Moimenta da Raia records, on the other hand, end in 2006. While the series is relatively long, it contains numerous gaps. Pinelo shows the highest proportion of missing information, with approximately 53 years of records missing. Long and continuous monitoring series with minimal gaps are essential for obtaining robust and representative results for a given region. Therefore, it is important to note that the amount of data missing for each sub-basin may influence the magnitude of the detected trends to some extent. Some methodological choices were made precisely because of these data limitations, to maximize the use of available records, such as not defining a common period across all series. Consequently, the use of complementary approaches is advisable. In this study, for example, rain gauge station data were supplemented with more complete climatological norms to provide a more robust assessment of climatological trends.
Spatio-temporal relationship between grazing routes and environmental drivers
The proposed methodology involved overlaying the GPS-recorded routes of each herd with TWI and NDVI index maps. This produced ten figures in total showing the grazing paths of each herd over a heatmap for water distribution (TWI) and another for potential forage and shade in the respective grazing areas (see Supplementary Figures 6–8). The maps presented in Figure 3 are an example of such maps and represent the grazing territory of one sheep herd (herd 2) within the sub-basin Vinhais Quinta Ranca for the month of September 2022. In this case, it is possible to observe that the positions of the herd at the warmest hours of the day coincide with areas where TWI values are higher, but not where NDVI is highest. This was most likely due to the generally low NDVI values observed for September 2022, which reflect the severe drought that affected the region during that summer. The Sentinel-2 image used for September 21st shows that most grazing areas had NDVI classes below 0.4, indicating sparse or moderate vegetation cover.
[image: Maps showing Topographic Wetness Index (TWI) and Normalized Difference Vegetation Index (NDVI) of the grazed territory of herd 1. The TWI map uses blue to red gradients indicating potential for water accumulation, with blue for maximum and red for minimum values. The NDVI map uses a color range from red (low vegetation density) to green (high vegetation density). Point data indicates daytime activity for the GPS collared animals.]FIGURE 3 | Overlay of grazing routes, and TWI and NDVI maps for herd 2 (sheep) over the month of September 2022. Higher TWI values indicate areas with greater potential for water accumulation. For NDVI, values closer to 1 represent higher vegetation activity. The locations of the herd are shown as blue points, with a colour gradient indicating the time of day; darker colours correspond to the hottest hours.Despite the overall low vegetation density across the studied area, analysis of the recorded GPS data against NDVI values revealed a relative preference for areas with higher vegetation cover, particularly between 11:00 and 16:00, when solar radiation peaks (Figure 4). A higher concentration of GPS points was observed in NDVI intervals 0.1–0.3 and 0.3–0.4, and to a lesser extent in the 0.4–0.5 class and above.
[image: Bar chart showing percentage of GPS points recorded by herd across different NDVI intervals. Zeive herd is blue, Maçãs herd is orange, Vinhais herd is green, and Palacios herd is light blue. Highest activity is in the 0.1-0.3 and 0.3-0.4 NDVI intervals, notably for Maçãs and Palacios herds.]FIGURE 4 | Percentage of GPS points recorded between 11:00 AM and 4:00 PM during September 2022, by NDVI class obtained from Sentinel-2 imagery dated 21st September 2022.Herd 5 stood out for concentrating approximately 52% of its grazing time in the 0.3–0.4 NDVI class, revealing greater use of areas with moderate vegetation density. Herd 2 had a more balanced distribution across classes but still showed a greater presence in relatively denser vegetation areas (34% in 0.4–0.5, 28% in 0.3–0.4, and 12.8% in >0.5). Herd 1, on the other hand, recorded the highest percentage of GPS points in the 0.1–0.3 class, which corresponds to the predominant class in the analysed area, accounting for approximately 78% of the records. To a lesser extent, herd 4 also concentrated a significant portion of its points (approximately 45%) in this same class for the same reasons of landscape characteristics. For all herds, the percentage of points recorded in the lowest NDVI classes (≤0.1) was low (less than 5%). In the higher classes (>0.5), values ranged from 1% to approximately 12%, depending on the herd.
These results reflect some of the environmental factors influencing the decision-making process of both the shepherd and the flock regarding the use of space in response to limitations in resources, pasture, and water. Overall, it is possible to observe a tendency in herds to remain in areas where moisture propensity and vegetation density are higher, during the hottest hours of the day.
Key insights into pastoralist perceptions and adaptations
The semi-structured interviews provided detailed and complementary information on how local pastoralists perceive changes in the weather, particularly in rainfall patterns and progressive temperature increase. Moreover, how these changes impact their agropastoral system. Their answers focused on four main points: perceived changes in precipitation and temperature patterns; observations of traditional climate indicators, such as wind direction; the consequences for water availability in their grazing territory; and the strategies they have adopted to deal with drought.
