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A remotely sensed weight gain model for sheep in the 
semi-arid Karoo shrublands of South Africa 
Christiaan J. HarmseA,B,* and Adriaan van NiekerkB  

ABSTRACT 

The monitoring of animal weight gain is expensive as it often involves the rounding up of animals 
over large areas and long distances. Such monitoring is an arduous process that causes stress 
related health problems and weight loss in animals. The aim of this study was to evaluate the use 
of remotely sensed vegetation indices for modelling sheep weight gain in semi-arid rangelands. 
The temporal and spatial patterns of grazing were investigated using Sentinel-2 imagery, collar 
data obtained from a global position system (GPS), and data of sheep weight related to grazing 
hotspots. Historical animal weight data were compared statistically with nine commonly used 
spectral indices extracted from Sentinel-2 imagery to determine how vegetation conditions relate 
to sheep weight gain. Sheep appeared to adapt their grazing behaviour according to time of the year, 
with the average distance walked per sheep per day in line with previous studies. In contrast to 
distance walked, sheep at lower stocking densities used less grazing area than at higher densities. The 
normalised difference vegetation index (NDVI) proved to best model liveweight changes. 
By combining remote sensing (RS) and GPS data, our understanding of sheep grazing patterns 
and sheep weight gain was improved. This can lead to the optimisation of production potential 
through precision farming. The finding has applications for studies conducted on non-reproductive 
sheep in semi-arid Karoo rangeland systems of South Africa. Because the model is both cost- 
effective and replicable, it offers a long-term monitoring template for livestock studies elsewhere.  

Keywords: grazing management, livestock weight gain, normalised difference vegetation index, 
precision farming, rangelands, semi-arid, Sentinel 2, shrublands. 

Introduction 

To meet the expected 43% growth in the world’s population, global meat production 
must increase by 73% by 2050 (Myers and Bernstein 2011). The South African livestock 
industry encompasses more than 45 million cattle, sheep, and goats (Meissner et al. 
2014). The economic pressures on South African farmers brought on by the Covid-19 
pandemic and recent droughts have resulted in livestock being retained for longer before 
sale. This has increased grazing pressure, exacerbated by livestock’s tendency to frequent 
areas with the most palatable plant species within grazing camps (Harmse et al. 2022). 
The sustainability of extended grazing periods and the selective grazing behaviour when 
animals are retained for longer periods for unforeseen reasons are little researched topics. 

Monitoring livestock weight is crucial in arid to semi-arid rangelands for assessing 
animal health (Brown et al. 2015), and determining optimal breeding times, given that 
low weight gain can significantly reduce the livestock productivity (Kenyon et al. 2004;  
Ferguson et al. 2011; Saul et al. 2011). Sudden weight loss in animals can also indicate 
severe disease, health condition or dehydration (Chedid et al. 2014). Body weight data 
are therefore a useful indicator of when to increase or reduce additional feed (Brown 
et al. 2015). Increases or decreases in animal weight indicates the state (quantity and 
quality) of available forage (Mahgoub et al. 2000). 

Regular livestock weighing helps reduce the impact of livestock price volatility on 
farming businesses by maximising output and reducing input costs and wastage because 
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producers can achieve price premiums by meeting the live
stock buyers’ specifications. Monitoring animal weight gain 
is costly and is stressful to animals, so farmers often rely 
on visual estimates (Jones et al. 2011; Grandin 2014). 
But visual estimates are prone to inaccuracy, with some 
methods having been reported to underestimate actual 
animal weight by around 18% (Besier and Hopkins 1988;  
van Dijk et al. 2015). Moreover, in extensive rangelands, the 
spatial scale, inaccessibility, and lack of necessary specia
lised skills and knowledge result in farmers not conducting 
regular visual estimates. 

Alternative animal and weight gain monitoring methods 
include proximal sensors such as walk-over weighing (Filby 
and Turner 1975; González-García et al. 2018). However, 
such instruments are expensive to acquire and maintain, 
particularly for extensive rangelands. A viable alternative 
to animal weighing, visual estimates and proximal sensors is 
to monitor the vegetation condition (Browning et al. 2018). 
Improved vegetation condition can contribute to healthier 
animals and increased weight gain. 

