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Abstract: Mediterranean mountain landscapes feature pastoralism, and the maintenance of sheep and goat
grazing is the main challenge for their sustainability. To deliver pastoralism ecosystem services, particularly in
reducing fire risk amidst global change, it is essential to align the herds' size and impact with the current
foraging status of the ecosystems in real time. This approach allows for more efficient herding, thereby
maintaining the resilience of these landscapes. Understanding complex grazing processes at a landscape scale
can now be aided by the various sensors and trackers available. The development of geolocation technologies
makes it possible to combine information at different scales on time to adapt pastoralism more efficiently in
the context of rural abandonment. In this paper, we analyze artificial intelligence-based IoT data from the daily
routes of three flocks of goats and sheep over a year in the mountains of central Portugal. A principal
components analysis of the temporal geolocalization of the herds discriminates the spatial scale of the territorial
selection attributed to the herders and the animals, analytically confirming what has been described empirically
by several authors. The results confirmed the relevance of these operational solutions for understanding
complex landscape processes and efficiently supporting sustainable management. Finally, our result shows
that these innovative tools are reliable for monitoring animal ecosystem services in Mediterranean mountain
landscapes in support of policy decisions on their remuneration.

Keywords: sheep and goats; Montemuro; GNSS; grazing patterns

1. Introduction

Most Mediterranean mountains feature broad mosaics of natural and seminatural vegetation,
preserved by local communities primarily through grazing and, in some regions, also by controlled
burning [1,2]. The landscape pattern emerges from a judicious combination of grazing and burning
processes, supporting cattle, sheep, and goat herds; they are the economic and social basis of an
ancestral pastoralism culture on common rangelands. [3-5]. Shepherds traditionally open their
stables every morning to herd their flocks through an intricate mosaic of natural and seminatural
vegetation patches - the grazing domain - until the end of the day when all animals' forage needs
must be fulfilled [6]. They rely on their acute perception of the landscape concerning every site's
vegetation condition and the herd's reaction to the forage palatability and availability [7-11]. When
necessary, they restore the vegetation's palatability and structure by burning [12,13]. This
spatiotemporal interaction between fire and pastoralism as determinants of landscape structure,
composition, and dynamics is familiar to many other regions of the globe [14,15]. Such landscapes'
stability depends on the dynamics associated with (i) the grazing by ungulate herbivores of burned
patches, thereby reducing their likelihood of burning in the future, and (ii) the eventual burning of
fuels accumulated in ungrazed patches [12]. Based on generations of empirical knowledge, the
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pastoralists' ability to patch up rangelands is essential to maintain grazing in these landscapes, which
would otherwise be lost and threatened by wildfires. [16-21].

Many spatiotemporal decision scales determine the frequency, intensity and extent of the
grazing process that manages these landscapes, from the herder's scale of deciding how to use the
rangeland throughout the year to the animal's scale of choosing which plant to browse at any given
moment, a continuum of shared decision scales operate between herder and herd [22,23].to the
animal scale choosing which plant to browse each instant, a continuum of shared decision scales acts
between herder and herd. It is necessary to analyze this scale continuum to establish their grain and
extent and correctly interpret the grazing process. The daily grazing itinerary is the grain of analysis
for the annual cycle of rural activities. On the other hand, this daily journey is also, in turn, the extent
that integrates each instant and spot, the grain of the grazing process, into its place and time. For an
analytical approach to the grazing path, it is necessary to integrate the composition and structure of
vegetation over time and space each day and for the year.

Recent studies have expanded our understanding of these systems by integrating traditional
knowledge with modern technologies. For example, Louhaichi et al. (2022) developed sustainable
rangeland management toolkits that combine participatory approaches with advanced remote
sensing techniques, enhancing our ability to monitor and manage these landscapes[24]. Mitri et al.
(2022) explored methods for assessing the grazing behavior and intensity of small ruminants,
highlighting the need for precise tracking and monitoring to optimize grazing patterns[25].
Furthermore, Giralt-Rueda and Santamaria (2023) emphasized the importance of landscape
heterogeneity in stabilizing wild ungulate populations amidst climatic variability, providing
valuable insights into managing grazing under changing environmental conditions[26].