Pastoralists consistently reported that rainfall distribution has become more irregular in recent years and is therefore less effective in maintaining soil moisture and growing pasture. Historically, rainfall was distributed accordingly to seasons (more rain in spring, and snow and frosts in winter), favouring pasture growth and replenishing water sources. Recently, however, some rainfall events are taking place outside the expected seasons and becoming more extreme, with torrential rains occurring in traditionally dry months (i.e., June), followed by prolonged droughts. From the pastoralist’s perspective, these climate changes have altered the region’s hydrological dynamics. Streams and rivers now have historically low summer flows, and previously permanent springs have become seasonal. In many cases, smaller water lines and springs have dried up completely. According to one of the pastors, the flow of a local stream, which previously sustained two mills, has been minimal or non-existent since 2021. This has resulted in economic losses for all residents of the village. These changes have been attributed to reduced rainfall and increased private use of groundwater for irrigating crops.
In response to water shortages in the territory, pastoralists adopted a variety of mitigation strategies. These include increasing the production of forage crops, such as Sudan grass, and storing larger quantities of hay to ensure a feed supply during the now longer drier periods; guaranteeing water availability at the barns/animal sheds and placing water containers in strategic points along the grazing routes; and using grazing routes that have easy access to water sources in the warmer periods to avoid animal heat stress. Shade availability has also become an important consideration when planning routes to protect herds from extreme heat and sometimes even from access to water. In addition, pastoralists continue to rely on traditional ecological knowledge, noting that rain-bearing winds typically come from the south, and that snow and frost have historically played a key role in guaranteeing underground water and controlling soil diseases. Interviewees attribute the recent near absence of snowfall and frost in the winter to reduced spring and summer water flows, water spring bursts, and low-yield pastures. They also observe that not only are summers becoming drier, but also significantly hotter. Temperatures were sometimes described as ‘unbearable’ without shade, indicating an increase in extreme heat events compared with the past.
Water points on pastoral routes
Additionally, it was carried out the water points mapping through direct observation during a field trip with each pastor and supported by semi-structured interviews. We identified a total of fourteen water points used by the herds and obtained GPS coordinates for each (Figure 5). These include springs (1, 10, and 12), streams and rivulets (2, 3, and 5), wells (4 and 8), natural ponds (6, 7, 9, and 14), and a stone fountain that is currently dry (13). There are also artificial structures, such as cement ponds built by the village council (11).
[image: Map depicting sub-basins of Ponte Pinelo and Vinhais Quinta Ranca in Parque Natural de Montesinho. Water points are marked with blue circles and grazing areas shaded in yellow. The map also shows stream networks and outlet locations. An inset map shows the location of the park within the Iberian Peninsula. A scale bar and compass rose are included.]FIGURE 5 | Location of key water sources in the two main sub-basins used by the shepherds’ livestock. Geographic coordinates were recorded during field surveys conducted between May and September 2023.During the field visits, and as confirmed by the shepherds, strong variability in water availability was observed. While some sites still have water and are used by the herds, others have reduced water quality due to vegetation overgrowth and high potential for eutrophication. Other sites were found to be completely dry. In several cases, the shepherds reported that these sources never dried in the past, although water flow would sometimes decrease. Currently, however, they are experiencing frequent droughts, particularly in summer. In summary, the results of this mapping indicate a reduction in the availability and quality of water, as well as increasing dependence on small springs and local infrastructure to ensure a supply for livestock.
DISCUSSION
Evidence and trends of regional hydroclimatic changes
Climatological normal shifts observed in the last ∼60 years show that the Montesinho mountains have been experiencing the adverse effects of climate change. The progressive increase in mean annual temperature detected in this study is consistent with the global increase in average air temperatures observed recently (IPCC, 2021). This pattern is particularly evident in the climatic hotspot regions with a Mediterranean climate (Giorgi and Lionello, 2008; Lionello and Scarascia, 2018; Costa et al., 2022), which is the case of the Montesinho region. The rainfall regime in this case study revealed a clear reduction during the winter and spring months, particularly in February and March. This pattern matches findings from Gonzales-Hidalgo et al. (2023) study, which identified similar precipitation pattern changes in Spain associated with different phases of the North Atlantic Oscillation (NAO). This atmospheric phenomenon is the main mode of variability of sea-level pressure over the North Atlantic Ocean and strongly influences precipitation, temperature, and wind patterns across Europe (Walker, 1924; Walker and Bliss, 1932). This climatic component plays a significant role in regional climate, and projections suggest that, under high-emission scenarios, elevated NAO indices may become more frequent, potentially leading to increased precipitation in northern Europe and reductions in the south, as demonstrated in other studies (Ulbrich and Christoph, 1999; McKenna and Maycock, 2022). Research on regional climate, such as Coppola et al. (2005) and Rivosecchi et al. (2024), modelled the distribution of the NAO under different future climate scenarios, considering rising greenhouse gas emissions and increased average atmospheric temperatures. These studies show a trend towards more frequent positive NAO phases, which are associated with decreased precipitation and increased incidence of drought, particularly in southern Europe. Since the late 1960s, high NAO index values have been associated with reduced precipitation in Portugal (Hurrell, 1995; Hurrell and Van Loon, 1997; Espinosa and Portela, 2022), while increased precipitation tends to occur during periods of low NAO index. Though this relationship is more pronounced in southern Portugal (Zêzere et al., 2005), our results reveal a similar pattern for the northeast of Portugal. These regional-scale dynamics highlight the complexity of the interaction between the NAO and climate change. In some cases, the effects of NAO on hydroclimatic variables may be amplified or masked (Hergerl et al., 2023; Liné et al., 2024).