Satellite imagery is efficient for monitoring vegetation 
condition (Lawley et al. 2016; Rokni and Musa 2019), espe
cially imagery having high spatial and temporal resolutions, 
and aids the calculation of vegetation indices correlated with 
rangeland condition (Brandt et al. 2015). Comparisons of 
vegetation indices with animal weight gain data can support 
decisions about when to rotate sheep to new grazing camps or 
when to provide supplementary feed (Browning et al. 2018;  
Pearson et al. 2021). However, keeping track of where 

animals are grazing is essential to the monitoring of rangeland 
condition as it indicates animals’ preferred grazing areas that 
may need protection from trampling and overgrazing. 

This paper reports on a study aimed to evaluate the use of 
remotely sensed vegetation and moisture indices for model
ling sheep weight gain in semi-arid rangelands. Historical 
animal weight data were statistically compared to nine com
monly used vegetation indices extracted from Sentinel-2 
imagery to determine how vegetation condition related to 
sheep weight gain. 

Materials and methods 

Study area 

The study was conducted at the Carnarvon Agricultural 
Research Station (Fig. 1), approximately 25 km west of 
Carnarvon in the Northern Cape province of South Africa 
(31.0086°S, 21.8939°E). The research station is located within 
the Nama-Karoo Biome (>400 000 km2) (Mucina et al. 2006). 

The vegetation consists primarily of dwarf shrubs such as 
Pentzia spp., Eriocephalus spp. and Ruschia intricata, and 
grass species such as Aristida spp., Enneapogon spp. and 
Stipagrostis spp. The soils are very shallow, with the 
A horizon ranging between 10 and 500 mm deep and consist 
mainly of Glenrosa and Mispa forms. 

Mean annual precipitation (1927–2019) is 201 mm, with 
most rain occurring during late summer and early autumn. 
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Fig. 1. Location of the Western Upper Karoo region within the Nama-Karoo biome. Insert map shows the location within 
South Africa. The Carnarvon research station is indicated in black; the Nama-Karoo biome is indicated in light grey and the 
Western Upper Karoo vegetation type is indicated in dark grey.    
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March is the wettest month. Temperatures range from 39.9°C 
(maximum) in summer to −7.5°C (minimum) in winter. The 
primary land use is small stock farming (Hoffman et al. 2018). 

The long-term grazing trial 
This study forms part of a stocking density grazing trial on 

360 ha established in 1988 by the Department of Agriculture 
to assess the effects of four stocking densities on vegetation 
condition. The stocking densities were set at rates represent
ing ‘high’ (4.0 ha per small livestock unit (ha SSU−1)), ‘rec
ommended’ (5.5 ha SSU−1), ‘low’ (7.0 ha SSU−1) and ‘very 
low’ (8.0 ha SSU−1) stocking densities (Harmse and Gerber 
2018). Each herd in the trial consists of 12 Afrino ewes per 
stocking density treatment and the camps differ in size. For 
example, the three largest camps (32 ha each) have a low 
stocking density of 8 ha SSU−1 and the three smallest camps 
(16 ha each) have the highest stocking density of 4 ha SSU−1. 
The animals are alternated every 12 weeks in a three-camp 
rotational grazing management system. Each camp is con
sidered a replication, thus three replications per stocking 
density. A camp is similar to the term ‘paddock,’ which is 
used to describe a fenced-in area used for grazing. Additional 
information on the grazing trial is available from Harmse 
and Gerber (2018). 

