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Abstract

Extensive goat farming is the dominant livestock system in the Mediterranean region,
where woody rangelands represent essential forage resources for goats. Understanding
how goats move and select vegetation within these heterogeneous landscapes–and how
these patterns are shaped by herding decisions-is critical for improving grazing manage-
ment. This study investigated the spatio-temporal movement behavior of a goat flock in
a complex woody rangeland using GPS tracking combined with GIS-based vegetation
and land morphology mapping. The influence of seasonal changes in forage availability
and the shepherd’s management on movement trajectories and vegetation selection was
specifically examined over two consecutive years. Goat movement paths, activity ranges,
and speed differed among seasons and years, reflecting changes in resource distribution,
physiological stage, and herding decisions. Dense oak woodland and moderate shrubland
were consistently the most selected vegetation types, confirming goats’ preference for
woody species. The shepherd’s management—particularly decisions on grazing duration,
route planning, and provision or withdrawal of supplementary feed—strongly affected
movement characteristics and habitat use. Flexibility in adjusting grazing strategies under
shifting economic conditions played a crucial role in shaping spatial behavior. The com-
bined use of GPS devices, GIS software, vegetation maps, and direct observation proved to
be an effective approach for assessing movement behavior, forage selection and grazing
pressure. Such integration of technological and classical methods provides valuable insights
into diet composition and resource use and offers strong potential for future applications in
precision livestock management. Real-time monitoring and decision support tools based on
this approach could help farmers optimize grazing strategies, improve forage utilization,
and support sustainable rangeland management.
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1. Introduction
In recent years, the economic sustainability of intensive livestock farming systems in

the Mediterranean region appears to be constrained by prolonged economic uncertainty
and their high dependency on capital [1,2]. As a result, extensive farming systems relying
on native breeds well adapted to local environmental conditions, are gaining importance [3].
Public concern for animal welfare [4] and increasing demand for livestock products from
extensively reared animals [5,6] further support the development of these systems.

Small ruminant farming is the most important livestock sector in Greece, contributing
about 45% of the total value of livestock production [2,7]. Greece uniquely produces more
milk from small ruminants than from cow milk [8] and leads the European Union in goat
farming, with 2.6 million animals representing 24.6% of the EU total [9]. The predominant
breed, the “Greek local” goat, is well adapted to mountainous and harsh environments,
producing milk with higher fat and protein content despite lower yields compared to
imported breeds [10,11].

Goats are able to exploit a wide range of vegetation types (herbs, shrubs, and trees)
due to their anatomical and physiological traits, highlighting their exceptional adaptability
to diverse habitats [12]. However, they prefer woody species over herbaceous ones [13–17],
and their grazing behavior is more selective in heterogeneous woody rangelands compared
to homogeneous grasslands [18]. Grazing patterns are influenced by both animal and
environmental factors [19] as well as by shepherd management, which determines grazing
areas, movement directions, and time spent in each area [20–22]. Mediterranean woody
rangelands are biodiversity hotspots and strongly depend on traditionally managed goat
grazing systems, yet quantitative information on how goats utilize the diverse vegetation
mosaics under herding conditions remains limited.

Understanding goat feeding behavior and movement in the grazing area in relation to
herding practices of shepherds is of great interest. Traditional direct observation methods
are inexpensive but labor-intensive [23,24] and can affect animal’s behavior, although
Perevolotsky et al. [25] reported that the grazing behavior of hand-raised and hand-milked
goats remained unaffected by the close presence of the observer. Modern tools such as
video monitoring, pedometers, accelerometers, automatic jaw movement recorders, and
microcomputer-based systems allow more detailed, minimally invasive studies [26–33].

Global Positioning System (GPS)-tracking combined with Geographical Information
Systems (GIS) mapping is increasingly used to study spatial utilization of rangelands
and grazing behavior [24,26,34–44]. However, few studies have combined GPS-GIS data
with detailed assessments of shepherd management, economic context, and multi-year
seasonal monitoring to capture how adaptive herding decisions shape movement, forage
selection, and habitat use. Schlecht et al. [45], using these techniques, highlighted that the
shepherd is an important factor implicitly affecting the grazing behavior of goats and their
habitat selection, as he determines the movement paths and grazing periods in different
areas. Nevertheless, they concluded that this human contribution to the behavior of goats’
locomotion needs further investigation in order to be more explicit.

In this study, the spatio-temporal movement behavior of grazing goats in a Mediter-
ranean woody rangeland was investigated using GPS-tracking combined with GIS-based
vegetation and land morphology mapping. Specifically, this work aims to provide the first
detailed analysis of a shepherded goat flock monitored over two consecutive years and
three seasons, quantifying how herding decisions interact with seasonal forage availability
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and economic constraints to influence movement trajectories, vegetation use, and habitat
selection. The influence of shepherd management on goat trajectories and vegetation
selection across different seasons over two consecutive years was specifically examined
taking into account that: (1) Goat movement paths and activity ranges are expected to differ
among seasons due to changes in forage availability; (2) Vegetation selection is expected
to be influenced both by resource distribution and by the shepherd’s herding decisions;
(3) Goat movement patterns and habitat utilization are expected to be affected by the
shepherd’s adaptive decisions, which vary in response to prevailing economic conditions.
Specifically, during periods of economic constraints, changes in herding strategies, grazing
duration, and selection of feeding areas are expected to result in measurable alterations
in spatial behavior and forage utilization of the flock. Finally, by combing GPS-based
analysis with previously collected bite-count data from the same site, the study offers
a novel methodological triangulation that allows independent validation of vegetation
selection patterns.

2. Materials and Methods
2.1. Study Area

The experiment was conducted during 2010 and 2011 in a mixed Hungarian oak
(Quercus frainetto)—prickly juniper (Juniperus oxycedrus) rangeland. The area is located near
the small village of Megalo Dereio (41◦14′ N; 26◦01′ E, 380 m a.s.l) (Figure 1) in the Evros
region of Northeastern Greece. The climate is sub-Mediterranean, with an average annual
rainfall of 565 mm and a mean annual air temperature of 13.4 ◦C [46]. During the study
period, weather conditions varied greatly. In particular, in 2010 and 2011, annual rainfall
was 690 and 430 mm and mean temperatures were 15.7 and 14.3 ◦C, respectively. Moreover,
unusually high rainfall and temperature levels were recorded in November 2010 compared
with the same month of 2011 (see [16]).