Sharifian et al. (2023) reviewed the global principles underlying forage plant-livestock-herder
interactions, underscoring the importance of integrating local traditional knowledge with scientific
insights[27]. Additionally, Filippa et al. (2022) utilized remote sensing to evaluate the distribution
and productivity of mountain grasslands, offering a modern perspective on traditional grazing
areas[28]. Oikonomou et al. (2023) conducted a meta-analysis to assess the effectiveness of grazing as
a management tool in Mediterranean pastures, emphasizing its role in enhancing rangeland
value[29].

Monitoring pastured vegetation has experienced significant developments through advances in
high-resolution remote sensing [30-32] and the Internet of Things technologies [33,34]. Unmanned
Aerial Vehicles (UAV) with high-performance sensors can now accurately survey the vegetation
structure and composition in space and time using multi- and hyperspectral sensors and radar and
thermal technology [35-37]. Similarly, geolocation and data transmission devices, such as the new
GNSS systems, GSM, LoRa, and satellite networks, are now widely available for tracing herds'
activities and displacements [38-42]. These technologies lead to new areas of data processing in
landscape science, particularly in Artificial Intelligence and Big Data [43], to manage massive, precise,
and extensive spatial and temporal data [44-47].

The new research resources will be crucial to mastering and transmitting empirical traditional
local knowledge that until now has only been transferred from elder to youth, generation through
generation [48-50]. That is the case in the northern Portuguese mountain range, which includes the
Serra de Montemuro [51,52].

Considering the above premises and based on an approach that takes the daily herd itinerary as
the basic unit of the grazing process, the main aim of this study is to contribute to assessing the
synthesizing capacity of the principal components analysis of the spatiotemporal distribution of
ruminants to monitor and model pastoralism in Mediterranean mountain rangelands. To this end,
we developed and applied a framework with two procedures: (a) synthesize the grazing process
based on the herd locations and (b) discriminate the grazing regimes of different Serra de Montemuro
(Portugal) herders and pastoral domains.
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2. Materials and Methods

We studied the journeys of three pastoralists based on the locations registered by GNSS collars
mounted on their sheep and goats. Each set of positions from departure to return to the stable daily
is a part of the annual grazing cycle. Therefore, considering the accuracy of the GNSS data, we used
kernel density images for everyday journeys as the sampling unit.

2.1. Study Area and Herding Assessment at Montemuro Natura 2000, Portugal

The study is conducted at the Montemuro European Natura 2000 site (PTCON0025), covering
38,763 hectares in the central northern mountains of Portugal (Figure 1). This region experiences a
climate that transitions from Temperate to Mediterranean, characterized by prolonged continental
winters and brief, warm summers. The landscape varies in elevation from 400 to over 1,300 meters,
with average annual temperatures between 8 and 13°C and annual precipitation ranging from 1,800
to 2,700 millimeters. The research examines explicitly the rangelands utilized by two goat herds and
one sheep flock. Each pastoralist daily drives their animals within a 3-kilometre radius of their stable,
returning each evening. The terrain, primarily communal land, consists of a patchwork of Ericaceae
and Cystaceae shrublands interspersed with small grassland areas, shaped by the interplay of relief,
topography, grazing and trampling, prescribed burns, and the impact of wildfires.

Montemuro (PTCON00O25)

Portugal

sheep J herd

goats D herd

2,5 5 7,5km
goats B herd — ———

0 25 50 75km

Figure 1. Study area on Montemuro Natura 2000 site.

