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Abstract: In recent decades, southern Africa has experienced a shift towards hotter and drier climate
conditions, affecting vital sectors like agriculture, health, water, and energy. Scientific research
has shown that the combination of high temperatures and unreliable rainfall can have detrimental
effects on agricultural production. Thus, this study focused on assessing climate variability, with
implications on rangelands in the Limpopo Province of South Africa over 38 years. Historical climate
data from 15 stations, including rainfall and minimum and maximum temperatures from 1980 to
2018, were analysed. To achieve the main objective, various statistics including mean, standard
deviation, and coefficient of variation (CV) were computed for all variables across four seasons. The
results highlighted significant variability in rainfall, with Musina (71.2%) and Tshiombo (88.3%)
stations displaying the highest variability during the September-to-April season. Both minimum and
maximum temperatures displayed low variability. The Mann-Kendall test revealed both increasing
and decreasing trends in minimum temperatures and rainfall across different stations. Notably,
there was a significant increase in maximum temperatures. This study provides valuable climate
information for decision makers, aiding in the planning and management of agricultural activities,
particularly in understanding how climate variations affect forage availability in rangelands.

Keywords: rainfall analysis; temperature analysis; climate change; coefficient of variation; trend
analysis; Mann-Kendall test

1. Introduction

Climate variability and change, along with their interaction with anthropogenic activi-
ties, present significant challenges that have global repercussions on food production [1-8].
The complex mechanisms driving climate variability are influenced by various factors [9,10].
Variations in rainfall and temperature have been linked to various drivers such as El Nifio
Southern Oscillation (ENSO) across the globe [11-13]. Projections indicate that Africa will
experience increased temperatures and unreliable rainfall during the 21st century [11,14-17].

Climate variability will affect various sectors such as agriculture, health, water, and
energy [18]. Impacts resulting from climate variability and change range from sea level
rise to increasing heat waves as well as variability in rainfall patterns [7,19-23]. These tem-
perature and rainfall variations can have adverse effects, exacerbating existing challenges,
including recurring droughts, floods, heatwaves, widespread poverty, and limited adaptive
capacity in some regions [22]. For instance, a decline in grazing capacity has been noted
globally, posing challenges for farmers and pastoralists who struggle to find sufficient
grazing resources for both small and large livestock [4,6,20,24,25]. In most climatic regions,
agricultural disruptions resulting from climate anomalies have led to substantial economic
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losses [1]. Moreover, tropical and subtropical areas, such as southern Africa, have primar-
ily experienced adverse effects that have contributed to food insecurity and livelihood
challenges [26-29]. The region has further witnessed increased maximum temperatures,
marked by heatwaves [30], as well as unreliable rainfall patterns [31].

Agricultural production plays a critical role in South Africa’s economy, influencing
food security, employment, and overall economic growth [7,8,32]. Many small-scale farm-
ers in the Limpopo Province primarily rely on rain-fed farming for their livelihoods [31,33].
This makes them particularly vulnerable to climate variability, resulting in livestock
losses due to extreme weather events such as heatwaves, dry spells, and heat-related
diseases [7,8,31,33-38]. Additional impacts on livestock, especially in arid and semi-arid
regions, include reduced carrying capacity (pasture, water quality, and quantity) which
will affect stocking rates [25]. However, if the adaptation of farmers to climate variability
can be enhanced, they will become less vulnerable to the aforementioned impacts [39].

Therefore, a comprehensive analysis of regional spatial and temporal rainfall and
temperature variations is crucial to provide evidence of climate variability, enhancing local
understanding and interpretation. The dissemination of this analysis is crucial to ensure
that pertinent stakeholders, including farmers, extension services, and land managers, are
well informed for making on-farm decisions. This encompasses tasks such as scheduling
grazing periods, adjusting livestock numbers, conducting controlled burning of the veld,
administering vaccinations, and procuring livestock feed and protein supplements [38,40].
The communication of this information must be pertinent [41], taking into consideration
language, regional specificity, and temporal scales [20,42,43].

Numerous studies in the Limpopo Province have focused on climate mitigation and
adaptation [31,39,44-46] and climatic trends [27,47-50], but few have concentrated on the
implications of climate variability on rangeland productivity. Subsequently, this study em-
ploys a statistical analysis to examine climate variability and its implications for rangeland
productivity. The main objective of the study is to assess spatial and temporal changes in
seasonal rainfall and temperature trends over the study period, investigating the hypothesis
that the Limpopo Province has undergone climate variability during this time. The second
objective is to provide implications for rangeland productivity based on the results. The
findings are anticipated to contribute to predicting future trends in these climate variables
and quantifying extreme events, encompassing exceptionally hot or cold temperatures, as
well as exceedingly wet or dry conditions.

2. Materials and Methods
2.1. Site Description

The Limpopo Province is situated in the northeastern part of South Africa, spanning
the geographic coordinates of 22° to 25° S latitude and 26° to 32° E longitude (Figure 1). This
region is a significant component of the semi-arid savanna biome, comprising the bushveld,
dry woodlands, and grasslands [51,52]. The topography of Limpopo Province varies
from mountainous terrain (escarpment) to flatlands (Lowveld), with elevations ranging
from below 400 m to over 1500 m above sea level. The diverse topography significantly
influences the distribution of vegetation in this area [53]. The local economy is bolstered by
mining, tourism, and agriculture as key sectors [54]; however, a high unemployment rate
(49%) persists, particularly in rural areas [55].
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Figure 1. A map showing annual rainfall in South Africa, with the research area situated in the
northeastern region.

2.2. Climate and Agricultural Activities

The climate in the Limpopo Province is characterized by a transition from warm desert
(BWh) to warm semi-arid (BSh) and humid subtropical (Cwa) conditions based on the
Koppen climate classification. Summers (December through February; DJF) are character-
ized by hot days and nights, with mean maximum temperatures reaching approximately
28 °C [48]. In contrast, winters (June through August; JJA) experience milder conditions
with mean minimum temperatures of approximately 18 °C [48,56]. Rainfall patterns vary
annually, resulting in a diverse range of vegetation across the province. Rainfall primarily
occurs from October to April, with annual mean precipitation levels ranging from less than
350 mm in low-lying areas to over 1000 mm in mountainous regions. The primary source of
rainfall in this region is convective systems [57]. However, recent decades have witnessed
increased climate variability, leading to unreliable rainfall and recurrent droughts that have
had severe impacts on agriculture and water resources [10]. Overpopulation, overgrazing,
and rainfall variability have resulted in extensive land degradation in the northeastern
parts of the province [31,58,59].

Agriculture plays a crucial role in the regional economy, with extensive livestock
activities and ranching operations contributing significantly [60]. Approximately 75% of
the natural vegetation is attributed to grazing lands, with the remaining 25% designated for
various land uses, primarily commercial and small-scale farming activities [61]. Rain-fed
subsistence farming is widely practiced by rural households, making them more prone to
climate variability and change [23]. Commercial agriculture is mainly centralized in the
southern and western regions of the province. The main soil types found in the region
include sandy, loamy, and clay soils [62,63]. Key crops cultivated in Limpopo include
tropical fruits, cereals, and vegetables, while livestock farming predominantly involves
cattle, goats, and chickens [44].
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3. Data and Methods
3.1. Data and Quality Control

The climate data utilized in this study were acquired from the Agricultural Research
Council climate databank [64]. The dataset encompassed a 30-year span (1979/80-2017/18)
of daily temperature and rainfall records. Rainfall and temperature are important pa-
rameters for determining climate variability in agricultural production systems [65]. A
total of 15 stations, situated in different agroecological zones such as arid, semi-arid, and
sub-humid, were chosen to provide comprehensive climate information, including min-
imum and maximum temperature as well as rainfall (Table 1). The selection of these
stations followed the standards set by the World Meteorological Organization (WMO),
which mandates a minimum data duration of 30 years and relatively complete data for
climatological studies. A rigorous examination of the data was undertaken to identify
inconsistencies and errors, leading to the removal of faulty values. Any gaps in the data
were addressed using the ARC Stand-Alone Data Patch function, which utilizes the In-
verse Distance Weighting method with neighbouring stations [64,66]. The weather station
data were quantified through comparison with hourly field ERA5-Land climate reanalysis
data [67]. This comparison not only enhances the scientific robustness of the dataset but
also facilitates a comprehensive evaluation of its accuracy and reliability.

Table 1. Characteristics of selected weather stations in the Limpopo Province.