Data collection and preparation 

Satellite data 
The Copernicus Open Access Hub was used to acquire 

Sentinel-2 (S2) imagery (Copernicus 2 2022). The twin S2 
Earth observation satellites captured 13-band multispectral 
images of the study site at a 5-day interval. The data set 
contained 26 cloud-free surface reflectance images repre
senting each month from November 2017 to December 
2019. The images were used to generate nine vegetation 
condition and soil moisture indices by using spectral bands 
2, 3, 4 and 8 (10-m spatial resolution), 9 (60-m spatial 
resolution) and 11 (20-m spatial resolution). Nine spectral 
indices were calculated, namely the atmospherically resist
ant vegetation index (ARVI) (Kaufman and Tanre 1992); 
bare soil index (BSI) (Rikimaru and Miyatake 1997; Diek 
et al. 2017); colour infrared (CIR) (Sripada et al. 2006; Ihse 
2007); green chlorophyll index (GCI) (Gitelson et al. 2005); 
green normalised difference vegetation index (GNDVI) 
(Gitelson et al. 1996); modified soil adjusted vegetation 
index 2 (MSAVI2) (Qi et al. 1994); moisture stress index 
(MSI) (Meng et al. 2016); normalised difference moisture 
index (NDMI) (Gao 1996); and the normalised difference 
vegetation index (NDVI) (Tucker 1979). 

Sheep movement data (GPS tracking collars) 
Three GPS/GSM collars (supplied by African Wildlife 

Tracking) were fitted to randomly selected sheep from each 
herd. In total, 12 GPS collars were fitted across all four 
stocking density treatments. The collared sheep were released 

into the grazing camps and 1 month was allowed for custo
misation to the GPS collars. Because the Afrino breed is a herd 
animal, the movements of the collared sheep represent the 
movements of the herds. The GPS collars were fitted at the 
beginning of each season (November), after which the sheep 
were free to graze undisturbed for the rest of the season (they 
were only handled briefly once every 2 weeks when the sheep 
were weighed). The collars recorded the GPS positions every 
hour over the study period (November 2017 to December 
2019). Each record comprised the observation’s date, time 
and coordinate (location) with a geo-position error of 10 m. 

Sheep weight data 
All 48 sheep were weighed at the start of each season and 

subsequently every 14 days. Weight gain or loss was deter
mined per season per year. Animal weight was recorded 
both at the start and end of each 12-week grazing period, 
and used to determine individual animal weight gain or loss 
and average weight gain or loss per herd (12 sheep). Weight 
measurements were taken across each grazing period (sum
mer, autumn, winter, spring), resulting in 44 individual 
weight measurements from the end of 2017 to the end 
of 2019, resulting in 2112 weight measurements in total. 
No supplementary feed was given. 

Mapping of grazing hot spots 
Preferred grazing areas, or hotspots, were identified 

using GPS point densities and hot spot analysis. The Getis- 
Ord Gi* statistic, as implemented in the Optimised Hot Spot 
Analysis tool of ArcGIS 10.7 (ESRI 2017), was used to 
identify statistically significant spatial clustering in the 
GPS data. A significant hot spot is indicated by a feature’s 
high Getis-Ord Gi* z-score and low P-value. A significant 
coldspot exists when the P-value is low and the negative z- 
score is low. There is no spatial clustering if the z-score is 
close to 0. The camp boundaries were used to define the 
bounding polygon. Additional information on determining 
preferred grazing areas is available in Harmse et al. (2022). 

Data analysis 

Statistical comparison of hot spots and grazing 
times 

One-way analysis of variance (ANOVA) and Tukey’s pair
wise post hoc test (TPPHT), as implemented in PAST ver. 
4.03 (Hammer et al. 2001), were used to determine whether 
there are a significant seasonal (summer and winter) differ
ences in daily temporal usage of hot spot grazing areas. 

Distance walked and total grazing area used 
Daily distances walked by sheep were determined and 

comparisons were made of the mean distance walked by 
sheep under different stocking density treatments. In addi
tion, the ratio between the distance walked and the availa
ble grazing area was calculated by dividing the daily 
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average distance walked by the size of the grazing area 
available for each specific stocking density. By applying 
ANOVA and TPPHT the significant differences in the dis
tance walked per day determined and the grazing areas used 
for different stocking densities were calculated. 

Statistical comparisons of animal weight gain and 
spectral indices 

Individual sheep weight gains or losses were calculated 
per season over two years. The average sheep weight gain of 
the herd per camp (i.e. stocking density) per season was 
correlated with the average spectral index value derived 
from the S2 imagery over the same period. Index values 
were subjected to logarithmic, reciprocal, square, and 
square root transformations to find the best approximation 
to the normal distribution. Data normality was tested using 
quantile plots. Linear and quadratic regressions were used to 
compare average sheep weight gain to the average spectral 
index values per camp. 