2.2. GNSS Collar Tracking and Data Refinement for Grazing Analysis

We equipped one animal from each herd with a GNSS device, programmed to record its position
at a minimum interval of five minutes and only when it moved. This approach, which balances
battery autonomy and tracking detail, was supported in our team's previous research[53]. We utilized
collars with GPS functionality and GLOBALSTAR communication capabilities (DMS SAT,
DOMODIS, Navarra, Spain), powered by 3.7-volt lithium-ion batteries with a capacity of 7.8 Ah. The
device's dimensions are 115 mm in length, 65 mm in width, and 40 mm in height, and it weighs 750
grams, less than 1.5% of the animal's body weight. The animals adapted well to wearing the devices,
and the pastoralists observed no alterations in their behavior. The battery life of the collars lasted
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approximately two months, requiring recharging by the pastoralists, during which some tracking
data might be lost temporarily. The DOMODIS web platform provided position coordinates to five
decimal places in degrees, offering a precision of approximately 84 centimeters in longitude and 111
centimeters in latitude at the latitudes studied.

Throughout 2022, positions were recorded from January 17, when the collars were attached, to
December 22, when grazing activity typically declines due to the Christmas period. Using QGIS GIS
software, we refined the data in three phases to ensure accuracy: First, we removed any data points
indicating an improbable movement of over 1000 meters within five minutes, as such speed is
unattainable for these animals. Next, we discarded any positions erroneously recorded inside the
barn during non-grazing hours or at night, likely due to the barn's deteriorated walls and roof
permitting satellite signals to penetrate. Lastly, we excluded any daily records that contained fewer
than 20 positions, as these were deemed inadequate for representing a whole grazing route (Table 1).

Table 1. Corral location and elevation, breed, and size of experimental herds.

Herd Corral location Corral elevation Breed Herd size (2022)
Goats B 08°01' 59.58" W 807 meters Serrana 140 to 150
40° 56' 38.67" N
Goats D 08°04' 39.72" W 704 meters Serrana 210 to 230
40° 58' 14.46" N
Sheep | 07°55'22.03" W 830 meters Bordaleira 140 to 160
40°56' 31.52" N Serra da Estrela

2.3. Mapping and Analyzing Grazing Patterns via Heatmaps and PCA

As described, our methodology considers each day's grazing route as a distinct segment within
the broader annual rangeland usage cycle. We utilized the QGIS GIS Heatmap module to map daily
grazing densities, setting the pixel resolution at 10 meters. Using kernel density maps allowed us to
calculate the number of recorded positions within a 150-meter radius for each grazing day. This
combination of pixel size and evaluation radius was chosen because it demonstrated the most
significant variation/entropy in a prior analysis of the most extended itinerary (one with the most
recorded positions). Before settling on this configuration, we experimented with pixel sizes ranging
from 2 to 30 meters and radii from 60 to 500 meters. (Castro, in prep).

Based on the 2022 collar positions of the three herds, we generated 945 grazing intensity images
depicting how the three herds utilize the different grazing ranges (Table 2). We performed a Principal
Component Analysis [54] using a phyton script on the Google Colab platform to synthesize their
spatiotemporal variation. In our study, we applied Principal Component Analysis (PCA) to the daily
heatmaps dataset, each representing the spatial distribution of grazing pressure exerted by a herd
over its rangeland.

The study employs Principal Component Analysis (PCA) to investigate daily heatmaps, which
depict the spatial distribution of grazing pressure exerted by a herd across a rangeland. The analysis
includes the following key components:

e  PCA Objects: Each daily heatmap is considered an individual data point or observation in the
PCA framework, representing a specific day's grazing activity.

e  PCA Variables: The pixels in the heatmaps are treated as variables, with each pixel indicating
the grazing pressure at a particular spatial location on the rangeland.

e  PCA Scores: These scores denote the projections of the original data points (daily heatmaps)
onto the principal components. They encapsulate the daily variations in grazing pressure
throughout the year, offering a simplified representation of complex patterns.

e PCA Loadings: The loadings reveal how much each pixel contributes to the principal
components. They provide information on the direction and magnitude of each pixel's impact,
thereby identifying which rangeland areas are most influential in shaping the principal
components.
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This PCA-based analysis is instrumental in uncovering primary patterns in grazing behavior
and pinpointing critical spatial regions that significantly influence these patterns. By reducing the
data's dimensionality, PCA facilitates the visualization and interpretation of intricate spatial and
temporal variations in grazing pressure.