Years of

Station Available Data Latitude (°S)  Longitude (° E) Altitude (m)
Thabazimbi 83 —24.6 27.4 1164
Roedtan 66 —24.6 29.1 973
Fleur-de-lys 108 —24.5 31.0 622
Sentrum-ysterpan 33 —24.3 274 1005
Modjadji 32 —23.6 30.4 977
Phalaborwa 51 —-23.9 31.2 433
Marnitz 58 —23.2 28.2 932
Shingwedzi 61 —-23.1 314 215
Punda maria 94 —22.7 31.0 462
Musina 42 —22.2 29.9 505
Tshiombo 35 —22.8 30.5 650
Settlers 39 —24.9 28.6 1050
Zebediela 44 —24.3 29.3 1250
Bavaria fruit estates 74 —24.4 30.9 550
Lephalale 33 —23.8 27.7 826

3.2. Data Analysis

Climate data were collected and averaged annually and seasonally to determine
minimum and maximum temperatures across the four seasons. Rainfall data were similarly
compiled into annual and seasonal totals for the four seasons: summer (DJF), autumn
(March through May; MAM), winter (JJA), and spring (September through November;
SON). Linear regression was employed to illustrate inter-annual variability, focusing on
the monthly, seasonal, and annual trends. The resulting time-series graphs were examined
to evaluate climate variability. Various tests were employed to analyse climate parameters
over the study period. To address the primary objective, statistical measures such as
mean, standard deviation, and coefficient of variation [7,8,68,69] were calculated to assess
both the annual and seasonal variability of rainfall, as well as minimum and maximum
temperatures, spatially and temporally.

3.2.1. Coefficient of Variation (CV)

The coefficient of variation (CV) was employed to evaluate the extent of seasonal
and annual variability during the observation period. This study utilized the following
categories outlined by [70] for the coefficient of variation: (1) high variability (CV > 30), (2)
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moderate (20 < CV < 30), and (3) low (CV < 20) (Tables 2-5). A higher CV value indicates
greater climatic variability within the study area, while a lower value signifies reduced
variability. The CV is computed using the following equation:

CV =0/ x 100 (1)

where CV represents the coefficient of variation, o is the standard deviation, and p is the
mean recorded.

Table 2. The coefficient of variation results for selected weather stations in the Limpopo Province for
rainfall, minimum and maximum temperatures (1980-2018).

. Minimum Maximum
Rainfall
Temperature Temperature
Station Name

cv cv cv cv cv cv

(%) Category (%) Category (%) Category
Thabazimbi 27.0 Moderate 6.1 Low 4.8 Low
Roedtan 29.4 Moderate 5.6 Low 42 Low
Fleur-de-lys 29.2 Moderate 4.8 Low 29 Low
Sentrum-ysterpan 259 Moderate 7.4 Low 45 Low
Modjadji 35.7 High 7.3 Low 6.6 Low
Phalaborwa 38.4 High 3.1 Low 3.3 Low
Marnitz 32.3 High 6.4 Low 6.1 Low
Shingwedzi 424 High 3.8 Low 47 Low
Punda maria 59.4 High 5.6 Low 48 Low
Musina 41.5 High 3.9 Low 43 Low
Tshiombo 62.8 High 2.6 Low 2.6 Low
Settlers 20.9 Moderate 6.4 Low 42 Low
Zebediela 22.6 Moderate 6.1 Low 3.6 Low
Bavaria 29.5 Moderate 4.7 Low 2.8 Low
Lephalale 40.7 High 9.1 Low 3.5 Low

Table 3. The coefficient of variation results for total seasonal rainfall for the December—January-
February (DJF), March-April-May (MAM), June-July—August (JJA), and September—October—
November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JJA SON
Station Name cv cv cv cv cv cv cv cv
(%) Category (%) Category (%) Category (%) Category

Thabazimbi 65.5 High 43.7 High 118.8 High 434 High
Roedtan 422 High 64.1 High 297.3 High 53.2 High
Fleur-de-lys 42.7 High 42.0 High 105.4 High 42.2 High
Sentrum-ysterpan 67.9 High 46.4 High 131.8 High 35.3 High
Modjadji 58.2 High 55.0 High 86.2 High 41.1 High
Phalaborwa 52.0 High 49.7 High 108.4 High 52.7 High
Marnitz 45.2 High 55.6 High 122.9 High 54.9 High
Shingwedzi 63.7 High 70.4 High 84.1 High 52.7 High
Punda maria 69.5 High 77.2 High 366.1 High 59.5 High
Musina 712 High 83.5 High 161.7 High 56.3 High
Tshiombo 57.3 High 77.3 High 316.1 High 88.2 High
Settlers 35.0 High 62.8 High 112.8 High 39.2 High
Zebediela 327 High 56.6 High 130.7 High 449 High
Bavaria 424 High 43.0 High 111.8 High 48.7 High

Lephalale 56.3 High 67.3 High 239.8 High 62.2 High
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Table 4. The coefficient of variation results for mean minimum temperature for the December—
January-February (DJF), March-April-May (MAM), June-July—August (JJA), and September—
October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JJA SON
Station Name CV Ccv Ccv Ccv CVv Ccv Ccv Ccv
(%) Category (%) Category (%) Category (%) Category
Thabazimbi 4.5 Low 9.1 Low 28.9 Moderate 7.8 Low
Roedtan 4.2 Low 8.0 Low 32.5 High 7.4 Low
Fleur-de-lys 5.3 Low 6.1 Low 10.2 Low 52 Low
Sentrum-ysterpan 4.5 Low 12.6 Low 24.0 Moderate 9.2 Low
Modjadji 11.2 Low 10.3 Low 14.7 Low 10.2 Low
Phalaborwa 3.4 Low 5.0 Low 9.2 Low 3.7 Low
Marnitz 53 Low 8.8 Low 16.4 Low 8.2 Low
Shingwedzi 5.3 Low 7.0 Low 9.8 Low 6.6 Low
Punda maria 3.9 Low 8.0 Low 15.3 Low 53 Low
Musina 3.8 Low 6.5 Low 11.3 Low 4.1 Low
Tshiombo 2.6 Low 5.2 Low 7.0 Low 3.8 Low
Settlers 3.6 Low 75 Low 28.6 Moderate 7.8 Low
Zebediela 3.3 Low 8.4 Low 23.0 Moderate 6.0 Low
Bavaria 5.2 Low 6.6 Low 13.1 Low 5.1 Low
Lephalale 8.0 Low 10.9 Low 20.8 Low 11.8 Low

Table 5. The coefficient of variation results for mean maximum temperature for the December—
January-February (DJF), March-April-May (MAM), June-July—August (JJA), and September—
October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JJA SON
Station Name CV Ccv Ccv (% CVv Ccv Ccv Ccv
(%) Category (%) Category (%) Category (%) Category
Thabazimbi 5.7 Low 74 Low 5.8 Low 45 Low
Roedtan 4.6 Low 4.8 Low 5.5 Low 5.2 Low
Fleur-de-lys 3.3 Low 3.7 Low 3.4 Low 3.9 Low
Sentrum-ysterpan 5.0 Low 53 Low 5.0 Low 52 Low
Modjadji 7.0 Low 7.7 Low 7.8 Low 75 Low
Phalaborwa 3.5 Low 4.7 Low 4.3 Low 3.8 Low
Marnitz 6.8 Low 6.9 Low 6.7 Low 6.0 Low
Shingwedzi 6.1 Low 6.3 Low 4.7 Low 5.5 Low
Punda maria 9.0 Low 8.6 Low 4.4 Low 5.2 Low
Musina 59 Low 5.3 Low 4.6 Low 4.3 Low
Tshiombo 44 Low 4.4 Low 3.3 Low 3.5 Low
Settlers 5.2 Low 54 Low 5.1 Low 49 Low
Zebediela 4.3 Low 4.0 Low 4.8 Low 4.1 Low
Bavaria 3.8 Low 3.5 Low 3.6 Low 3.4 Low
Lephalale 44 Low 49 Low 4.5 Low 42 Low

3.2.2. Trend Detection

Trend detection was performed through a time-series analysis and the Mann—Kendall
test. The time series encompassed total seasonal rainfall and mean seasonal minimum and
maximum temperatures (Figures 2—4). To identify climatic trends in the time-series data,
the Mann-Kendall test [1,7,8,65,71-73] was utilized at a significance level of p < 0.01, <0.05,
and <0.10 (Tables 6-8). The process included detecting increasing and decreasing slopes of
trends in rainfall and temperature data. To ensure accurate trend analysis, the data records
spanned approximately 38 years, adhering to [74] guidelines that stipulate a minimum of
30 years’ worth of data for precise climatic trend assessments.
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Figure 3. Inter-annual variation in mean minimum temperatures in the seasons December—January-
February (DJF) (magenta line), March—-April-May (MAM) (green line), June-July-August (JJA) (blue

line), and September—October-November (SON) (red line) in the period 1980-2018.
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Figure 4. Inter-annual variation in mean maximum temperatures in the seasons December-January-
February (DJF) (magenta line), March—April-May (MAM) (green line), June-July-August (JJA) (blue
line), and September—October-November (SON) (red line) in the period 1980-2018.