The best correlation was determined with linear and qua
dratic regression analysis fitted to the average spectral index 
scores. The magnitude of the trends for each vegetation, 

moisture and soil index was calculated to determine the 
highest correlation between animal weight gain and differ
ent spectral index scores. 

Results 

Grazing hotspots 

Harmse et al. (2022) found that grazing camps A1, B2, B3, B4, 
C2 and C4 (see Fig. 2) featured grazing hot spots (areas where 
sheep tend to cluster) along drainage lines. Sheep spent sig
nificantly more time in the hot spots although they represent a 
relatively small portion (average 3.4 ha) of the total available 
grazing land (average 25.9 ha). In contrast to this clustering, 
no flocking of sheep occurred when they were allocated to 
grazing camps with no drainage lines (A2, A3, A4, B1, C1 and 
C3 in Fig. 2). The identified hot spots (and cold spots) corre
lated highly (R2 = 0.82) with NDVI (Harmse et al. 2022). 

Grazing times 

During summer the sheep spent an average of 48.9% of their 
time in hot spots. According to Fig. 3, the sheep tended to 
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move into the hot spot grazing areas from 03:00 with a large 
proportion (28.6%) of time spent in hot spots between 03:00 
and 07:00, peaking at about 05:00. Sometime around 08:00 the 
sheep moved to water points, returning to hot spots between 
12:00 and 18:00. Most (14%) hot spot grazing occurred 
between 14:00 and 15:00. Significantly more time was spent 
in hot spots between 13:00 and 15:00 than any other time. 

Grazing patterns were different in winter (Fig. 3) when 
sheep moved into grazing areas later (from 05:00). 
On average the sheep spent 22.9% of their time in grazing 
hot spots between 05:00 and 08:00. The sheep spent less 
time outside the hot spots (e.g. at watering holes) in winter 
mornings compared with their behaviour in summer. Most 
(26.8%) of the time spent in hot spots occurred from 11:00 
to 17:00, peaking between 15:00 and 16:00. Significantly, in 
winter more time was spent in hot spots between 14:00 and 
17:00 compared with other times. 

Grazing area utilised under different stocking 
densities 

Sheep walked an average of 2600–3000 m per day (Fig. 4a). 
No significant differences were found in the distances 
walked by sheep under different stocking densities. In con
trast, the grazing area used by sheep under the different 
stocking densities varied significantly (Fig. 4b). The sheep in 
the LSD (light) group used less grazing area compared with 
the RSD (recommended) and HSD (high stocking density) 
groups (Fig. 4b). 

Animal weight gain versus spectral indices 

Nine spectral indices were statistically compared to average 
animal weight gain. Two indices, the bare soil index (BSI) 
and the green normalised difference vegetation index 
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(GNDVI), were best described by linear models based on the 
Akaike information criterion (Akaike 1974), whereas the 
atmospherically resistant vegetation index (ARVI), colour 
infrared (CIR), green coverage index (GCI), modified soil 
adjusted vegetation index 2 (MSAVI2), moisture stress index 
(MSI), normalised difference moisture index (NDMI) and the 
normalised difference vegetation index (NDVI) were best 
described using quadratic models. Strong (R2 > 0.72) mod
els were achieved for MSAVI2 and NDVI, the latter produc
ing the strongest (R2 = 0.77) model (Table 1). 

The residual standard deviation of weight gain was 
3.6 kg. The regression equation for the untransformed data 
was: ӯ = 930.41x2 + 188.72x − 18.766, where ӯ is the esti
mated weight gain (kg) and x is the mean NDVI value. The 
mean calculated weight gain was 3.1 kg (±3.7 s.e.) at an 
average NDVI of 0.08 (±0.009 s.e.). The minimum and max
imum NDVI values (0.009 and 0.127, respectively), and the 
recorded sheep weight gain or loss (20.3 and −11.8 kg, 
respectively) reflect the broad range and variability in terms 
of average seasonal NDVI values and animal weight gain.  
Fig. 5 depicts the best performing regression model. 