The analysis of rainfall trends and magnitude, as inferred from the data of each rain gauge station, confirmed the patterns identified in the climatological normals analysis. Though inferences of annual decreasing precipitation trends in some spring and summer months (March, April, and June) at Vinhais and Deilão meteorological stations appear small (between −0.29 mm and −1.55 mm per year), the cumulative effect across the hydrographic sub-basins might have a significant impact. A recent study conducted for Portugal (Espinosa and Portela, 2022) also revealed a significant decrease in precipitation over the last 51 years (1968–2019). The observed rainfall trends in this region, which is already facing severe drought, could drastically reduce water availability during the most critical months of the year, compromising animal health and pasture growth. On the other hand, the increasing trend in precipitation detected at Moimenta da Raia meteorological station for October (+1.05 mm/year), corroborates the rise in autumn rainfall identified in the regional analysis of the present study and in other regions of the Mediterranean basin: Moroccan Atlas (Diani et al., 2019), Algeria (Bougara et al., 2020; Bouklikha et al., 2021), France (Folton et al., 2019), Spain (del Rio et al., 2011; Gonzalez-Hidalgo et al., 2011), and south Portugal (Paulo et al., 2012). This increase in autumn precipitation is particularly relevant for hydrological risk management, given that episodes of intense precipitation are also becoming more frequent in traditionally dry months. In Montesinho, this evidence was supported by the shepherds’ knowledge, who reported episodes of extreme rainfall in June and August. Such events align with findings from other research. Coelho et al. (2020) confirmed an increase of approximately 20 days of very heavy rain per year, associated with climate change, particularly rising temperatures that intensify evapotranspiration processes.
Impacts of rainfall pattern changes and pastoral adaptation strategies
The seasonal shift in rainfall from spring to autumn, as observed in the climatological analysis, has clear implications for extensive grazing in the PNM. Reduced winter and spring precipitation, when combined with earlier and more intense summer heat, results in a reduction of the period during which meadows and rainfed crops can accumulate biomass and recharge soil moisture. Previous studies in Mediterranean and African rangelands have demonstrated that, under such conditions, access to drinking water and to green forage becomes a primary constraint on the movement of herds and the duration of their stay in a given area (Goiran et al., 2012; Raizman et al., 2013; Garcia-Baquero et al., 2020; Nakano et al., 2020). The results of this study are consistent with this literature: during an exceptionally dry September, flocks concentrate their time in those parts of the landscape that still combine greener vegetation with better moisture conditions, while drier patches are mostly used as transit.
In this context, the Normalised Difference Vegetation Index (NDVI) and the Soil Moisture Index (SMI) are useful not as direct measures of “water resources”, but as complementary proxies of forage and moisture conditions that facilitate interpretation of the Global Positioning System (GPS) tracks. A substantial body of research in arid and semi-arid regions demonstrates that NDVI exhibits a strong correlation with above-ground net primary production and standing biomass, and that seasonal changes in NDVI closely follow rainfall-driven fluctuations in rangeland productivity. In September 2022, when herbaceous growth had largely ceased, and numerous rainfed fields and meadows had already been cut or grazed, the remaining high-NDVI patches corresponded primarily to irrigated or spring-fed meadows, late-sown fodder crops, shaded wood pastures, and some shrub stands that retained green foliage. These are precisely the habitats that shepherds describe as “fresher” and that they actively target for late-summer grazing, thereby confirming that NDVI captures the spatial pattern of residual forage that is most relevant to flock movements at this time of year.
TWI introduces a topographic dimension to this depiction by identifying sections of the landscape where soil moisture is more likely to persist despite overall drought stress. Elevated TWI values frequently coincide with concave footslopes, drainage lines, and valley bottoms, where shallow groundwater and subsurface flow can sustain greener vegetation and more reliable water points. Conversely, low-TWI areas correspond to exposed slopes and ridges that rapidly dry out. When NDVI and TWI are combined, they provide a straightforward yet informative framework to comprehend why GPS locations cluster around particular meadows, springs, streamside pastures, and north-facing slopes in September 2022, and why other, drier parts of the mosaic are only briefly traversed. Rather than predicting animal behaviour mechanistically, the joint utilisation of NDVI and TWI assists in formalising shepherds’ own descriptions of where “the green holds out” longest in the landscape, and highlights how access to these high-NDVI, high-TWI patches underpins the resilience of small-ruminant pastoralism during severe late-summer droughts.