Table 6. Mann—Kendall test results, showing the p-Value and z-statistic, for total seasonal rainfall
for the December—January-February (DJF), March-April-May (MAM), June-July-August (JJA), and
September—October—-November (SON) seasons in the selected stations in the Limpopo Province
(1980-2018).

DJF MAM JJA SON
Station
p-Value z p-Value z p-Value z p-Value z
Thabazimbi 0.00039 *** 3.545 0.632 0.477 0.00006 *** —3.986 0.191 1.307
Roedtan 0.00567 *** —2.765 0.279 1.081 0.1275 1.5239 0.257 —1.131
Fleur-de-lys 0.1379 1.483 0.320 0.993 0.4736 —0.716 0.546 0.603
Sentrum-ysterpan  0.00016 *** 3.771 0.939 0.075 0.0036 *** —2.910 0.268 1.106
Modjadji 0.9599 —0.050 0.821 —0.226 0.1103 —1.596 0.041 ** —2.037
Phalaborwa 0.99 —0.012 0.979 0.025 0.1021 —1.634 0.489 —0.691
Marnitz 0.2373 1.181 0.850 —0.188 0.9097 0.1134 0.7154 0.364
Shingwedzi 0.0498 ** 1.961 0.2179 1.232 0.9199 0.1005 0.2226 1.219
Punda maria 0.1251 1.533 0.0528 * 1.936 0.2474 1.1568 0.743 —0.326
Musina 0.0627 * 1.860 0.8014 0.251 0.8496 —0.189 0.7061 —0.377
Tshiombo 0.2909 1.056 0.2373 1.181 0.5546 —0.590 0.939 0.075
Settlers 0.8406 0.201 0.2579 1.131 0.5883 —0.541 0.919 0.100
Zebediela 0.5631 —0.578 0.4067 0.829 0.6778 —0.415 0.435 0.779
Bavaria 0.3788 0.880 0.3457 0.942 0.6328 —0.477 0.8801 0.150
Lephalale 0.0122 * —2.503 0.1346 —1.496 0.9197 —0.100 0.296 —1.043

*** Trends statistically significant at p < 0.01; ** trends statistically significant at p < 0.05; * trends statistically
significant at p < 0.10.
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Table 7. Mann—Kendall test results, showing the p-Value and z-statistic, for mean minimum tempera-
ture for the December—January-February (DJF), March-April-May (MAM), June-July-August (JJA),
and September—October-November (SON) seasons in the selected stations in the Limpopo Province
(1980-2018).

DJF MAM JJA SON
Station
p-Value z p-Value z p-Value z p-Value z
Thabazimbi 0.419 —0.806 0.0276 ** 2.2026 0.00023 *** 3.673 0.473 0.717
Roedtan 0.0962 * —1.663 0.1618 —1.399 0.00885 *** —2.617 0.101 —1.636
Fleur-de-lys 0.0440 ** —2.013 0.3194 —0.9956 0.2035 1.271 0.173 —1.360
Sentrum-ysterpan 0.357 0.919 0.0219 ** 2.2912 0.00262 *** 3.008 0.0623 * 1.863
Modjadji 0.147 1.446 0.488 0.6925 0.3583 —0.918 0.0402 ** 2.051
Phalaborwa 0.909 —0.113 0.161 —1.3988 0.0585 * —1.891 0.742 0.327
Marnitz 0.118 1.562 0.99 0.0125 0.0590 * —1.888 0.398 0.844
Shingwedzi 0.017 ** —2.367 0.0135 ** —2.4701 0.8799 —0.151 0.351 —0.931
Punda maria 0.419 0.808 0.005 *** —2.7964 0.0184 ** —2.356 0.118 —1.562
Musina 0.0797 * —1.752 0.0779 * —1.7629 0.9397 0.075 0.246 —1.159
Tshiombo 0.0984 * —1.652 0.0019 *** —3.1032 0.3318 —0.970 0.969 —0.037
Settlers 0.742 0.328 0.1096 1.5999 0.2413 1171 0.398 0.844
Zebediela 0.512 —0.655 0.0571 * —1.9021 0.0367 ** —2.088 0.919 0.100
Bavaria 0.545 —0.604 0.6963 —0.390 0.1188 1.560 0.398 —0.843
Lephalale 0.000 *** 4.066 0.0007 *** 3.3848 0.0322 ** 2.140 0.000 *** 4.190
*** Trends statistically significant at p < 0.01; ** trends statistically significant at p < 0.05; * trends statistically
significant at p < 0.10.
Table 8. Mann-Kendall test results showing the p-Value and z-statistic, for mean maximum tempera-
ture for the December—January-February (DJF), March-April-May (MAM), June-July-August (JJA),
and September—October-November (SON) seasons in the selected stations in the Limpopo Province
(1980-2018).
DJF MAM JJA SON
Station
p-Value z p-Value z p-Value z p-Value z
Thabazimbi 0.2175 —1.233 0.899 —0.1258 0.3581 0.9189 0.571 0.5665
Roedtan 0.057 * 1.9005 0.0524 * 1.9394 0.0000 *** 3.9278 0.0004 *** 3.516
Fleur-de-lys 0.3987 —0.843 0.2897 —1.0588 0.7241 0.3530 0.8998 —0.125
Sentrum-ysterpan 0.064 * 1.8501 0.0993 * 1.6482 0.0028 *** 2.9864 0.0005 *** 3.4606
Modjadji 0.007 *** 2.666 0.0041 *** 2.8688 0.0000 *** 3.9752 0.0000 *** 4.7796
Phalaborwa 0.025 ** 2.241 0.0073 *** 2.6814 0.0000 *** 4.4326 0.0000 *** 4.5083
Marnitz 0.003 *** 2.932 0.0001 *** 3.7272 0.0000 *** 4.4187 0.0000 *** 4.1934
Shingwedzi 0.019 ** —2.328 0.1659 —1.3854 0.1987 —1.285 0.1587 —1.409
Punda maria 0.781 0.276 0.5883 0.5412 0.0012 *** 3.237 0.0002 *** 3.7051
Musina 0.273 1.095 0.0314 ** 2.1514 0.0000 *** 4.3348 0.0013 *** 3.1958
Tshiombo 0.919 0.100 0.4577 0.7425 0.0032 *** 2.9465 0.0017 *** 3.1218
Settlers 0.008 *** 2.643 0.006 *** 2.7065 0.0000 *** 4.3958 0.0000 *** 4.2781
Zebediela 0.069 * 1.815 0.0212 ** 2.3044 0.0000 *** 4.5321 0.0001 *** 3.7397
Bavaria 0.762 —0.302 0.8012 0.2518 0.0991 * 1.649 0.04517 ** 2.0031
Lephalale 0.488 0.692 0.0717 * 1.8006 0.0000 *** 4.5079 0.0002 *** 3.6749

*** Trends statistically significant at p < 0.01; ** trends statistically significant at p < 0.05; * trends statistically
significant at p < 0.10.5.

The Mann-Kendall test, a non-parametric method for identifying trends in data, was
adopted to evaluate trends and their significance in this study. The World Meteorological
Organization has endorsed this test as suitable for assessing trends in environmental-data
time series [75], as it does not necessitate a normal distribution of data [76]. The test
involves comparing each value of the time series with the others in sequence. The sum of
these comparisons is represented by the S statistic:
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For large n, the S statistic tends to normality, with definitions for mean and variance
shown below:
E(S)=0 3)

Var(S) = 11—8 {n(n 1)@ +5) =Y bty —1) (2t + 5)} , (4)

where the time-series length is shown by #, the pth value’s number of ties is shown by tp,
and the number of tied values is shown by 4. Subsequently, an adjustment of tied data is
given by the second term. The Z statistic is given by:

S-1 ;
Z= 0 if S=0, (5)

S—1 ;

7S if S<0.

The presence of a statistically significant trend is determined using the Z value. The
null hypothesis is evaluated by the Z statistic in a case where there is no trend. A positive
(negative) value shows an increasing (decreasing) trend in the time series. To test whether
a monotonic trend is increasing or decreasing at a p-significance level, the null hypothesis
is rejected at an absolute value of z greater than Z1 p = 2. This study considered a p-value
of 0.01, 0.05, and 0.10.