Because NDVI was the most successful index for model
ling sheep weight gain (Table 1), the magnitude of the 

model’s trend was determined for each stocking density 
(Table 2). A quadratic regression model best described the 
trends based on the Akaike information criterion (Akaike 
1974) for all densities. A statistically significant increase in 
weight gain with increasing NDVI was found for all stocking 
densities (Table 2, Fig. 5). The strongest model was pro
duced for the very light stocking density (VLSD) class. The 
mean calculated weight gain for the VLSD class was 4.2  kg 
(±3.3 s.e.), as NDVI increased by 0.082 (±0.008 s.e.). The 
weakest (R2 = 0.691) NDVI-based weight gain model was 
produced for the HSD class, with a mean weight gain of 
1.0 kg (±5.0 s.e.) as NDVI increased by 0.078 (±0.011 s.e.). 
Generally, a higher mean weight gain was noted for the 
VLSD cases compared with the HSD cases, while the increase 
in mean NDVI remained relatively stable (Fig. 6). 

Discussion 

Temporal grazing behaviour 

Sheep congregate around watering points at a certain time 
of the day. Harmse et al. (2022) found that these sheep later 

Table 1. Regression and test statistics of regression analyses applied to the average sheep weight gain and the spectral index (see text for 
abbreviations) scores for the different models (quadratic and linear).        

Index Regression equation Model R2 P F1,43   

ARVI y = 1005.4x2 + 291.63x + 12.77 Quadratic 0.517 4.89 × 10−8* 43.991 

BSI y = −0.004x + 36.389 Linear 0.156 0.008 7.887 

CIR y = −7188.2x2 + 2926.8x − 290.81 Quadratic 0.143 0.287 0.975 

GCI y = −76.366x2 − 18.159x + 3.627 Quadratic 0.101 0.187 1.797 

GNDVI y = 109.92x − 23.575 Linear 0.146 0.002 11.417 

MSI y = 393.81x2 − 1300.9x + 1073.6 Quadratic 0.112 0.031 4.952 

NDMI y = 4316.2x2 + 2120.8x + 259.86 Quadratic 0.117 0.028 5.196 

NDVI y = 930.41x2 + 188.72x − 18.766 Quadratic 0.770 7.24 × 10−15* 138.203 

MSAVI2 y = 356.88x2 + 139.85x − 18.424 Quadratic 0.727 2.33 × 10−13* 110.945 

Significant correlations are indicated in bold and with an asterisk (P < 0.01).  
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move to preferred patches of pasture (grazing hot spots) away 
from the watering points. The sheep in this study tended to 
graze mostly in the late afternoon and for a few hours in the 
morning. The animals were absent from grazing hot spots for 
most of the late morning and early afternoon. It is assumed 
this time was spent around the watering points to rest, drink 
and ruminate (Dwyer 2009). The temporal patterns were, 
however, characteristically seasonal. During winter months, 
morning grazing started and ended two hours later than in 
summer, whereas afternoon grazing excursions started and 
ended earlier in winter. For example, summer grazing ended 
around 17:00, while in winter grazing ended around 19:00. 
These results suggest that sheep adapt their grazing behaviour 
to compensate for the lower winter temperatures common in 
the Karoo and a later winter sunrise. Sheep appeared to wait 
for first light during winter before moving into the grazing 
areas. Shorter grazing time during the winter months means 
that the animals have to increase their rate of food intake. 
This agrees with Iason et al. (1999) who observed that daily 
foraging times affect instantaneous intake rates. 

In this study, animals started moving into hot spot areas 
as early as 03:00 in summer, suggesting they preferred the 
lower morning temperatures to graze before returning to 
the watering points where they spent longer in the late 
morning and early afternoon to hydrate before returning 
to grazing areas in the late afternoon when the tempera
tures started to drop. Farmers opting to kraal (i.e. keep 
animals in overnight holding pens) their animals for pro
tection against stock theft and predators consequently 
forfeit valuable grazing time and alter typical sheep graz
ing behaviour in summer. 

Sheep adapted their grazing behaviour according to the 
season. This has significant implications for rangeland man
agement, particularly in relation to extensive rangelands 
such as those in South Africa and Australia, where animals 
are often herded over long distances into holding pens 
(krale). Management of sheep grazing patterns (e.g. when 
they would likely be close to watering points or in grazing 
hot spots) could reduce animal stress and vegetation damage 
caused by trampling and vehicles. 