 
Figure 1. Location of the study area in Greece.
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2.2. Forage Composition—Vegetation Map

The forage composition of the area was measured by the authors at the beginning
of the experiment and for practical reasons was divided into eight functional groups:
Quercus frainetto (8.93%), Juniperus oxycedrus (8.46%), Cistus creticus (15.85%), other woody
species (0.72%), grasses (35.76%), legumes (14.24%), and forbs (16.04%). The other woody
species group consisted mainly of Carpinus orientalis and Paliurus spina-christi. The forage
composition was assessed using vegetation measurements based on the line-point transect
method, and the percentage of each functional group reflects its relative frequency along
the transects (see [16]).

In order to generate a detailed vegetation map of the study area, homogeneous
polygons with a minimum mapping unit of 0.05 ha were delineated using on-screen
digitizing of natural color orthoimages. The orthoimage quadrangles used in the study were
produced from natural color aerial imagery acquired in 2009 using a Leica ADS40 Airborne
digital camera system (Leica Geosystems, Heerbrugg, Switzerland) under the Hellenic
National Cadastre campaign and were available on a web mapping service (WMS) (http:
//gis.ktimanet.gr/wms/wmsopen/wmsserver.aspx, accessed on 20 August 2025). Stereo-
pairs of air photos were also used as a supplement to monoscopic on-screen interpretation in
order to identify indistinct features. Additionally, during the land use/land-cover mapping
process, an existing map produced during the compilation of a recent forest management
plan of the area was considered.

Furthermore, the canopy cover of the area was extracted following procedures similar
processing to those described earlier. Overall, based on the spatial overlay of the vegetation
and canopy cover maps, a detailed final classification scheme was developed (Table 1).

Table 1. Classes of vegetation type of the study area.

Vegetation Type Description of Vegetation

Abandoned agricultural land Abandoned wheat fields. Herbaceous vegetation similar to grasslands is dominant
Coniferous plantation Pinus sp. plantation. Understory vegetation is scarce

Grassland Semi-natural grasslands. Herbaceous vegetation dominates, only a few shrubs exist

Moderate oak woodland Oak (Q. frainetto) woodlands of moderate canopy cover (50–75%). Understory
vegetation consists of herbaceous vegetation and shrubs like C. creticus

Dense oak woodland Dense oak (Q. frainetto) woodlands (75–100% canopy cover). Understory vegetation
consists of herbaceous vegetation and shrubs like C. creticus

Riparian area Riparian area with sandy soil with very scarce vegetation

Open shrubland Open shrublands (0–25% canopy cover) dominated by J. oxycedrus. Other woody
species like C. creticus and P. spina-cristii are also present

Moderate shrubland Shrublands of moderate canopy cover (25–50%) dominated by J. oxycedrus. Other
woody species like C. creticus and P. spina-cristii are also present

Remarks

– C. orientalis is present in the understory of oak woodlands and close to the creeks
– Open oak woodlands (<50% canopy cover) were very rare. Thus, they were

incorporated into those of moderate density
– Dense shrublands (>50% canopy cover) did not exist

2.3. Goat Flock Management

For the present study, a flock of 650 Greek local breed female goats was used. All
animals used in the study were of the same age class (3–4 years), in the same productive
stage and had similar body characteristics (see [16]). The flock grazed from early March to
mid-December, depending on weather conditions, whereas it was kept indoors and fed
with alfalfa hay and cereal grains (corn and wheat) during the winter.
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The production system was the traditional sedentary extensive, in which the farmer
remains on-site and the flock grazes in the same region throughout the whole year [47]. A
shepherd led the flock to a communal rangeland during all the grazing season and made
decisions about the direction of the flock’s routes by taking into consideration the forage
availability in the specific season and criteria to prevent overgrazing, as the area was grazed
by other flocks (mainly goats, with fewer sheep) and a few cattle herds.

A rangeland area of about 25 km2 was available for grazing to the experimental flock,
which after the daily grazing returned to the barn (B) (Figure 2) to be housed during the
night. In the barn, the goats received supplementary feeds and the shepherd hand-milked
them twice per day (early morning and late afternoon) as is traditionally applied in such
production systems in Greece [48]. A fenced area (FA1), about 500 m away from the barn,
was used as a waiting area for the flock before leaving for the grazing areas. Apart from
FA1, there were two other fenced areas (FA2 and FA3) (Figure 2) located, respectively, at
about 2.3 and 6.5 km from the barn, which were used during autumn to keep the flock close
to the less-grazed areas at night and provide access to better forage resources.

 
Figure 2. The available rangeland with the barn (B) and the fenced areas (FA1, FA2, and FA3).

The lactation stage lasted from early March to late August, and the shepherd managed
the duration of the daily grazing time by taking into account the productive stage of
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the goats as well as the supplementary feeding. During the study period, the shepherd
significantly modified the amounts of supplementary feeds (Table 2), considering both their
price as well as the selling price of the milk.

Table 2. Flock management and feed supplement schedule.

Spring (May) Summer (July) Autumn (November)

2010

Milking twice per day Milking twice per day No milking

Supplementary feeds Supplementary feeds No supplementary feeds
400 g/animal corn grains 400 g/animal corn grains

400 g/animal wheat grains 400 g/animal wheat grains

2011

Milking twice per day Milking twice per day No milking

Supplementary feeds No supplementary feeds No supplementary feeds
400 g/animal alfalfa hay
400 g/animal corn grains

400 g/animal wheat grains

Particularly, the goats received 400 g corn grains and 400 g wheat grains per head
during spring and summer of 2010. No additional supplementary feeding was provided to
the flock during the autumn (both 2010 and 2011) as the lactation stage had been completed.
During the spring of 2011, apart from corn and wheat grains, the farmer supplied to the
goats with an additional 400 g alfalfa hay per head in order to increase their productivity,
since milk prices were high, but he stopped providing any supplementary feeds during
summer of 2011, because prices of supplementary feeds increased markedly.