(%_ x;
(=1

where j and i are measured by the slope between data points Xj and Xi, respectively.

B = Median foralli < j (6)

4. Results
4.1. Inter-Annual Variability of Climatic Variables

Table 2 presents the coefficient of variation results for total rainfall, as well as minimum
and maximum temperatures in the selected stations in the Limpopo Province spanning from
1980 to 2018. The mean and standard deviation (SD) results are available in Appendix A
(Table A1).

Throughout the study period, rainfall displayed a combination of moderate (46.6%
of the stations) and high (53.3% of the stations) CVs. The Tshiombo station displayed the
highest CV at 62.8%, with an average of 1003.0 mm and an SD of 630.5 mm.

Minimum temperatures consistently displayed low CVs across all stations during
the study period. The lowest CV of 2.6% was observed at the Tshiombo station, with an
average temperature of 15.1 °C and an SD of 0.4 °C.

Similarly, all stations exhibited low CVs for maximum temperatures. The Tshiombo
station recorded the lowest CV of 2.6%, with an average temperature of 27.3 °C and an SD
of 0.7 °C.

4.2. Inter-Annual Variability of Seasonal Rainfall

Figure 2 illustrates the inter-annual variability observed in the total seasonal rainfall
across all four seasons, while Table 3 presents the coefficient of variation with its category
for total seasonal rainfall for the four seasons during the period from 1980 to 2018. The
mean (mm) and standard deviation (SD) can be viewed in Appendix A (Table A2).
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During the DJF season, all stations exhibited a notably high CV, with the Musina
station recording the highest CV at 71.2%. The mean rainfall for this season at Musina
was 193.9 mm, with a standard deviation of 138.0 mm. Similarly, during the MAM season,
high CV values were observed at all stations, with the Musina station again recording the
highest CV at 83.5%. The mean rainfall for the MAM season at Musina was 65.6 mm, with
a standard deviation of 54.8 mm.

The JJA season also witnessed a high CV at all stations, with the Punda Maria station
registering the highest CV at 366%. For this season, the mean rainfall at Punda Maria
was 39.4 mm, with a standard deviation of 144.1 mm. Lastly, during the SON season, all
stations exhibited a high CV. The Tshiombo station had the highest CV at 88.3%, with a
mean rainfall of 216.1 mm and a standard deviation of 190.7 mm.

4.3. Inter-Annual Variability of Minimum Temperatures

Figure 3 illustrates the inter-annual variability observed in the analysis of mean
minimum temperatures across all four seasons. Table 4 provides the coefficient of variation
with its category for mean minimum temperatures during the four seasons during the
period from 1980 to 2018. The mean (°C) and standard deviation (SD) can be viewed from
Appendix A (Table A3).

During the DJF season, all the stations exhibited low CV values, with the lowest CV
recorded at 2.6% in the Tshiombo station. At Tshiombo, the mean minimum temperature
during DJF was 19.3 °C, with a standard deviation of 0.5 °C. Similarly, during the MAM
season, low CV values were observed across all stations, with the lowest CV of 5.0%
documented at the Phalaborwa station (mean temperature of 16.1 °C and a standard
deviation of 0.8 °C).

In the JJA season, 10 stations displayed low CV values, with the Tshiombo station
recording the lowest CV at 7.0%. The mean minimum temperature at Tshiombo during
JJA was 10.0 °C, with a standard deviation of 0.7 °C. However, moderate CV values were
observed in four stations: Thabazimbi, Sentrum-ysterpan, Settlers, and Zebediela, with
CVs of 28.9%, 24.0%, 28.6%, and 23.0%, respectively. A higher CV of 32.5% was noted at
the Roedtan station, where the mean minimum temperature was 4.0 °C, and the standard
deviation was 1.3 °C.

Finally, during the SON season, all stations exhibited low CV values, with the lowest
CV at 3.7% observed at the Phalaborwa station. At Phalaborwa, the mean minimum
temperature during SON was 16.6 °C, with a standard deviation of 0.6 °C.

4.4. Inter-Annual Variability of Maximum Temperatures

Figure 4 presents the inter-annual variability observed in the analysis of mean max-
imum temperatures across all four seasons. Table 5 provides the coefficient of variation
with its category for mean maximum temperatures for the four seasons during the period
spanning from 1980 to 2018. The mean (°C) and standard deviation (SD) can be viewed
from Appendix A (Table A4).

Throughout the DJF season, all the stations exhibited notably low CV values, with
the lowest CV recorded at 3.3% in the Fleur-de-lys station. This particular station had
a mean maximum temperature of 29 °C, with a standard deviation of 1.0 °C. Similarly,
during the MAM season, low CV values were consistently observed across all stations,
with the Bavaria station recording the lowest CV at 3.5%. At Bavaria, the mean maximum
temperature for the MAM season was 28.3 °C, and the standard deviation was 1.0 °C.

In the JJA season, all the stations displayed low CV values as well, with the Tshiombo
station recording the lowest CV at 3.3%. The mean maximum temperature at Tshiombo
during the JJA season was 24.0 °C, and the standard deviation was 0.8 °C. Finally, during
the SON season, all stations exhibited low CV values, with the Bavaria station again
recording the lowest CV at 3.4%. At Bavaria, the mean maximum temperature for the SON
season was 28.8 °C, with a standard deviation of 1.0 °C.
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4.5. Trend Analysis for Total Seasonal Rainfall

Table 6 shows the total seasonal rainfall data for the four distinct seasons. Within the
DJF season, ten stations experienced an increasing trend, while five stations experienced
a decreasing trend. The increasing trend is statistically significant for only four stations,
specifically Thabazimbi, Sentrum-ysterpan, Shingwedzi, and Musina. However, the de-
creasing trend is significant for only two stations, specifically Roedtan and Lephalale. The
rest of the results are available in Appendix B (Table A5).

In the MAM season, 12 stations indicate an increasing trend, but statistical significance
is only observed for the Punda Maria station. Conversely, a decreasing trend is noted in
three stations.

During the JJA season, four stations experienced an increasing trend, while eleven
stations exhibited a declining trend. Among these, statistical significance is found in two
stations, namely Thabazimbi and Sentrum-ysterpan.

In the SON season, eight stations experienced an increasing trend, while seven stations
experienced a decreasing trend. The decreasing trend is statistically significant solely for
the Modjadji station.

4.6. Trend Analysis for Mean Minimum Temperature

Table 7 presents data indicating an increasing trend during the DJF season at five
stations. However, this trend is statistically significant for only one station, Lephalale. Con-
versely, a declining trend is observed at ten stations, with statistical significance identified
in five of them: Roedtan, Fleur-de-lys, Shingwedzi, Musina, and Tshiombo. The rest of the
results are available in Appendix B (Table A6).

In the MAM season, an increasing trend is noticed at six stations, out of which only
three (Thabazimbi, Sentrum-ysterpan, and Lephalale) demonstrate statistical significance.
Conversely, a decreasing trend is observed at nine stations, with five of them demonstrating
statistical significance: Shingwedzi, Punda Maria, Musina, Tshiombo, and Zebedjiela.

During the JJA season, an increasing trend is noted at seven stations. Statistical signifi-
cance is found for the Thabazimbi, Sentrum-ysterpan, and Lephalale stations. Conversely,
a decreasing trend is observed at eight stations, with only five of them displaying statistical
significance: Roedtan, Phalaborwa, Marnitz, Punda Maria, and Zebediela.

Finally, during the SON season, an upward trend is observed in eight stations, with
three of them (Sentrum-ysterpan, Modjadji, and Lephalale) being statistically significant.
Conversely, a declining trend is observed at seven stations.

4.7. Trend Analysis for Mean Maximum Temperature

Table 8 shows an increasing trend in mean maximum temperatures during the DJF
season at eleven stations, while a decreasing trend is noted at four stations. Statistically
significant trends are observed in seven stations, specifically Roedtan, Sentrum-ysterpan,
Modjadji, Phalaborwa, Marnitz, Settlers, and Zebediela. Additionally, Shingwedzi exhibits
a statistically significant decreasing trend. The rest of the results are available in Appendix B
(Table A7).

In the MAM season, an increasing trend is evident at 12 stations. Statistically signifi-
cant trends are observed in nine stations, namely Roedtan, Sentrum-ysterpan, Modjadji,
Phalaborwa, Marnitz, Musina, Settlers, Zebediela, and Lephalale. Conversely, a decreasing
trend is observed at three stations.