Table 2. Locations records, number of grazing journeys, and maximum daily records for experimental

herds.
Herd Total records Records afte-r Grazing journeys Daily maximum
database cleaning records
Goats B 31283 24300 325 118 (July 22)
Goats D 30919 26279 312 116 (July 19)
Sheep | 30452 20824 308 139 (June 27)

This technique enabled us to reduce the dimensionality of our data, with the PCA Loadings
capturing the most significant patterns of variability in grazing activity through a series of
"eigenmaps”. These eigenmaps effectively highlighted vital areas and temporal grazing patterns,
facilitating the identification of regular and anomalous grazing behaviors. By analyzing the PCA
Scores together with the PCA Loadings, we could discern underlying grazing patterns, detect
anomalies, and assess temporal changes, providing a robust basis for effectively evaluating and
managing grazing dynamics in the studied area.

The new eigenmaps pretend to differentiate between the scales of decisions made by the herder
and the animals. The herder's decisions were reflected in the overall travel routes to various grazing
patches, indicating broader management strategies. In contrast, the animals' movements within these
patches provided insights into more granular grazing behaviors, such as preferences for specific
vegetation types or areas within the patch. This dual-scale approach allowed us to identify distinct
patterns in grazing activity and offered a comprehensive understanding of the spatiotemporal
dynamics at play. The findings can inform targeted management practices, such as optimizing
grazing schedules and improving pasture utilization, ultimately enhancing sustainable rangeland
management in the region.

3. Results

3.1. GPS Tracking Analysis: Rangeland Ultilization by Sheep and Goat Herds

In 2022, between January 17 and December 22, the platform recorded 92,654 positions that, after
the spatial, timing, and journey outliers cleaning, resulted in 71,403 analyzed positions (Table 2). Out
of 338 possible rangeland journeys, goat B herd recorded 325 (96%) valid itineraries for analysis, goat
D recorded 312 (92%), and sheep ] recorded 308 (91%). The biggest failures in registering the journeys
occurred in October for the goat B herd, with seven journeys lost, in November for goat herd D, with
eight journeys lost, and in the sheep ] herd, with ten journeys lost (figure 2).

Sheep | herd has the longest rangeland daily journeys, from 4h00 to 23h00 in summer. Due to
their susceptibility to high temperatures, they must rest midway through the journey. On June 27, it
recorded 139 locations, meaning rangeland daily journeys for more than 11 hours. The amplitude of
goat herds' rangeland journeys has never shown such a high seasonal variation (Figure 2).


https://doi.org/10.20944/preprints202408.0498.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2024 doi:10.20944/preprints202408.0498.v1

goat B herd

23h00
21h00
19h00
17h00
15h00
13h00
11h00
09h00
07h00

05h00

goat D herd

23h00
21h00
19h00
17h00
15h00
13h00
11h00
09h00

07h00

sheep J herd

23h00
21h00
19h00
17h00
15h00
13h00
11h00
09h00
07h00

05h00

J F M A M J A S (0 N D

Figure 2. Locations records on the date (X) and time (Y) throughout 2022 for the three experimental
herds.

Considering the 10-meter pixel resolution and the 150-meter search radius, we observed the
highest density of GNSS records in the sheep ] rangeland, reaching 191 records per hectare. After
adjusting for 30 lost journey recordings, this density suggests that, on average, 150 sheep actively
grazed this hectare for more than 18 hours throughout 2022.