Table 2. Regression and test statistics of regression analyses fitted to the average animal group weight and the season average NDVI scores 
under four different stocking densities.       

Stocking density Quadratic regression equation R2 P F1,10   

High y = 510.0x2 + 281.1x − 24.27 0.691 0.009* 8.946 

Recommended y = −8146.1x2 + 1769.9x − 85.30 0.782 0.002* 14.331 

Low y = 1006.5x2 + 103.65x − 12.33 0.793 0.002* 15.296 

Very low y = 4088.8x2 − 328.42x + 2.179 0.906 7.76 × 10−5* 38.624 

Significant correlations are indicated by an asterisk (P < 0.01).  
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Fig. 6. Regressions with untransformed 
data showing the relationship between 
average animal weight gain and average 
vegetation condition scores under different 
stocking densities: (a) very low; (b) low; 
(c) recommended; and (d) high.    
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Grazing area utilised under different stocking 
densities 

The average distance walked per sheep per day accorded 
with the distances recorded in previous studies, i.e. about 
3 km (Roux 1992; Brand 2000). When assuming less compe
tition for forage among sheep at lower stocking densities 
(i.e. they would reach a level of fulfillment sooner and 
return to the watering point), one expects sheep occupying 
higher stocking densities to walk longer distances per day 
compared to those at lower densities. But it transpired that 
distances walked did not significantly differ between the 
various stocking densities. A plausible explanation is that 
sheep have a survival instinct to cover a certain distance per 
day in search of fodder. The distance sheep walk has adverse 
consequences for animal productivity, and increases their 
energy requirements (Maurya et al. 2012). Walking longer 
distances in search of fodder results in reduced weight gain 
and milk production while negatively influencing reproduc
tive performance due to substantial amounts of energy being 
used to combat walking stress (Henning 1987; Matthewman 
et al. 1993). In contrast to the findings about distance 
walked, significant differences became evident in the use 
of grazing area between the various stocking density classes. 
Lower stocking densities revealed the use of less available 
grazing land compared to use at higher stocking densities. 
Sheep grazing at lower stocking densities experience less 
competition from other sheep in finding fodder and meeting 
nutritional requirements. This likely reduces the need for the 
sheep to travel longer distances in these camps and utilise 
the larger available areas in search of forage (Winder et al. 
1996; Browning et al. 2018). 

Statistical comparisons between animal weight 
gain and spectral indices 

Average NDVI correlated best with sheep weight gain, out
performing the other eight indices (ARVI, BSI, CIR, GCI, 
GNDVI, MSI, NDMI, MSAVI2). The NDVI makes use of the 
red and near infrared light reflectance of vegetation. 
Chlorophyll absorbs most of the red light, while leaves’ inter
nal structure reflects most near infrared light (Nemani and 
Running 1989). A possible explanation for NDVI’s top per
formance is that it is a good indicator of the presence of 
vegetation with higher nitrogen content and digestibility 
(Insua et al. 2019; White et al. 2019). In such circumstances, 
weight gain in sheep in camps with a high NDVI value would 
be higher through consuming the better quakity forage. NDVI 
is also useful for monitoring vegetation at continental or 
global scales, as to the index compensates for changing illu
mination conditions, surface slope and aspect (Olthof et al. 
2008). In the semi-arid rangelands of the Karoo these criteria 
are highly variable across space and time. 

The effectiveness of NDVI for estimating sheep weight 
in Karoo shrublands has several important implications. 

NDVI is relatively well understood by farmers and it is easily 
obtainable from a wide range of sources at high spatial and 
temporal resolutions. For instance, the S2 imagery used in 
this study is available at 5-day intervals and at 10-m spatial 
resolution. Consequently, sheep weight gain can be esti
mated per camp on an ongoing basis for determining if 
and when supplementary feed is necessary. Feed supplemen
tation can start as soon as weight loss is detected (modelled) 
(González et al. 2018; Pearson et al. 2021). If supplementary 
feed cannot be provided, stocking densities can be reduced. 
NDVI-based weight gain modelling can inform livestock 
farmers when to remove animals from camps to ensure 
health-conscious consumers that standards for maximum 
fat levels are met. Under a rotational grazing management 
system, knowing when and where (depending on available 
forage) to move animals can significantly improve meat 
production and quality. Even the very large camps of the 
Karoo can be easily managed in this way. Also, remotely 
sensed weight monitoring can help livestock farmers in this 
harsh environment to make more informed and timely deci
sions (Handcock et al. 2009; Pearson et al. 2021). 