In the JJA season, an increasing trend is observed in 14 stations. Statistically signif-
icant trends are observed in 12 stations, namely Roedtan, Sentrum-ysterpan, Modjadji,
Phalaborwa, Marnitz, Punda Maria, Musina, Tshiombo, Settlers, Zebediela, Bavaria, and
Lephalale. Conversely, a decreasing trend is observed at one station.

Finally, an increasing trend is observed in mean maximum temperatures for 13 stations
during the SON season, with statistically significant trends in 12 stations, specifically Roed-
tan, Sentrum-ysterpan, Modjadji, Phalaborwa, Marnitz, Punda Maria, Musina, Tshiombo,
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Settlers, Zebediela, Bavaria, and Lephalale. Conversely, a decreasing trend is observed at
two stations.

5. Discussion

The primary objective of this study was to investigate climate variability in the
Limpopo Province by employing various statistical methods. The statistical analyses
included calculating the mean, standard deviation, and coefficient of variation, and con-
ducting the Mann—Kendall test with significance levels of p < 0.01, p < 0.05, or p < 0.10.

The findings of the time-series analysis for the long-term mean for rainfall throughout
the study period indicate a combination of moderate and high CVs in rainfall over the
study period. Notably, the Tshiombo station exhibited the highest CV of 62.8%, suggesting
a degree of unpredictability in rainfall patterns in the Limpopo Province, specifically in the
Tshiombo region.

On the other hand, the long-term mean for minimum temperatures displayed con-
sistently low variability, particularly at the Tshiombo station with the lowest CV of 2.6%.
This implies a higher level of predictability in minimum temperatures, specifically in the
Tshiombo region.

Similarly, the long-term mean for maximum temperatures exhibited low variability
across all stations, with the Tshiombo station again recording the lowest CV (2.6%). This
reinforces the notion of relatively predictable maximum temperatures in the Tshiombo
region.

The results of the time-series analysis revealed a consistently high coefficient of vari-
ation (CV) for seasonal rainfall across all stations and seasons. These findings highlight
the highly variable and unreliable nature of rainfall in the region [31,77]. Notably, the
DJF and SON seasons receive the highest rainfall in the Limpopo Province as the region
receives spring and summer rainfall due to convective systems [58]. This rainfall variability
significantly impacts livestock production and vegetation growth [31] in the area, which
can affect the carrying capacity of rangelands. High-rainfall years enhance rangeland
quality and water availability, positively affecting livestock production [31]. Conversely,
low-rainfall years lead to a scarcity of quality forage and water, resulting in poor livestock
production and increased mortality rates [31,38].

Mean minimum temperatures displayed a low CV during the DJF season for all
stations. In contrast, during the JJA season, 66.7% of stations recorded a low CV, 26.7%
of stations showed a moderate CV, and 6.6% of stations recorded a high CV. For the SON
season, all stations displayed a low CV. The results concerning minimum and maximum
temperatures indicate that these parameters are relatively less variable, compared to rainfall,
across the four seasons.

Maximum temperatures displayed a low CV during all the seasons considered in all
the stations. The highest mean maximum temperatures are observed in the DJF season [30].
Furthermore, mean maximum temperatures are generally increasing in the Limpopo
Province, although variations exist among different areas. These findings are corroborated
by previous studies [30,50,78]. The temperature variations can be attributed to factors such
as elevation, as mountainous regions experience lower temperatures compared to other
areas in the Lowveld.

The Mann-Kendall trend analysis exhibited both increasing and decreasing patterns
in mean minimum temperatures, with some statistically significant trends observed (at
p <0.01, p < 0.05, or p < 0.10). Furthermore, both increasing and decreasing trends in
minimum temperatures were observed across various stations in the province and different
seasons, making the trends inconclusive. These results align with a study that also reported
inconclusive findings for minimum temperatures in the region [48]. Recent findings from
southern African countries indicated a rise in both minimum and maximum temperatures,
but minimum temperatures exhibited greater variability [79].

Regarding mean maximum temperatures, there were notable increasing trends across
all seasons, with statistical significance. Specifically, during the DJF season, 46.67% of
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stations exhibited increasing trends, while during the MAM season, this figure was 60%.
Both the JJA and SON seasons saw 80% of stations with increasing trends. Therefore, the
highest increase in temperatures was observed in winter and spring. These findings are
consistent with results from another study that showed a significant increase in maximum
temperatures [46,48,80]. Additional research conducted in Punjab, Pakistan, also identified
rising trends in both minimum and maximum temperatures, though minimum trends
displayed greater variation than maximum temperatures [62].

In terms of total seasonal rainfall, no significant trend was observed. This finding
corresponds with earlier studies that also reported high variations in rainfall over the
Limpopo Province [27,49,50,81,82]. Similar variability in inter-annual rainfall was noted
in studies conducted in Ethiopia and India [8,69]. In contrast, a study found a decreasing
trend in rainfall in the Olifants catchment of South Africa [46]. Prior research has illustrated
the detrimental impacts of high temperatures combined with unreliable rainfall on agricultural
production [22,25,31,46,62]. For instance, extreme temperatures and unreliable rainfall can
negatively affect vegetation growth, thereby influencing livestock production [4,6,38,80,83-85].

6. Implications for Rangelands
6.1. Varying Rainfall

Findings in this study show fluctuations across different stations and seasons in
rainfall, with some stations showing increasing trends while others show a decreasing
trend. Rainfall patterns play a crucial role in determining the quality and quantity of
forage available in rangelands [59,82,85]. Therefore, this implies that fluctuations in rainfall
can have a profound impact on forage resources, especially for rain-fed rangelands in the
Limpopo Province, and this is corroborated by other studies [80,86].

Periods of low rainfall mean that vegetation growth will decline, leading to a reduction
in the carrying capacity of rangelands for grazing livestock. During periods of low rainfall
coupled with high temperatures, high evapotranspiration rates in the Limpopo Province
will have negative impacts on soil moisture, pasture growth, and livestock as drinking
water will also be reduced [86,87].

Decisions that will have to be made include regulating grazing routines and monitor-
ing stocking rates to prevent overgrazing and mortality of livestock. Common practices
such as storing hay for feed and buying supplements will be enforced.

In the semi-arid rangelands of southern Africa, reduced production is typically at-
tributed to unreliable rainfall [31,83,88,89] and diminished soil moisture levels [90]. More-
over, reduced vegetation cover due to insufficient rainfall can make rangelands susceptible
to wind and soil erosion, potentially leading to long-term decreases in soil fertility and
overall soil degradation [83,91-94]. Thus, land degradation in many regions of the Limpopo
Province can be seen as a result of unreliable rainfall and anthropogenic causes.

Conversely, high levels of rainfall have been observed to result in abundant grass
biomass in the rangelands of the Limpopo Province [40]. This implies that there will be
ample pasture for grazing, and livestock will obtain ample pasture and drinking water.
However, high rainfalls also imply that decision-makers will need to plan for the coming
seasons by conserving feed and water through traditional methods such as storing hay
for feed and in-field rainwater harvesting, both to conserve soil moisture for grass and
drinking water.

6.2. Varying Minimum Temperatures

The findings for minimum temperatures show both increasing and decreasing trends
across different stations and seasons. A rise in minimum temperatures can disrupt plant
growth by interfering with the length of growing period, development stages, and their
timing [79,95]. This implies that there will be food shortages caused by the low yields of
grass biomass. Warmer temperatures observed in some stations will shorten the dormancy
period, which can have repercussions on the availability and quality of forage resources
in the rangelands [84]. This implies that both the quantity and quality of forage available
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in the rangelands of the Limpopo Province for livestock grazing may decrease. This will,
therefore, affect the decisions taken regarding grazing, and practices such as rotational
grazing may be employed to ensure that livestock obtain pasture.

Variations in minimum temperatures can also influence the distribution of plant
species, potentially altering their palatability, and this will indirectly impact livestock [25].
This implies that certain parts of the rangelands may be grazed more than others due
to palatability. However, it is important to note that pasture availability experiences
seasonal fluctuations and is influenced by multiple factors, including grazing intensity;,
grassland management, precipitation, temperature conditions, and the prevailing species
of pasture [79,96]. Hot (cold) temperatures during summer (winter) seasons can result in
livestock pests and diseases and mortality for livestock [38]. During these extreme seasons,
decisions to control potential pest outbreaks and impacts will be taken.