As the purpose of the present research was to study and record the existing manage-
ment practices of the shepherd, no recommendation was given to him that could affect
his decisions.

2.4. Goats Tracking

The experiment was performed using commercial, lightweight, and low-cost GPS
data loggers (Qstarz BT-Q1000XT, Taipei, Taiwan), as they are suitable for studying animal
movements in open habitats such as pastures [37]. The GPS data loggers were attached to
collars that were placed on individual female goats during spring (May), summer (July), and
late autumn (November) of 2010 and 2011. On each occasion, goats were randomly selected
from the flock while ensuring comparable body size, age, and physiological condition,
in order to minimize potential behavioral or hierarchical biases. Ten GPS data loggers
were used during 2010 and twenty during 2011, to increase the sample size. Previous
studies on free-ranging goats in similar extensive systems have shown that a subset of
10–20 individuals can adequately capture flock-level movement patterns when selected
randomly [38,40,45]. This approach balances the need for representative data with logistical
constraints and animal welfare considerations, as equipping all 650 goats with GPS collars
would not be feasible.

The devices were set to record the geographical position (latitude, longitude, and
altitude) every 5 s, providing high temporal resolution of movement patterns. The typical
positional accuracy of the GPS model is approximately ±3 m under open-sky conditions,
as reported by the manufacturer and confirmed in preliminary field tests, while position-fix
success rates were consistently above 95% in open areas and decreased under dense canopy
cover. To ensure data, positions associated with impossible movement speeds (>5 m s−1)
or implausible altitudinal changes were removed, and those recorded under dense canopy
with low positional accuracy were flagged and excluded from the analysis. Due to the low
battery capacity and high recording frequency, the GPS data loggers were removed from the
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animals every night after their return to the barn (B) or fenced areas (FA) (Figure 3) in order
to download the data via USB and recharge their batteries, and were repositioned the next
morning on different individuals randomly selected among goats of similar characteristics.
Data were recorded for four consecutive days during each experimental period.

(a) (b) 

Figure 3. Goats’ trajectories and movement patterns in the study area during (a) 2010 and (b) 2011.

2.5. Processing of GPS Data

GPS locations were screened for positional errors following Bjørneraas et al. [49], and
positions showing unreliable deviations from movement paths were excluded. Furthermore,
the locations within or very close to fenced areas (FA1, FA2, and FA3) and the barn were
deleted, because within these areas the behavior of animals could not be considered
independent. The GPS locations for each animal were converted into trajectories (i.e., the
sequence of location points and the segments connecting them) [50]. The analysis was
performed using only complete individual daily trajectories (n = 74 in 2010; n = 211 in
2011). Different metrics characterizing each trajectory were then computed. The “duration”
(h d−1) was calculated as the time elapsed between the first and the last position recorded.
This variable indicates the total time that the collared goats spent daily in the rangeland.
The distance traveled daily (km d−1) was expressed as “horizontal distance” by summing
the lengths of all segments of each trajectory, as “total distance” by summing each segment
length corrected for the altitudinal gradient between the initial and final position, and
as “vertical distance” by summing all absolute elevation differences between consecutive
locations. The “speed” (m s−1) was calculated by dividing “total distance” by “duration”.
The portions of each trajectory overlapping each vegetation type were then extracted, in
order to calculate the “proportion of time” (% of total duration) spent in each vegetation
type for each trajectory. For the habitat selection analysis, availability areas were defined
by creating seasonal buffers of 150 m along the paths. The choice of a seasonal buffer of
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150 m around the trajectories was based on the flock’s management practices. Specifically,
the flock was actively herded by shepherds during monitored movements, which limited
the free movement of individual animals. For each area so defined, the percentage of
each vegetation type inside was calculated. The GPS and vegetation data were organized
and processed in a PostgreSQL 9.5 + Post-GIS 2.2 (www.postgresql.org/; http://postgis.
refractions.net) and Quantum GIS 2.16 (www.qgis.org).

2.6. Statistical Analysis

The metrics describing individual goats’ trajectories (duration, distances, and speed)
as well as the proportion of time spent in each vegetation type were sorted according to the
three seasons of grazing (spring, summer, and autumn) of the two years under investigation
(2010 and 2011), and the differences between seasons, years and their interaction were
analyzed using two-way analysis of variance (ANOVA). Also, analysis of the effect of the
seasons on the above measurements within each trial year was carried out using one-way
ANOVA. Tukey–Kramer HSD test was used to perform the multiple comparisons for all
pairs of means. The significance level was set to p < 0.05 [51]. The statistical analysis was
performed using version 8.0 of the JMP software (SAS Institute Inc., Cary, NC, USA).

A principal component analysis (PCA) was used to describe and interpret the goats’
movement behavior according to the vegetation types. Characteristics of individual goat
trajectories (duration, total distance, vertical distance, and speed) were chosen as the main
variables of the analysis. In addition, variables expressing the time spent by the goats in
each vegetation type in the rangeland were used as supplementary variables, with the R
package FactoMiner [52]. Data were initially scaled to unit variance before the analysis to
avoid the influence of measurement units on the principal components.

Selection of vegetation type was analyzed with a compositional analysis of log ra-
tios [53] using the Compos analysis software [54]. The compositional analysis of habitat
use is a multivariate technique recommended by Aebischer et al. [53] for the analysis of
habitat selection by several animals, when the resources are defined by several categories
(e.g., vegetation types).

The analysis was performed for each season and year. The availability was defined
as the percentage of each vegetation type on the total surface of the trajectories used in
each season, with a buffer of 150 m, as explained in Section 2.5; the use was calculated as
the allocation of time spent by collared goats in each vegetation type. In some seasons,
some vegetation types were not available in the trajectories and for this reason, the classes
considered differed among seasons.