3.2. Rangeland Journeys Principal Components Analysis

The PCA eigenvalues from the rangeland journeys heatmaps indicate greater regularity in the
daily routes of the sheep flock, with half of the variance explained by the sixth component. In contrast,
goats require more components to reach a similar level of explanation—twice as many for goat herd
B and three times as many for goat herd D (Figure 3). Additionally, when examining the diversity of
routes, the sheep ] herd encompasses 88.4% of the variance with just the first 10% of the components
(31). In contrast, goat herds show lower accumulations, with 72.2% for herd B (33 components) and
61.6% for herd D (31 components).
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Figure 3. Cumulative explained variance (Y) for three herds' first 100 principal components (X)
grazing density images.

Figures 4, 5, and 6 present a detailed analysis of the PCA scores and loadings for three distinct
principal components of each herd, offering a comparative view of grazing patterns between sheep
and goat herds:

e  First Principal Component.
e 50% of Accumulating Explained Variance Component.
e 80% of Accumulating Explained Variance Component.

The PCA Scores (upper plots) vary considerably across successive days throughout the year.
This daily variability reflects the dynamic nature of grazing patterns and highlights herd behavior
and movement changes. As the principal components become less representative, the amplitude of
variability in the scores decreases, indicating that these components contribute less to the overall
patterns of grazing pressure.

The PCA Loadings ("eigenmaps" below) represent how each pixel (variable) contributes to the
principal components. The contours include all pixels with a kernel density greater than zero,
corresponding to the GNSS locations of the monitored animals within a 150 m search radius. These
loadings reveal a transition from smooth patterns in the first components, indicative of broader
spatial decisions, to rough patterns in the later components, which reflect more localized, detailed
choices.

The spatial patterns observed in the PCA loadings could be interpreted as representing different
scales of decision-making. The smooth patterns in the first principal components suggest decisions
made at a broader scale, such as the selection of travel routes to grazing areas or general movements
across the rangeland. The herder's overarching strategy influences these patterns in managing the
herd's grazing activity.

In contrast, the rougher patterns in the later principal components correspond to finer-scale
decisions, such as the herd's specific movements within a grazing patch. These patterns reflect the
herds' more detailed, day-to-day interactions with the landscape, influenced by factors such as forage
availability, terrain, and other environmental conditions.
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Figure 4. PCA Scores (top) and Loadings (bottom) for Principal Components in goats B herd (refer to
the text for further explanation).
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This differentiation in spatial scales is crucial for understanding the complex dynamics of
grazing behavior and management. It highlights how herders and animals interact with the
landscape at different levels, from broad, strategic movements to detailed, localized actions. The
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analysis reveals that sheep herds concentrate variance in the first principal components, suggesting
amore homogeneous and focused rangeland use. This trend contrasts with goat herds, which display
more complex patterns, indicating a more diverse and possibly opportunistic use of the grazing
resources.

Furthermore, these findings have practical implications for rangeland management.
Understanding the scales at which decisions are made can help design management practices that
align with the natural behaviors of the herds. For instance, recognizing the broader decision scales
could inform the placement of water points or supplemental feeding areas, while understanding
finer-scale movements could aid in habitat restoration efforts or the protection of sensitive regions.

Overall, the PCA analysis provides a valuable framework for visualizing and interpreting the
intricate patterns of grazing pressure, offering insights into herd behaviour's spatial and temporal
dynamics. This comprehensive understanding is essential for sustainable rangeland management
and the effective allocation of resources in pastoral systems.