6.3. Increasing Maximum Temperatures

High maximum temperatures, particularly during the SON and DJF seasons, as
observed in the findings, can lead to reduced forage and water availability in the rangelands
due to heat stress [79]. This shows that heat stress can adversely affect the palatability
and nutritional value of available forage for livestock [86]. Additionally, livestock grazing
patterns may be altered by high temperatures, as livestock may prefer to graze in shaded
areas rather than open pastures [97]. This implies that potential overgrazing in certain areas
may result, while others may be underutilized, affecting livestock’s ability to find sufficient
grazing resources, which is prevalent in the northeastern rangelands of the Limpopo
Province.

Other implications of high temperatures coupled with low rainfall include the flamma-
bility of vegetation, which may result from high fire frequency [28]. This will result in
changes in species composition. Decisions that regulate wildfires and the construction of
firebreaks will have to be enforced.

High temperatures, as observed in the findings, particularly in the SON and DJF sea-
sons, can induce heat stress in cattle, goats, and sheep, impacting their productivity [79,86].
This implies that various physiological processes, including milk production in dairy cows,
dry matter and water intake, and mating, can be affected by heat stress [38,84]. Moreover,
this may have potential impacts on the prevalence of pests and diseases, significantly af-
fecting livestock and, in some instances, resulting in illness and mortality [38,84]. Livestock
illness and mortality will have a significant impact on the local economy, as some farmers
will face a loss of income due to the mortality of their livestock. Consequently, there is a
need for policies addressing pest and disease regulation, along with initiatives targeting
livestock infestations, to mitigate these challenges and provide relief for affected farmers.

7. Conclusions

The study conducted a comprehensive analysis of long-term climate variability within
the Limpopo Province over 38 years, focusing on rainfall and temperature data across dif-
ferent seasons. The main objective was to analyse climate variability (spatial and temporal),
considering rainfall and minimum and maximum temperatures. The findings informed
implications for rangeland productivity. The results highlighted significant fluctuations in
rainfall across all stations, with the highest variability observed in the Punda Maria station
during the June-July-August (JJA; 366%) season. Moreover, during the rainfall season,
September—October-November (SON) and December—January—February (DJF), the highest
variability was observed in Musina (71.2%) and Tshiombo (88.3%). Minimum temperatures
showed relatively low variability, with the lowest variability observed during the DJF
season in the Tshiombo station (2.6%), while maximum temperatures exhibited consistently
low variability, with the lowest variability of 3.4% observed during the DJF and JJA seasons
in Fleur-de-lys and Tshiombo. This indicates that there is more significant variability in
rainfall when contrasted with temperature, and the observed variability varies seasonally.
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Trends in minimum temperatures and rainfall were inconclusive, with both increasing
and decreasing patterns observed. Conversely, there was a statistically significant increase
in mean maximum temperatures across all seasons. However, the highest increase in
maximum temperatures was observed in the JJA and SON seasons, with 80% of stations
experiencing increasing trends. This emphasizes that Limpopo Province has experienced
climate variability during the study period.

Climate variability findings for a rain-fed region can be used to guide on-farm deci-
sions that can improve productivity in rangelands. Additionally, these findings caninform
policy and prompt a reevaluation of existing policies in light of the new information. The
findings are further expected to aid in forecasting future patterns of these climate variables
and assessing extreme events in the region. It is advised that local farmers, extension
officers, meteorologists and researchers work closely to monitor temperature and rainfall
forecasting for future years.

Overall, this study effectively examined climate variability in the Limpopo Province
and outlined the implications for rangelands. Moreover, further research is needed to
explore the underlying mechanisms driving climate variability and to quantify the intricate
interplay between climate variability and livestock herd dynamics, considering short- and
long-term impacts.
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Appendix A
Table Al. Summary of statistics for climatic variables for selected weather stations in the Limpopo Province (1980-2018).
Rainfall Minimum Maximum
Station Name Temperature Temperature
Mean SD cv cv Mean SD cv cv Mean SD cv cv
(mm) (mm) (%) Category (@) Q) (%) Category (@] Q) (%) Category
Thabazimbi 630.3 170.1 27.0 Moderate 11.5 0.7 6.1 Low 27.7 1.3 438 Low
Roedtan 530.6 156.2 294 Moderate 11.6 0.6 5.6 Low 28.2 1.2 42 Low
Fleur-de-lys 722.2 210.8 29.2 Moderate 144 0.7 4.8 Low 27.6 0.8 29 Low
Sentrum-ysterpan 561.7 145.5 259 Moderate 12.1 0.9 74 Low 26.4 1.2 4.5 Low
Modjadji 7184 256.2 35.7 High 14.2 1.0 7.3 Low 27.2 1.8 6.6 Low
Phalaborwa 461.5 177.0 38.4 High 15.8 0.5 3.1 Low 29.6 1.0 33 Low
Marnitz 4454 143.9 323 High 13.9 0.9 6.4 Low 29.2 1.8 6.1 Low
Shingwedzi 532.6 225.9 424 High 15.6 0.6 3.8 Low 29.7 14 47 Low
Punda maria 565.9 336.1 59.4 High 16.0 0.9 5.6 Low 29.1 14 4.8 Low
Musina 358.0 148.7 415 High 15.4 0.6 3.9 Low 304 1.3 43 Low
Tshiombo 1003.0 630.5 62.8 High 15.1 0.4 2.6 Low 27.3 0.7 2.6 Low
Settlers 648.3 135.3 20.9 Moderate 10.9 0.7 6.4 Low 28.0 1.2 42 Low
Zebediela 560.5 123.7 22.6 Moderate 13.1 0.8 6.1 Low 274 1.0 3.6 Low
Bavaria 576.7 169.9 29.5 Moderate 15.0 0.7 47 Low 28.2 0.8 2.8 Low
Lephalale 4458 181.6 40.7 High 13.1 1.2 9.1 Low 28.7 1.0 35 Low
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Table A2. Statistical results for total seasonal rainfall for the December-January-February (DJF), March-April-May (MAM), June-July-August (JJA), and September—
October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JJA SON
Station Name Mean  SD Ccv Ccv Mean  SD cv Ccv Mean SD Ccv Ccv Mean SD Ccv Ccv

(mm) (mm) (%) Category (mm) (mm) (%) Category  (mm) (mm) (%) Category  (mm) (mm) (%) Category
Thabazimbi 260.0 170.3 65.5 High 141.6 61.9 43.7 High 98.1 116.5 118.8 High 134.1 58.1 43.4 High
Roedtan 241.7 102.0 42.2 High 103.6 66.4 64.1 High 20.8 61.8 297.3 High 160.6 85.4 53.2 High
Fleur-de-lys 374.7 159.8 427 High 152.8 64.2 42.0 High 30.9 325 105.4 High 162.3 68.6 422 High
Sentrum-ysterpan 237.0 160.9 67.9 High 131.0 60.7 46.4 High 77.0 101.5 131.8 High 119.8 423 353 High
Modjadji 387.6 225.4 58.2 High 147.6 81.1 55.0 High 21.0 18.1 86.2 High 151.6 62.3 41.1 High
Phalaborwa 238.7 124.2 52.0 High 90.7 45.1 49.7 High 154 16.7 108.4 High 114.5 60.4 52.7 High
Marnitz 238.4 107.8 45.2 High 80.8 449 55.6 High 12.1 14.8 122.9 High 107.9 59.3 54.9 High
Shingwedzi 299.5 190.7 63.7 High 97.5 68.6 70.4 High 16.4 13.8 84.1 High 121.2 63.9 52.7 High
Punda maria 308.0 214.1 69.5 High 93.9 72.5 77.2 High 394 144.1 366.1 High 124.2 739 59.5 High
Musina 193.9 138.0 71.2 High 65.6 54.8 83.5 High 9.4 15.2 161.7 High 88.8 50.0 56.3 High
Tshiombo 505.9 290.1 57.3 High 199.4 154.1 77.3 High 78.5 248.1 316.1 High 216.1 190.7 88.2 High
Settlers 328.9 115.0 35.0 High 128.0 80.4 62.8 High 13.2 14.9 112.8 High 177.2 69.4 39.2 High
Zebediela 280.4 91.6 32.7 High 102.3 57.9 56.6 High 11.7 15.3 130.7 High 157 .4 70.7 449 High
Bavaria 295.8 125.4 424 High 119.3 51.2 43.0 High 15.2 17.0 111.8 High 145.3 70.8 48.7 High