This is the first study to show the relationships between 
vegetation indices and sheep weight gain in Karoo range
lands using remote sensing technologies. The methods used 
and tested in the semi-arid study environment can be 
applied across all Karoo rangelands and integrated with 
fine-scaled studies of resource selection to inform interpre
tations about livestock space use across spatial scales. 

Limitations of the study 

The NDVI-based weight gain models performed very well 
(R2 from 0.72 to 0.91) for low to medium stocking densities, 
but less so for high stocking densities. This is most likely due 
to rangelands being over utilised or degraded under high 
stocking densities. On farms that are not managed sustain
ably, the NDVI-based model may not provide accurate esti
mates of weight gain. 

Daily temperatures and their impacts on time spent graz
ing were not assessed. The rainfall-based weight gain model 
performed relatively well (R2 of 0.81) for high stocking 
densities. More work is needed to investigate whether a 
combination of the two approaches (i.e. NDVI and rainfall) 
would offer a more robust solution. 

The role of herd size on time spent grazing was not 
assessed. Previous studies have found that sheep in smaller 
groups spent less time grazing than sheep in larger groups 
(Penning et al. 1993). The finding of this study that lower 
stocking densities utilise smaller grazing areas supports 
these earlier findings. A main limitation of this study is 
that the animals studied were not reproductive. The weight 
gain of reproductive sheep and the additional load on the 
vegetation during the lambing season could lead to different 
results. A similar study focussing on reproductive sheep is 
recommended. 
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Conclusion 

Combining RS and GPS data improved our understanding of 
sheep grazing patterns and sheep weight gain. This can lead 
to the optimisation of production potential through preci
sion farming. GPS-based remote monitoring of sheep beha
viour across rangelands can assist in managing flocks, as 
well as their impacts on the environment. 

The model developed for the prediction of sheep weight 
gain is accurate and suitable for use in semi-arid rangelands of 
the Karoo. The stocking densities used by farmers were 
accounted for by sampling weight gain under varying degrees 
of grazing pressures. The regression equation is applicable to 
NDVI values derived from Sentinel-2 images to support 
livestock-related decisions in the Karoo rangelands. The 
novel weight gain model can assist farmers in their land 
management decisions and help prevent overgrazing by deter
mining optimal stocking densities. Given that the model can 
be applied per pixel, it is useful for redesigning grazing camps 
to increase the production potential of these rangelands. If a 
camp shows the potential for additional weight gain, the 
farmer can decide to utilise the camp for a longer period, or 
allocate additional sheep to ensure the camp is utilised to its 
full potential. 

The best prices for livestock are achieved when animals 
are bought by companies selling to health-conscious con
sumers (Wilson 2015; Hughes 2016). Therefore, these com
panies prefer qualifying free-ranging sheep and often reject 
sheep that are too fat. This weight gain model allows flock 
monitoring and provides near real-time information on the 
ideal time for removing the animals, thereby ensuring that 
the standards set by such companies are maintained. 

Knowing the time of day sheep graze can help to optimise 
livestock production. Our findings suggest that animals fenced 
at night would lose valuable grazing time during the summer 
months, depending on the time the flock is fenced. Lighter 
stocking densities with less competition among sheep reduce 
both the need for sheep to travel long distances and the need 
for larger available areas to obtain forage to meet nutritional 
requirements. 

The methods developed in this study provide a novel 
framework for understanding the space use and weight 
gain of sheep in the semi-arid Karoo and similar environ
ments. As such, the framework should have broad applica
tions for studies conducted in arid systems globally and 
owing to its cost-effectiveness and repeatability, it could 
provide a long-term monitoring template for livestock stud
ies elsewhere. 
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