3. Results
3.1. Characteristics of Goats’ Trajectories

Significant differences in the characteristics of goats’ trajectories were found among
years and seasons, and for their interaction (Table 3; Figure 3). The duration of the tra-
jectories was significantly higher (p < 0.001) in 2011 (7.01 h d−1) than in 2010 (6.28 h d−1)
whereas there were no significant differences for the total traveled distances. The distance
of goats’ vertical movement was significantly higher (p < 0.01) in 2011 (0.67 km d−1) than
in 2010 (0.59 km d−1), whereas the reverse trend was found for the horizontal distance
(p < 0.05). Significantly higher (p < 0.001) movement speed of goats was recorded in 2010
(0.39 m s−1) compared to 2011 (0.36 m s−1).

In autumn, the duration, the total, the horizontal, and the vertical distance of the
trajectories were significantly higher (p < 0.001) compared to those of spring and sum-
mer. Additionally, goats moved at a higher speed in autumn (0.41 m s−1) than in spring
(0.38 m s−1) and summer (0.35 m s−1).
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Table 3. Statistical significance from the analysis of variance of the metrics describing goats’ trajectories.

Year Season p-Value

2010 2011 Spring Summer Autumn Year Season Y × S

Duration (h d−1) 6.28 B 7.01 A 5.81 C 6.12 B 7.99 A *** *** ***
Distance, total (km d−1) 9.01 A 8.60 A 7.47 B 7.31 B 11.64 A NS *** ***
Distance, horizontal (km d−1) 8.40 A 7.93 B 6.84 B 6.59 B 11.08 A * *** ***
Distance, vertical (km d−1) 0.59 B 0.67 A 0.48 B 0.53 B 0.89 A ** *** ***
Speed (m s−1) 0.39 A 0.36 B 0.38 B 0.35 C 0.41 A *** *** ***

* p < 0.05, ** p < 0.01, *** p < 0.001, NS: not significant. Means in the same row followed by the same letter are not
significantly different (p ≥ 0.05).

Due to significant differences among the seasons and years as well as the different
management practices of the shepherd during the study period, these characteristics
were further analyzed separately for each year. During 2010, the average duration of
the flock’s movement in the rangeland was 8.37 h d−1 and 8.03 h d−1 in spring and
autumn, respectively, with no significant differences between them, while the duration
was considerably shorter (p < 0.001) in summer (Table 4). Significant differences (p < 0.001)
were recorded in the total traveled distance of the goats among the seasons. The average
total distance was significantly higher in autumn, followed by spring, while in summer
the travel distance was the shortest. The same tendency was found for the horizontal and
vertical distances of the trajectories among the seasons. In autumn, the goats walked during
their movement in the rangeland at a higher speed (0.48 m s−1) compared with the other
two seasons (0.33 and 0.37 m s−1 in spring and summer respectively) (Table 4).

Table 4. Metrics describing goats’ trajectories in 2010 and 2011. Data show mean ± standard deviation,
p-values and effect size (n2).

Year
Season

p-Value n2
Spring Summer Autumn

Tracks (n) 2010 19 24 31 - -
2011 70 74 67 - -

Duration (h d−1) 2010 8.37 ± 0.88 A 2.44 ± 0.39 B 8.03 ± 0.76 A *** 0.94
2011 3.26 ± 0.25 C 9.81 ± 0.79 A 7.95 ± 0.42 B *** 0.96

Distance, total (km d−1) 2010 9.98 ± 2.71 B 3.18 ± 0.53 C 13.88 ± 2.21 A *** 0.85
2011 4.97 ± 0.89 C 11.44 ± 1.48 A 9.40 ± 1.44 B *** 0.87

Distance, horizontal (km d−1) 2010 9.17 ± 2.39 B 2.85 ± 0.44 C 13.19 ± 2.18 A *** 0.85
2011 4.50 ± 0.76 C 10.32 ± 1.12 A 8.97 ± 1.32 B *** 0.84

Distance, vertical (km d−1) 2010 0.62 ± 0.18 B 0.20 ± 0.06 C 0.96 ± 0.30 A *** 0.08
2011 0.34 ± 0.09 B 0.85 ± 0.21 A 0.83 ± 0.23 A *** 0.12

Speed (m s−1) 2010 0.33 ± 0.08 B 0.37 ± 0.07 B 0.48 ± 0.06 A *** 0.47
2011 0.42 ± 0.07 A 0.32 ± 0.03 B 0.33 ± 0.05 B *** 0.43

*** p < 0.001. Means in the same row followed by the same letter are not significantly different (p ≥ 0.05).

During 2011, the flock of goats spent 9.81 h d−1 during summer in the rangeland,
a duration significantly higher (p < 0.001) than the other seasons. The duration of the
flock’s movement was significantly higher in autumn than in spring (Table 4). The trav-
eled distance by the flock differed significantly (p < 0.001) among the seasons, with the
longest daily average 11.44 km d−1 during summer, followed by autumn and spring. The
longer uphill movement of goats was recorded during summer and autumn (0.85 and
0.83 km d−1, respectively) without significant differences between them, and both were
significantly higher than in spring. On the contrary, the average speed of goats’ move-
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ment in the rangeland was significantly higher (p < 0.001) in spring compared to the other
seasons (Table 4).

3.2. Vegetation Type Selection
3.2.1. Spent Time Allocation

Both season and year, as well as their interaction, significantly affected the proportion
of time that goats spent in different vegetation types (Table 5). The flock spent a higher
proportion of time (p < 0.01) in the grassland during 2011 (16.57%) compared with 2010
(11.80%). The proportion of time in the grassland differed widely (p < 0.001) among seasons,
and the highest percentage was recorded during spring, followed by autumn. Significantly
higher was the time that the flock spent in the abandoned agricultural land during spring
and summer compared to autumn (p < 0.001), while the flock spent more time in this
vegetation type during 2010. Both moderate and dense oak woodland were preferred by
the goats in higher rates (p < 0.001) during 2011 than in 2010 while autumn was the season
with the highest time proportions compared with the other seasons. The proportion of time
spent either in open or moderate shrubland was higher during 2010 (p < 0.001 and p < 0.01,
respectively) and in spring (p < 0.001) (Table 5).