Lephalale 211.3 119.1 56.3 High 86.4 58.1 67.3 High 28.2 67.6 239.8 High 111.7 69.5 62.2 High
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Table A3. Statistical results for mean minimum temperature for the December—January—February (DJF), March-April-May (MAM), June-July—-August (JJA), and
September—October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JJA SON
Station Name Mean  SD Ccv Ccv Mean  SD cv Ccv Mean SD Ccv Ccv Mean SD Ccv Ccv
QO Q) (%)  Category (°C) Q) (%) Category Q) Q) (%)  Category (°C) Q) (%) Category
Thabazimbi 17.4 0.8 45 Low 11.2 1.0 9.1 Low 39 11 28.9 Moderate 13.4 1.0 7.8 Low
Roedtan 17.4 0.7 42 Low 11.4 0.9 8.0 Low 4.0 1.3 32.5 High 13.5 1.0 7.4 Low
Fleur-de-lys 18.9 1.0 5.3 Low 14.7 0.9 6.1 Low 8.8 0.9 10.2 Low 15.2 0.8 52 Low
Sentrum-ysterpan 17.6 0.8 4.5 Low 11.9 1.5 12.6 Low 5.0 1.2 24.0 Moderate  14.0 1.3 9.2 Low
Modjadji 18.0 2.0 11.2 Low 14.5 1.5 10.3 Low 9.5 1.4 14.7 Low 14.6 1.5 10.2 Low
Phalaborwa 20.5 0.7 3.4 Low 16.1 0.8 5.0 Low 9.8 0.9 9.2 Low 16.6 0.6 3.7 Low
Marnitz 18.9 1.0 53 Low 13.7 1.2 8.8 Low 7.3 1.2 16.4 Low 15.8 1.3 8.2 Low
Shingwedzi 20.6 1.1 53 Low 15.7 1.1 7.0 Low 9.2 0.9 9.8 Low 16.7 1.1 6.6 Low
Punda maria 20.5 0.8 3.9 Low 16.2 1.3 8.0 Low 10.4 1.6 15.3 Low 16.9 0.9 53 Low
Musina 21.1 0.8 3.8 Low 15.5 1.0 6.5 Low 8.0 0.9 11.3 Low 171 0.7 4.1 Low
Tshiombo 19.3 0.5 2.6 Low 15.3 0.8 52 Low 10.0 0.7 7.0 Low 15.8 0.6 3.8 Low
Settlers 16.7 0.6 3.6 Low 10.6 0.8 7.5 Low 35 1.0 28.6 Moderate 12.8 1.0 7.8 Low
Zebediela 18.0 0.6 3.3 Low 13.1 1.1 8.4 Low 6.6 1.5 23.0 Moderate 14.8 0.9 6.0 Low
Bavaria 19.4 1.0 52 Low 15.2 1.0 6.6 Low 94 1.2 13.1 Low 15.7 0.8 5.1 Low

Lephalale 18.7 1.5 8.0 Low 12.8 1.4 10.9 Low 5.8 1.2 20.8 Low 15.2 1.8 11.8 Low
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Table A4. Statistical results for mean maximum temperature for the December-January-February (DJF), March-April-May (MAM), June-July—August (JJA), and

September—October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JJA SON
Station Name Mean  SD Ccv Ccv Mean  SD cv Ccv Mean SD Ccv Ccv Mean SD Ccv Ccv
QO Q) (%)  Category (°C) Q) (%) Category Q) Q) (%)  Category (°C) Q) (%) Category
Thabazimbi 30.7 1.7 5.7 Low 27.2 2.0 7.4 Low 23.1 1.3 5.8 Low 29.7 1.3 45 Low
Roedtan 31.1 1.4 4.6 Low 27.8 1.3 48 Low 23.7 1.3 5.5 Low 29.9 1.5 52 Low
Fleur-de-lys 29.1 1.0 3.3 Low 259 1.0 3.7 Low 25.6 0.9 3.4 Low 28.9 1.1 3.9 Low
Sentrum-ysterpan 28.7 1.4 5.0 Low 26.3 1.4 53 Low 23.3 1.2 5.0 Low 27.2 1.4 52 Low
Modjadji 29.6 2.1 7.0 Low 27.2 2.1 7.7 Low 241 1.9 7.8 Low 27.9 2.1 7.5 Low
Phalaborwa 32.3 1.1 3.5 Low 29.6 14 47 Low 26.2 1.1 4.3 Low 30.2 1.2 3.8 Low
Marnitz 30.8 2.1 6.8 Low 26.5 1.8 6.9 Low 26.7 1.8 6.7 Low 315 1.9 6.0 Low
Shingwedzi 30.9 1.9 6.1 Low 27.8 1.7 6.3 Low 27.7 1.3 47 Low 31.5 1.7 55 Low
Punda maria 31.4 2.8 9.0 Low 28.8 2.5 8.6 Low 25.7 1.1 4.4 Low 30.2 1.6 52 Low
Musina 31.7 1.9 59 Low 28.0 1.5 53 Low 27.9 1.3 4.6 Low 32.7 1.4 43 Low
Tshiombo 29.5 1.3 44 Low 27.0 1.2 44 Low 24.0 0.8 3.3 Low 28.4 1.0 3.5 Low
Settlers 30.8 1.6 5.2 Low 27.5 1.5 5.4 Low 23.5 1.2 5.1 Low 30.1 1.5 49 Low
Zebediela 30.2 1.3 43 Low 27.1 1.1 4.0 Low 23.0 11 4.8 Low 29.2 1.2 4.1 Low
Bavaria 30.9 1.2 3.8 Low 28.3 1.0 3.5 Low 25.0 0.9 3.6 Low 28.8 1.0 34 Low
Lephalale 31.6 14 44 Low 28.2 14 49 Low 24.4 1.1 4.5 Low 30.6 1.3 4.2 Low
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Appendix B

Table A5. Mann—Kendall test results for total seasonal rainfall for the December—January-February (DJF), March-April-May (MAM), June-July-August (JJA), and
September—October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JA SON

Station S Var(S)  p-Value z S Var(S)  p-Value z S Var(S)  p-Value z S Var(S)  p-Value z

Thabazimbi ~ 283.000 6327.0  0.000392***  3.545 I 39.000  6327.0  0.6328 04777 1 —318.0 6324.0  0.000067** —3.986 D 105.0 6327.0  0.1911 13075 I
Roedtan —221.000 6327.0  0.005678*** —2.7658 D  87.000  6327.0  0.2796 1.0812 I 121.0 6201.0  0.1275 15239 I —91.00 6327.0  0.2579 -1131 D
Fleur-de-lys ~ 119.0000 6327.0  0.1379 14835 I 80.00000 6326.0  0.3206 09932 I —58.00 63260  0.4736 —0.7166 D  49.00 6327.0  0.5462 0.6034 I
5:?;;:;?{ 301.0000 6327.0  0.000162** 3.7716 I 7.000000 6327.0  0.9399 00754 I —232.0 62986  0.0036**  —29106 D  89.00 6327.0  0.2686 11063 I
Modjadji —5.0000 6327.0  0.9599 —0.0502 D —19.000 6327.0 0.821 —0.2262 D —128.0 63260  0.1103 —1.5968 D —163.0 63250 0.04l6** —2.037 D
Phalaborwa —2.00000 6326.0  0.99 —0.0125 D  3.0000 6327.0  0.9799 0.0251 1 —131.0 6325.0  0.1021 —1.6346 D —56.00 6326.00 0.4892 —0.6915 D
Marnitz 95.00000 6327.0  0.2373 11818 I —16.0000 6326.0  0.8504 —0.1885 D 10.00 6294.0  0.9097 01134 I 30.00 6326.0  0.7154 0.364 I
Shingwedzi 157.0000 6327.0  0.04985 ** 19612 I 99.00000 6327.0  0.2179 1.232 I 9.000 6325.0  0.9199 0.1005 I 98.00 6326.0  0.2226 12196 1
Punda maria  123.0000 6327.0  0.1251 15338 1 155.0000 6327.0  0.05286* 1.9361 I 93.00 6325.0  0.2474 11568 I —27.00 63270  0.7438 —0.3268 D
Musina 149.0000 6327.0  0.06279 * 1.8606 I 21.00000 6325.0  0.8014 02514 I —16.00 62586  0.8496 —0.1896 D —31.00 6327.0  0.7061 —03771 D
Tshiombo 85.00000 6327.0  0.2909 1.056 I 95.00000 6327.0  0.2373 11818 I —48.00 6326.0  0.5546 —0.5909 D 7.000 6327.0  0.9399 00754 I
Settlers 17.00000 6327.0  0.8406 02011 I 91.00000 6327.0  0.2579 11315 I —44.00 6309.3  0.5883 —0.5413 D 9.000 6327.0  0.9199 0.1005 I
Zebediela —47.0000 6327.0  0.5631 —05783 D  67.00000 6327.0  0.4067 08297 1 —34.00 63093  0.6778 -04154 D  63.00 6327.0  0.4357 07794 1
Bavaria 71.0000 6327.0  0.3788 0.8800 I 76.0000 6326.0  0.3457 09429 1 —39.00 63250  0.6328 —04778 D 13.00 6327.0  0.8801 0.1508 D
Lephalale —200.000 6317.3  0.01229 * —2.5037 D —120.000 6326.0  0.1346 —1.4962 D —9.000 6295.6  0.9197 —0.1008 D —84.00 63233  0.2966 —1.0438 D