These findings are consistent with previous research indicating that the decision-making process regarding where animals graze is strongly associated with resource availability, and that vegetation structure and composition influence route choices under challenging climatic conditions (Karki and Goodman, 2009; Castillo et al., 2020). In other Mediterranean pastoral systems, such as the Montado in southern Portugal and upland pastures in the Central Apennines, grazing routes tend to prioritise patches that optimise nutrient intake and offer better microclimatic conditions when forage is scarce (Serrano et al., 2021; Moscatelli et al., 2025). Species-specific preferences further modulate these choices: goats tend to exploit forested and shrub-dominated areas, while sheep more often use pastures and areas closer to villages (Hassidou, 2016; Van Valkenburgh et al., 2023). Rising temperatures add a layer of constraint, as demonstrated by Castro M. et al. (2021) for the PNM, with herds increasingly using shaded and ventilated sites during the hottest hours of the day (Vieira et al., 2019). Our results suggest that, in late summer, the most attractive patches are those that jointly provide green forage, shade, and easier access to drinking water.
The impact of changes in rainfall patterns on the broader forage base of these systems is a significant consideration, extending beyond the influence on daily routes. Shepherds have reported a decline in the quantity and variability of hay and grain yields used for winter feeding, coinciding with a decrease in rainy days during spring and greater inter-seasonal variability. This phenomenon is not unique; similar sensitivities of crop and pasture production to water scarcity have been documented in other regions. For instance, Shortridge (2019) documented significant yield reductions under high-emission scenarios in North Carolina, while Fishman (2016) projected an 11% decline in rice productivity in India by mid-century. Additionally, Muñoz-Gómez et al. (2024) demonstrated that severe droughts in southern Spain can reduce pasture biomass by 40%–60%. In Montesinho, these trends result in higher production costs and a greater reliance on purchased feed, thereby weakening the economic viability of extensive systems.
Shepherds’ narratives also emphasise growing uncertainty about groundwater and spring discharge, which they attribute to a combination of reduced rainfall, fewer snow events, land-use change, and increased local abstraction for irrigation. The lack of snow in particular has been identified as a factor that alters infiltration patterns and aquifer recharge in cold regions (Okkonen and Kløve, 2010), and similar concerns arise in this mountain context. For pastoralism, the critical point is not only the total volume of water stored underground, but whether springs, small streams, and traditional watering structures retain enough flow to sustain daily access along established routes during the dry season. Our data highlight the strategic role of these water points within grazing territories: when some of them dry up, herds are forced either to extend their walking distances, increasing labour and animal stress, or to concentrate for longer around the remaining functional points, intensifying grazing pressure on adjacent forage. Both pathways jeopardise the ecological and socio-economic sustainability of extensive sheep and goat systems under a warming and more hydrologically variable climate.
CONCLUSION
This study analysed temporal changes in precipitation and temperature patterns on a regional (PNM) and local (hydrographic sub-basin) scale and explored how pastoralists are adapting to these fast-evolving climate conditions.
Based on 69 years of hydro climatological data (1951–2020), an increase of 1 °C in the mean annual temperature was identified for the Montesinho region (northeast Portugal). There was also an increase in the average monthly temperature, reaching +1.5 °C in July. Monthly analysis using climatological normal as a reference revealed a shift in the precipitation pattern, with a significant decrease in rainfall for winter and spring months (e.g., 39% decrease in February) and a significant increase in autumn, particularly October (+63%). Although the traditionally wet months of winter and spring have become drier, the average annual rainfall has not decreased. This is likely associated with an increased frequency and intensity of extreme weather events across the year, particularly in October.
Statistical tests confirmed decreasing precipitation trends in spring and summer and increasing in autumn for the hydrographic sub-basins of PNM. Though of relatively small magnitude, these changes were also reflected in the local knowledge, with all shepherds highlighting the negative impacts of water shortage and declining quality on pasture productivity, while the decline in water quality was observed during our own fieldwork.
The integration of herd location analysis with local pastoral insight revealed that grazing routes coincide with areas of higher moisture accumulation and vegetation density, indicating that herd movement is guided by an adaptive strategy to cope with climatic severity. In short, this study reveals that herders in the PNM are aware of a fast-changing climate, marked by increasing temperature and unpredictable rainfall patterns, and are actively responding by developing practical adaptation strategies for a sustainable extensive pastoral system.
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