Table 5. Statistical significance from the analysis of variance of the daily time (%) in the rangeland
spent the goats in different vegetation type.

Vegetation Type
Year Season p-Value

2010 2011 Spring Summer Autumn Year Season Y × S

Abandoned agricultural land 17.68 A 2.66 B 14.82 A 13.46 A 2.24 B *** *** ***
Coniferous plantation 5.79 A 5.54 A 0.95 B 2.47 B 13.56 A NS *** ***
Grassland 11.80 B 16.57 A 18.90 A 9.55 C 14.11 B ** *** ***
Moderate oak woodland 4.20 B 8.13 A 2.53 B 4.81 B 11.16 A *** *** **
Dense oak woodland 34.52 B 50.41 A 29.11 C 46.19 B 52.10 A *** *** ***
Riparian
area 2.15 A 1.86 A 3.73 A 1.95 B 0.32 C NS *** ***

Open
shrubland 5.99 A 0.47 B 5.77 A 0.69 C 3.24 B *** *** ***

Moderate shrubland 17.87 A 14.36 B 24.19 A 20.88 A 3.27 B ** *** ***

** p < 0.01, *** p < 0.001, NS: not significant. Means in the same row followed by the same letter are not significantly
different (p ≥ 0.05).

During 2010, significant differences among the seasons were recorded in the proportion
of time spent by the flock of goats in all the vegetation types (Table 6). The percentages of
time in the abandoned agricultural land were 22.22% and 26.34% in spring and summer,
respectively, which were significantly higher (p < 0.001) compared to autumn (4.48%). The
grassland was used by the flock at higher rates during spring and autumn (p < 0.001)
whereas the moderate oak woodland was used mainly during autumn (p < 0.001). The
flock spent a high proportion of its time during the movement through the rangeland in the
dense oak woodland. The highest percentage was recorded in autumn (39.51%) without
significant difference from spring (32.59%), followed by the summer (31.46%) (p < 0.01).
The open shrubland was used by the goats in significantly higher share in spring (11.53%)
whereas the moderate shrubland was used mainly in summer at a rate of 35.20% (p < 0.001).

During 2011, as illustrated in Table 6, the proportion of time spent in the rangeland
allocated to different vegetation types significantly differed among seasons (p < 0.001).
The flock of goats used the grassland and the abandoned fields mainly in spring, whereas
the coniferous plantation was used in autumn. Both moderate and dense oak woodland
were used at significantly higher rates in autumn (11.77% and 64.69%, respectively) and
at lower rates in spring. Finally, goats spent a high proportion of their time during spring
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in the moderate shrubland at a rate of 36.50%, which was significantly higher than the
corresponding proportions in summer and autumn.

Table 6. Proportion (%) of the daily time in the rangeland spent the goats in different vegetation type
during 2010 and 2011. Data show mean ± standard deviation, p-values, and effect size (n2).

Vegetation Type Year
Season

p-Value n2
Spring Summer Autumn

Abandoned agricultural land 2010 22.22 ± 11.97 A 26.34 ± 20.69 A 4.48 ± 5.04 B *** 0.36
2011 7.41 ± 12.64 A 0.58 ± 0.96 B 0.0 B *** 0.18

Coniferous plantation 2010 1.91 ± 2.58 B 0.0 B 15.45 ± 7.80 A *** 0.67
2011 0.0 C 4.94 ± 3.28 B 11.68 ± 5.14 A *** 0.65

Grassland 2010 13.35 ± 7.58 A 5.66 ± 5.27 B 16.41 ± 9.40 A *** 0.27
2011 24.45 ± 20.19 A 13.45 ± 5.40 B 11.81 ± 3.69 B *** 0.17

Moderate oak woodland 2010 0.72 ± 0.96 B 1.34 ± 1.70 B 10.54 ± 3.78 A *** 0.76
2011 4.35 ± 5.37 C 8.27 ± 5.45 B 11.77 ± 7.74 A *** 0.19

Dense oak woodland 2010 32.59 ± 7.80 AB 31.46 ± 12.90 B 39.51 ± 9.58 A ** 0.12
2011 25.63 ± 6.73 C 60.92 ± 5.78 B 64.69 ± 8.76 A *** 0.86

Riparian area 2010 5.80 ± 4.16 A 0.0 B 0.64 ± 1.12 B *** 0.55
2011 1.66 ± 2.91 B 3.90 ± 2.48 A 0.0 C *** 0.34

Open shrubland 2010 11.53 ± 17.35 A 0.0 B 6.43 ± 3.63 B *** 0.20
2011 0.0 B 1.37 ± 0.79 A 0.05 ± 0.30 B *** 0.62

Moderate shrubland 2010 11.88 ± 3.17 B 35.20 ± 24.11 A 6.54 ± 5.57 B *** 0.45
2011 36.50 ± 12.89 A 6.57 ± 2.81 B 0.0 C *** 0.81

** p < 0.01, *** p < 0.001. Means in the same row followed by the same letter are not significantly different
(p ≥ 0.05).

3.2.2. Vegetation Type Ranking

The results of compositional analysis (Table 7) indicated different preferences for
vegetation types among periods. In spring 2010, abandoned agricultural land, grassland,
riparian areas, and moderate shrubland were preferred to the other vegetation types. In
summer 2010, the preferences were less evident, with moderate oak woodland being less
used. In autumn 2010, on the other hand, moderate oak woodland was the preferred
vegetation type, along with grasslands, whereas abandoned agricultural land was avoided.

Table 7. Results of compositional analysis of time spent by goats in each vegetation type versus
availability of each category within the study area (second-order selection). “>>>” indicates a
significant positive selection of one class, while “>” indicates non-significant selection.