*** Trends statistically significant at p < 0.01; ** trends statistically significant at p < 0.05; * trends statistically significant at p < 0.10. I—increasing trend; D—decreasing trend.
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Table A6. Mann-Kendall test results for mean minimum temperature for the December—January—February (DJF), March—-April-May (MAM), June-July-August
(JJA), and September—October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

Station DJF MAM JA SON
S Var(S)  p-Value z S Var(S)  p-Value z S Var(S)  p-Value z S Var(S)  p-Value z

Thabazimbi —65.0000 6294.3  0.4198 —0.8066 D 176.0000 6312.6  0.02762** 22026 I 293.0 6319.0  0.000239*** 3.6733 1 58.00 63153  0.4732 07172 1
Roedtan —133.000 6297.0  0.09622 * —1.6634 D —112.000 6295.3  0.1618 -1399 D —209.0 63143  0.008856** —2.6176 D —131.0 6307.6  0.1017 —1.6369 D
Fleur-de-lys —161.000 6311.6  0.04402 ** -2.0139 D —80.0000 6296.0  0.3194 —0.9956 D 102.0 6308.0  0.2035 12717 1 —109.0 63003  0.1736 —1.3606 D
?:?et;:;?{ 74.000  6298.6  0.3577 09198 I 183.0000 6309.6  0.02195** 22912 I 240.0 63120  0.002628*** 3.0083 I 149.0 6306.3  0.06237* 1.8637 I
Modjadji 116.0000 6317.3  0.1479 14469 1 56.00000 6307.3  0.4886 0.6925 I —74.00 63153  0.3583 —0.9186 D 164.0 6314.6  0.04025**  2.0512
Phalaborwa —10.0000 6299.3  0.9097 -0.1134 D —112.000 6297.3  0.1619 —1.3988 D —151.0 6289.6  0.05857 * -1.8914 D  27.00 6283.6  0.7429 0.3279
Marnitz 125.0000 6299.0  0.1182 15624 1 2.000000 6312.6  0.99 00125 I —151.0 63123  0.05903 * —1.888 D  68.00 6296.0  0.3985 08443 1
Shingwedzi —189.000 6305.0  0.0179 ** —2.3676 D —197.000 6296.3  0.01351** —2.4701 D —13.00 6303.0  0.8799 —0.1511 D —75.00 63050 0.3514 —0.9319 D
Punda maria  —65.0000 6271.6  0.419 0.8081 D —223.000 6302.3  0.0051**  —2.7964 D —188.0 62980  0.01846**  —2.3564 D —125.0 6299.0  0.1182 —1.5624 D
Musina —140.000 6294.6  0.07978 * -1752 D —141.000 6306.3  0.07791* —1.7629 D 7.000 6297.6  0.9397 0.0756 1 —93.00 6297.6  0.2463 -1.1593 D
Tshiombo —132.000 6284.0  0.09842 * —1.6525 D —247.000 6284.3  0.0019**  —3.1032 D —78.00 62953  0.3318 -0.9704 D —4.000 6261.3  0.9698 —0.0379 D
Settlers 27.00000 6279.0  0.7428 03281 I 128.0000 6301.3  0.1096 15999 1 94.00 6298.6  0.2413 11718 1 68.00 62920  0.3983 08446 I
Zebediela —53.0000 6291.6  0.5121 —0.6555 D —152.000 6302.0  0.05716* —1.9021 D —167.0 63156  0.03673**  —2.0888 D  9.000 6303.6 09197 0.1007 I
Bavaria —49.0000 6309.0  0.5456 —0.6043 D —32.0000 6310.0  0.6963 -03% D 125.0 63183  0.1188 1.56 I —68.00 63040  0.3988 —0.8438 D
Lephalale 324.0000 6309.3  0.0000 *** 4.0664 1 270.0000 6316.0  0.0007**  3.3848 I 171.0 6305.0  0.03228** 21409 I 334.0 6314.6  0.0000*** 41905 I

*** Trends statistically significant at p < 0.01; ** trends statistically significant at p < 0.05; * trends statistically significant at p < 0.10. I—increasing trend; D—decreasing trend.
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Table A7. Mann-Kendall test results for mean maximum temperature for the December-January-February (DJF), March-April-May (MAM), June-July-August

(JJA), and September—October-November (SON) seasons in the selected stations in the Limpopo Province (1980-2018).

DJF MAM JA SON

Station S Var(S)  p-Value z S Var(S)  p-Value z S Var(S)  p-Value z S Var(S)  p-Value z
Thabazimbi —99.0000 6314.3  0.2175 —1.2333 D —11.0000 6319.0  0.8999 —0.1258 D 74.00 6310.0  0.3581 09189 1 46.00 6308.6  0.571 05665 1
Roedtan 152.0000 6312.6  0.05737 * 19005 I 155.0000 6305.0  0.05245* 1.9394 1 313.0 6309.6  0.0000*** 39278 I 280.0 6296.6  0.0004***  3.516 I
Fleur-de-lys —68.0000 6302.0  0.3987 —0.8439 D —85.0000 6293.6  0.2897 —1.0588 D  29.00 6290.3  0.7241 03530 I —11.00 63083  0.8998 —0.1259 D
?:?et;:;?{ 148.0000 6313.3  0.0643 * 1.8501 I 132.0000 6317.3  0.09932* 1.6482 I 238.0 6298.0  0.0028 *** 29864 I 276.0 6314.6  0.0005** 3.4606 I
Modjadji 213.0000 6323.0  0.0076 *** 26661 1 229.0000 6316.3  0.0041** 28688 I 317.0 6319.0  0.0000*** 39752 I 381.0 6321.0  0.0000** 4.7796 I
Phalaborwa 179.0000 6308.3  0.02502 ** 22411 1 214.0000 6310.0  0.0073**  2.6814 I 353.0 6306.3  0.0000 *** 44326 1 359.0 6305.6  0.0000*** 45083 1
Marnitz 234.0000 6314.6  0.0033 *** 29321 I 297.000 6307.0  0.0001** 37272 1 352.0 6310.0  0.0000 *** 44187 I 334.0 6306.0  0.0000*** 41934 I
Shingwedzi —186.000 6310.6  0.01987 ** —2.3288 D —111.000 6304.3  0.1659 —1.3854 D —103.0 62983  0.1987 —12852 D —113.0 6313.6  0.1587 —1.4095 D
Punda maria  23.00000 6309.6  0.7818 02769 1 44.00000 6312.0  0.5883 05412 I 258.0 6303.3  0.0012**  3.237 I 295.0 6296.3  0.0002** 37051 I
Musina 88.00000 6308.6  0.2734 1.0953 I 172.0000 6317.3  0.03144** 21514 1 345.0 6297.6  0.0000 *** 43348 I 255.0 6317.0  0.0013** 3.1958 I
Tshiombo 9.00000 6308.3  0.9198 0.1007 I 60.00000 6312.6  0.4577 07425 1 235.0 6307.0  0.0032*** 29465 I 249.0 6311.0  0.0017** 3.1218 I
Settlers 211.0000 6309.6  0.0082 *** 26437 1 216.0000 6310.6  0.0068*** 27065 I 350.0 6303.3  0.0000 *** 43958 I 341.0 6316.3  0.0000*** 42781 I
Zebediela 145.0000 6292.3  0.06947 * 18153 1 184.0000 6306.6 ~ 0.0212* 23044 I 361.0 6309.6  0.0000 *** 45321 I 298.0 6307.3  0.0001** 37397 1
Bavaria —25.0000 6304.3  0.7624 —0.3022 D  21.00000 6309.0  0.8012 02518 I 132.0 6310.6  0.09914 * 1.649 I 160.0 6300.6  0.04517** 20031 I
Lephalale 56.00000 6305.3  0.4885 0.6926 I 144.0000 6307.3  0.07177*  1.8006 I 359.0 6307.0  0.0000 *** 45079 I 293.0 6313.6  0.0002** 3.6749 I

*** Trends statistically significant at p < 0.01; ** trends statistically significant at p < 0.05; * trends statistically significant at p < 0.10. I—increasing trend; D—decreasing trend.
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