4. Discussion

Our experiment monitored the spatial and temporal grazing patterns of two goat herds and one
sheep herd in the Serra de Montemuro, central Portugal, using IoT technologies over one year. The
GNSS collars, placed on a representative animal from each herd, recorded location data at five-
minute intervals, allowing us to detect high-resolution grazing patterns at the landscape scale. We
faced challenges related to the technology's dependency on favorable satellite constellations [55-58]
and the importance of thorough data cleaning to remove outliers and errors, such as locations outside
the grazing areas or recorded during non-grazing hours [59-61]. While the temporal resolution of
GNSS datasets is high, ensuring consistent temporal coverage and addressing potential gaps, such as
those caused by battery replacements, is crucial for accurate interpretations[33,62]. Despite these
challenges, our study demonstrated GNSS data's potential to refine grazing pattern analyses 63,64].

Our analysis revealed a tendency for herders' decisions to influence the distribution of GNSS
records across the landscape, while the persistence of records at specific sites reflected the herd's
preferences (Figure 7)[65,66]. This preference was evident from the canonical patterns of landscape
use that we identified, showing a clear distinction between broader-scale decisions made by the
herders and the finer-scale movements of the animals within grazing patches. The first components
of the PCA, representing smoother patterns, correspond to the herders' decision scale, such as
selecting travel routes. In contrast, the later components, with rougher patterns, reflect the herd's
scale choice, such as individual animals' movements within the grazing patches. This differentiation
highlights the complex dynamics of grazing behavior and management [67,68].

Our study also emphasized the importance of not taking a "black-box" approach to analyzing
GNSS data. The broader-scale PCA components, which reflect smoother patterns, should be
contrasted with herders' traditional knowledge obtained through field interviews. This comparison
helps validate the data and provides context for understanding herder decision-making processes,
such as selecting travel routes and grazing areas. Conversely, the finer-scale PCA components,
characterized by rougher patterns, need to be further related to the preferences of the animals. These
preferences can be achieved by integrating spatial and seasonal remote sensing data on vegetation
productivity, which offers insights into the animals' selection of specific patches based on the forage
availability and quality 69-71]. Although IoT data provided valuable insights, it had limitations,
particularly in detecting vegetation conditions not immediately apparent at the landscape level.
Nonetheless, the behavioral patterns captured through GNSS were consistent with the observed
practices of herders, suggesting high reliability in the data collected[72-74].


https://doi.org/10.20944/preprints202408.0498.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2024 doi:10.20944/preprints202408.0498.v1

12

" cmpl10
25

cmp09

“ cmp08

- emp07
o L_V,-_i, ,,_,.,,_,_,,_,
: "

- ’ cmp06

cmp05

(N o .

cmp04
cmp03
cmp02

cmp01

Figure 7. The hierarchical organization of the grazing disturbance regime, from herders' decisions to
animals' site preferences.

Future research should further explore the integration of technologies to enhance the
interpretation of GNSS data and provide a more comprehensive understanding of grazing dynamics.
Integrating thermal imaging from UAVs could allow for better refinement of the search radius when
estimating the kernel density of GNSS locations recorded by the collar. By assessing the distribution
of the herd around the monitored animal, thermal imaging can provide a more accurate
representation of the group's spatial arrangement and density, leading to more precise kernel density
estimates[75]. This enhancement helps distinguish the broader-scale decisions of herders from the
finer-scale preferences of the animals, thereby improving the overall analysis of grazing patterns.
This approach could uncover more subtle vegetation changes and improve the management of
grazing areas. Moreover, the distinction between the broader-scale decisions of herders and the finer-
scale preferences of the animals should be further investigated to understand the socio-ecological
roles of these actors better.

Our findings underscore the importance of exploring the relationships between GNSS data and
factors like vegetation patterns and herder decisions. This research could inform better policymaking
by highlighting the socio-ecological contributions of pastoralists in managing Iberian Mountain
landscapes. Such insights are vital for supporting sustainable development goals, particularly in
promoting health and well-being, responsible production and consumption, climate change
mitigation, and the preservation of terrestrial ecosystems. Applying IoT-based methods in small
ruminant pastoralism holds significant potential for adapting traditional practices to contemporary
environmental and societal needs.
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