Period d.f. Wilk’s λ p Ranking Vegetation Types

Spring 2010 7 0.0130 <0.001
Abandoned agricultural land > Grassland > Riparian area > Moderate
shrubland >>> Dense oak woodland > Open shrubland > Coniferous

plantation > Moderate oak woodland

Summer 2010 4 0.4069 <0.001 Abandoned agricultural land > Moderate shrubland > Dense oak
woodland > Grassland >>> Moderate oak woodland

Autumn 2010 6 0.3268 <0.001
Grassland > Moderate oak woodland >>> Dense oak woodland > Open

shrubland > Coniferous plantation > Moderate shrubland >>>
Abandoned agricultural land

Spring 2011 5 0.0289 <0.001
Moderate shrubland >>> Dense oak woodland >>> Grassland >

Moderate oak woodland > Abandoned agricultural land >>>
Riparian area

Summer 2011 7 0.0921 <0.001
Grassland > Moderate oak woodland >>> Dense oak woodland >

Riparian area > Moderate shrubland >>> Coniferous plantation > Open
shrubland >>> Abandoned agricultural land

Autumn 2011 3 0.3081 <0.001 Moderate oak woodland >>> Grassland >>> Dense oak woodland >>>
Coniferous plantation
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In 2011 the goats’ preferences changed: in spring the preferred vegetation type was
moderate shrubland; in summer, grasslands and moderate oak woodland were preferred,
and abandoned agricultural land was avoided; in autumn moderate oak woodland was
strongly selected, and coniferous plantation was avoided.

3.3. PCA on the Behavioral Variables of Goats

A PCA was performed for the characteristics of individual goat trajectories and the
classes of the available vegetation in the study area, throughout the overall periods under
investigation. The first component (Dim 1) of the PCA (Figure 4) explained 67.01% of
the data variability and was mainly associated with total and vertical distance, move-
ment duration, and the use of coniferous plantation and dense oak woodland. This axis,
therefore, represents a gradient of movement intensity and the use of closed or woody
habitats (Table 8). The second component (Dim 2), explaining 29.07% of the variance, was
primarily correlated with speed and grassland, contrasting with moderate shrubland and
abandoned agricultural land, and thus reflects a gradient of movement rate and openness
of vegetation (Table 8). Together, the first two components accounted for 96.08% of the total
variance, effectively summarizing the main patterns of goat movement behavior across
vegetation types.

Figure 4. Plot of variables and the PCA axes of the two first principal components (variables
include: Duration, Distance_total, Distance_vertical, Speed, AAL = Abandoned agricultural land,
CP = Coniferous plantation, G = Grassland, MOW = Moderate oak woodland, DOW = Dense oak woodland,
RA = Riparian area, OS = Open shrubland, MS = Moderate shrubland). Names of explanatory variables
are in italics.
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Table 8. Loadings (Cos2) of the variables on the two main PCA axes (Dim 1 and Dim 2) (vari-
ables include: Duration, Distance_total, Distance_vertical, Speed, AAL = Abandoned agricultural land,
CP = Coniferous plantation, G = Grassland, MOW = Moderate oak woodland, DOW = Dense oak woodland,
RA = Riparian area, OS = Open shrubland, MS = Moderate shrubland).

Original Variables Dim 1 Dim 2

Duration 0.87 0.10
Distance_total 0.92 0.04
Distance_vertical 0.87 0.04
Speed 0.01 0.98

Supplementary variables

AAL 0.18 0.01
CP 0.35 0.03
G 0.01 0.15
MOW 0.11 0.02
DOW 0.44 0.17
RA 0.03 0.02
OS 0.03 0.00
MS 0.57 0.06

4. Discussion
The present study examined how the shepherd’s management practices over

two consecutive years influenced the spatio-temporal movement and vegetation choices
of goats grazing in a Mediterranean woody rangeland. In extensive pastoral systems,
socieconomic conditions influence herding decisions and flock mobility strategies [55,56].
The shepherd’s key management choices, including grazing system, daily grazing duration,
stocking rate, and feed supplementation, are essential for optimizing productivity while
supporting rangeland biodiversity under changing climate conditions [57,58].

Marked annual differences were recorded in the shepherd’s management practices of
the grazing and time spent in the rangeland. His decisions reflected both animal and envi-
ronmental factors, including the goats’ productive stage, seasonal forage availability, feed
prices, and milk value, aiming to maintain farm efficiency and household livelihood [59].
Moreover, the shepherd took into consideration criteria to prevent overgrazing in the com-
munal rangeland, acknowledging that excessive pressure reduces rangeland productivity
and degrades vegetation [38,60,61].

Low-intensity grazing in such heterogeneous landscapes promotes plant diversity
and ecosystem stability [62]. Moreover, it is well documented that shepherds’ herding
decisions, based on knowledge of seasonal forage dynamics and plant phenology, influence
how goats can exert their dietary preferences [63,64]. Therefore, this study also analyzed
how goats selected among vegetation types along their movement routes, in relation to the
shepherd’s choices and the available vegetation types.

4.1. Goats’ Trajectories

Castro and Fernández Núñez [39] reported that grazing duration and behavior of
small ruminants depend on forage availability and the production system. Similarly, several
authors have found significant seasonal and management differences in the duration and
length of goats’ itineraries [38,45,65]. In this study, all movement characteristics differed
significantly among seasons and/or years, reflecting the varying management practices
applied by the shepherd.

During 2010, the duration and distances of goats’ trajectories were much shorter in
summer than in spring and autumn. Between these two seasons, duration was similar, but
distances were longer in autumn, while movement speed was highest in autumn and lowest
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in spring and summer. In spring 2010, when goats were in early lactation and had high
nutrient requirements, the shepherd supplied them with supplementary feed and allowed
extensive grazing, resulting in long durations and low speed. In summer 2010, goats were in
late lactation with lower nutritional needs; the shepherd-maintained supplementation but
reduced grazing time by about 2.5 h per day and kept the flock in fenced area 1 (FA1) close
to the barn (B), where water was available, leading to shorter distances. High temperatures
also contributed to this reduction, as observed by Akasbi et al. [38] and Thomas et al. [66],
who reported shorter walking distances during hot weather. In autumn, when goats
were dry and no longer supplemented, their nutritional needs were met exclusively by
grazing. The shepherd extended the grazing routes and moved the flock from fenced area
2 (FA2) to more distant areas with better forage, which increased both distance and speed.
Similar relationships between longer routes and higher movement speed were reported by
Schlecht et al. [22]. In contrast, Cheng et al. [67] found lower speeds in spring and winter in
semi-arid Chinese grasslands with different vegetation and climate characteristics. Jouven
et al. [43] noted that herders influence flock movement and distribution by modifying the
location of shelters, while Akasbi et al. [38] similarly observed that in Southern Morocco,
goats traveled longer distances in autumn to reach areas with available fodder. During
2011, contrary to 2010, goats’ trajectory duration and distances were longest in summer,
intermediate in autumn and shortest in spring, while speed was highest in spring. To meet
the nutritional needs of goats in early lactation, the shepherd increased supplementary
feeding compared to spring 2010, keeping the flock in fenced area 1 (FA1) and providing
additional alfalfa hay (400 g/animal), which resulted in shorter grazing periods. In summer
2011, although goats were still in late lactation, the shepherd stopped supplementation
due to the rising prices of feedstuffs and the decline in milk value. It is generally accepted
that feed costs represent the main variable expense in small ruminant farming [8,68], and
the economic pressure led to longer grazing times and distances, as pasture is the most
economical feed source [69]. Similar behavior was reported by Chebli et al. [17], who
suggested that goats extend grazing to satisfy nutritional needs efficiently. In autumn 2011,
both grazing duration and distances declined relative to summer, likely reflecting the goats’
lower nutrient needs as they were in the dry period and the shepherd’s decision to reduce
range access. However, vertical distance remained comparable to summer, as the starting
point of the trajectories (FA3) and surrounding terrain were steeper. Lachica et al. [29]
likewise observed longer distances in summer than autumn in Mediterranean mountain
rangelands, while Schlecht et al. [22] reported the opposite pattern in northern Oman. Such
regional differences are expected, as herding strategies vary with forage availability and
quality, vegetation type, and climatic conditions [21,38].

The shepherd decisions had a strong influence on grazing time and movement paths,
which varied considerably among seasons. Changes in grazing duration reflected a trade-
off between animal needs, feed costs, and the shepherd’s willingness to reduce labor time
for personal or family activities [70], which is a common feature of extensive systems [8,71].
When supplementary feeds were affordable relative to milk income, the shepherd shortened
rangeland access, but reversed this decision when high feed costs could be offset by
extending grazing and working time. Similarly, Al-Khalidi et al. [72] reported that herders
often intensify grazing to reduce feed expenses, while Papadopoulou et al. [73] emphasized
that grazing enhances flexibility, competitiveness, and long-term sustainability. Greater
movement distances not only increase the shepherd’s workload but also raise animals’
maintenance energy requirements. For example, an additional 1 km walked on flat terrain
corresponds to an energy cost of about 3.35 J/kg body weight [74]. Considering the
observed variation in trajectory distances between months and years, these energetic costs
may represent a substantial trade-off for extended grazing time. Although body weight
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and milk production data were not recorded, integrating such measurements with detailed
trajectory analysis would allow a more accurate assessment of the energetic and economic
implications of the shepherds’ management decisions.

4.2. Vegetation Type Selection

The goats followed different trajectory patterns across seasons and years, guided by
the shepherd to utilize seasonally available vegetation [21,75]. These differences were
reflected in the variation in time spent in each vegetation type. Both year and season
significantly affected this distribution, with season exerting the strongest influence, as
also reported by Manousidis et al. [76] and Feldt and Schlecht [65], who linked seasonal
grazing behavior to forage availability and vegetation composition. The time spent and
movement speed within each vegetation type indicated whether goats were led there to
graze or simply to pass through. These patterns are primarily the results of the shepherd’s
choices, informed by his knowledge of goats’ preferences and vegetation quality. The study
also examined vegetation selection along the goats’ routes, which reflects mainly their own
foraging behavior.

Results from a previous study at the same site [16], where forage selection was mea-
sured by direct observation, were used for comparison. In that study, bite counts of major
plant groups (Q. frainetto, J. oxycedrus, C. creticus, Other woody, Grasses, Legumes, Forbs
and Acorns) were converted into dietary percentages. Comparing these findings with
GPS-based data provided valuable insights into vegetation type preferences.

Goats spent more time in coniferous plantations during autumn because the trajec-
tories started nearby (FA2 and FA3). However, these areas were mainly crossed rather
than grazed due to their sparse understory vegetation. In contrast, time spent in moder-
ate and dense oak woodland was significantly higher in autumn, reflecting better forage
availability. Goats also used abandoned agricultural land more in spring and summer.
Although grazing on agricultural land is usually restricted to avoid crop damage and
conflicts between farmers [77], the local fields were infertile, long abandoned, and covered
by native herbaceous vegetation, thus serving as grazing areas [65]. Goats spent more
time in grasslands during spring when herbaceous forage was most abundant, consistent
with previous reports that goats increase consumption of herbaceous plants when they
are available [78,79]. Use of shrubland also increased in spring, particularly in moderate
shrubland, due to goats’ preference for J. oxycedrus, the dominant shrub species in this
vegetation type [16].

During 2010, goats spent the highest proportion of time in grasslands during spring
and autumn, with no significant difference between the two seasons. This preference was
reflected in forage selection, as direct observation showed that herbaceous plants accounted
for 58.4% and 49.2% of total bites in spring and autumn, respectively [16]. Although high
herbaceous consumption in spring was expected [12,79], unusually heavy rainfall and
warm temperatures promoted regrowth in autumn, increasing forage availability. Aharon
et al. [14] similarly reported that the Boer goat breed consumed herbaceous forage equally
in both seasons following heavy autumn rainfalls. In this study, the shepherd guided the
flock to grasslands in order to exploit the increased autumn availability.

During autumn 2010, goats spent about 50% of their grazing time in oak woodlands
(moderate and dense). Despite the early defoliation of oaks [16], they foraged on C. creticus
and acorns, which were abundant that year due to the masting of Q. frainetto. Time spent
in dense oak woodland (about 32%) did not differ between spring and autumn, although
the proportion of Q. frainetto in the diet was higher in summer [16], likely because goats
also consumed herbaceous understory vegetation. Similar patterns were reported by
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Benmellouk [80] in northern Portugal, where goats showed a strong preference for oak
forests, particularly in summer and autumn.

High grazing time allocation in open shrubland during spring 2010 and in moderate
shrubland during summer 2010 corresponds to the consumption of J. oxycedrus. Direct
observation showed that goats remained in shrublands primarily to consume J. oxycedrus
in both seasons, and secondarily herbaceous plants in spring. Similar seasonal patterns
occurred in 2011. Goats spent the highest proportion of time in grasslands during spring,
matching the increased consumption of herbaceous species [16]. Oak woodland was
mostly used according to shepherd guidance. The smallest time allocation to moderate
and dense oak woodland was recorded in spring, consistent with the reduced contribution
of Q. frainetto to the goats’ diet composition [16]. On the contrary, time spent in both oak
woodland types peaked in autumn, accompanied by intake of Q. frainetto and C. creticus, the
latter representing about 75% of total bites [16]. Goats rarely used open shrubland in 2011,
but spent 36% of their grazing time in moderate shrubland during spring—the highest
of the year—mirroring the increased selection of J. oxycedrus (about 23% of bites) [16], its
dominant shrub species.

The multivariate analysis of trajectory characteristics supports these findings. Total
and vertical distance increased when the shepherd led the flock towards distant, hilly areas
with better forage—mainly dense oak woodland—requiring passage through coniferous
plantations and resulting in longer itineraries. On the contrary, spending more time in
moderate shrubland or abandoned agricultural land, both located near the barn, resulted
in shorter and less extensive routes. Movement speed increased in grasslands, where
herbaceous vegetation was less preferred by the browsing goats.

Compositional analysis further confirmed shifts in vegetation type preferences across
seasons and years, highlighting a consistent preference for oak woodland, particularly
in autumn and more strongly in 2011. Overall, the ranking of vegetation types matched
patterns observed in forage selection and diet composition [16].

4.3. Limitations

Despite the valuable insights provided by this study, several limitations should be
acknowledged. First, the number of GPS-collared goats, although consistent with similar
studies, represents only a subset of the flock and may not fully capture individual behav-
ioral variability. This restriction was partly due to the high cost of GPS devices, which made
larger sample sizes impractical. Second, time allocation within each vegetation type was
used as a proxy for feeding activity, but goats may rest, ruminate, or simply pass through an
area, which can lead to an overestimation of true grazing behavior. Third, activity classifica-
tion relied solely on movement metrics rather than accelerometer-based data, limiting the
ability to distinguish accurately between grazing, moving, and resting. Fourth, vegetation
availability was defined based on buffered daily trajectories, reflecting the areas the flock
actually visited under the shepherd’s management. This approach may underestimate the
availability of distant vegetation types that were not reached for management reasons. If
availability were defined using the full seasonal range, relative preferences for more remote
or higher-quality vegetation types might differ. Lastly, because the shepherd strongly
influenced daily routes, vegetation not accessed during the study cannot be evaluated for
potential goat preference independently of management constraints.

5. Conclusions
The movement trajectories of goats varied significantly among seasons and years,

with dense oak woodland and moderate shrubland being the most selected vegetation
types, confirming their preference for woody species. Shepherd management practices
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strongly influenced both movement patterns and vegetation selection, demonstrating the
importance of experience and flexibility in adapting grazing strategies under changing
vegetation and economic conditions.

The combination of GPS collars, GIS software, vegetation maps, and direct observation
proved to be an effective tool for studying the spatio-temporal movement behavior and
forage selection of grazing goats. This combined approach can provide valuable insights
into grazing behavior, diet composition, and forage resource use.

Future applications of this approach could help livestock farmers better understand
the quantity and quality of forages consumed by grazing goats and provide rangeland
managers with key information on grazing pressure across vegetation types. Moreover,
these methods offer strong potential for precision livestock management through real-time
monitoring and decision-support tools that optimize grazing strategies, improve forage
utilization, and support sustainable rangeland management.

Author Contributions: Conceptualization, Z.A., A.P.K. and T.M.; data collection, T.M.; data analysis
T.M., P.S., E.S., G.M. and A.C.P.; writing—original draft preparation, T.M.; writing—review and
editing, A.P.K., E.S. and A.C.P.; supervision, Z.A. and A.P.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author T.M. The data are not publicly available as they were collected by T.M. for his
PhD thesis with no external funding and will be used for further processing.

Acknowledgments: The GPS data analysis was performed as a part of the Erasmus+ traineeship
program of the fist author in the Department of Agronomy, Food, Natural Resources, Animals and
Environment (DAFNAE), University of Padova, Italy. He is grateful to the people of DAFNAE
for the technical support on GIS issues and for their hospitality. He is also grateful to Hamdi
Kourt, the shepherd of the experimental flock, for his permission to work with his goats and for his
kind cooperation.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Manousidis, T.; Abas, Z.; Ragkos, A.; Abraham, E.M.; Parissi, Z.M.; Kyriazopoulos, A.P. Effects of the economic crisis on sheep

farming systems: A case study from the north Evros region, Greece. Options Méditerr. Ser. A Mediterr. Semin. 2012, 102, 439–442.
2. Ragkos, A.; Koutsou, S.; Manousidis, T. In Search of Strategies to Face the Economic Crisis: Evidence from Greek Farms. South

Eur. Soc. Politics 2016, 21, 319–337. [CrossRef]
3. Lachica, M.; Aguilera, J.F. Energy expenditure of walk in grassland for small ruminants. Small Rumin. Res. 2005, 59, 105–121.

[CrossRef]
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