
1 
 

The Migration of Wildebeests with Climate 

Change: A Case Study of the Serengeti-Mara 

Ecosystem 

 

 

 

 

 

 

 

 

 

 

 

Name: Tara Glazebrook 

 

Student number: 660031166 

 

Supervised by Jon Bennie 

 

Date of submission: 27/03/2019 

 

Word count: 7990 

 

“I certify that this dissertation is entirely my own work and no part of it has been 

submitted for a degree or other qualification in this or another institution. I also certify 

that I have not collected data nor shared data with another candidate at Exeter 

University or elsewhere without specific authorization. I give permission for a copy to 

be held by my supervisor and distributed at their discretion.”  

 

Signed: ………………………………… 



2 
 

Table of Contents 

 

List of figures ……………………………………………………………………… 3 

List of tables ………………………………………………………………………. 3-4 

Acknowledgments ………………………………………………………………… 4 

List of Abbreviations ………………………………………………………………4 

Abstract …………………………………………………………………………….5 

1. Introduction ……………………………………………………………………. 6-11 

2. Methods …………………………………………………………………………12-18 

2.1. Study area ………………………………………………………………12-13 

     2.2. Data collection ………………………………………………………… 13-16 

2.2.1. Current wildebeest monthly migratory areas …………………… 14 

2.2.2. NDVI data ……………………………………………………….14-15 

2.2.3. Meteoblue climate data ………………………………………….15-16 

2.2.4. WorldClim climate data …………………………………………. 16 

2.3. Data analyses …………………………………………………………..17-18 

3. Results …………………………………………………………………………..18-36 

3.1. Current wildebeest migration …………………………………………. 18-21 

3.2. Past precipitation ……………………………………………………….21-25 

3.3. Past NDVI ……………………………………………………………...26-30 

3.4. Past precipitation/NDVI trends ………………………………………...31-35 

3.5. Future precipitation …………………………………………………….35-36 

4. Discussion ……………………………………………………………………….37-42 

4.1. Current wildebeest migration ………………………………………...... 37 

4.2. Past precipitation ……………………………………………………….37-38 



3 
 

4.3. Past NDVI ……………………………………………………………...38-39 

4.4. Future Precipitation, NDVI and Wildebeest migration ………………..39-41 

4.5. Uncertainties …………………………………………………………...41-42 

5. Conclusion ……………………………………………………………………… 42 

References …………………………………………………………………………43-48 

Appendix ………………………………………………………………………......49-56 

 

List of figures 

Figure 1. Serengeti-Mara ecosystem wildebeest migration. 

Figure 2: Study area map. 

Figure 3. Methods summary. 

Figure 4: Distribution of the Meteoblue precipitation data coordinates. 

Figure 5: Monthly wildebeest migratory areas  

Figure 6: Average total monthly Meteoblue precipitation (mm) over 2001-2017 for 

monthly migratory areas. 

Figure 7: Net monthly NDVI change from 2001-2017 for the migratory areas. 

Figure 8: Monthly NDVI change from 2001-2017 for the migratory areas. 

 

List of tables 

Table 1: Tourist websites used to establish current wildebeest migration. 

Table 2: Academic literature used to confirm current wildebeest migration. 

Table 3: Width, length and area of the monthly migratory areas. 

Table 4: Mean monthly NDVI change from 2001- 2017 for each migratory area. 

Table 5: Results from the linear regression between Meteoblue precipitation data and 

time, and NDVI and Meteoblue precipitation data. 



4 
 

Table 6: Months with significant monthly Meteoblue precipitation and time 

correlations. 

Table 7: Months with significant monthly NDVI and monthly Meteoblue precipitation 

correlations. 

Table 8: Months with significant monthly Meteoblue precipitation and monthly lagged 

NDVI correlations. 

Table 9: Mean monthly current (1960-1990) and projected October WorldClim 

precipitation. 

Table 10: Mean monthly current (1960-1990) and projected November WorldClim 

precipitation 

 

Acknowledgments 

Thanks to Dr Jon Bennie for all the coding, help and advice he has provided me for my 

dissertation. I would also like to thank Meteoblue weather company, particularly Karl 

Gutbrod and Stefan Bohren for providing me with climate data covering seven 

coordinates across the Serengeti-Mara ecosystem. Finally, thanks to WorldClim for 

making their climate data open access, and NASA for their large collection of open 

access remote sensing data. 

 

List of Abbreviations  

SNP= Serengeti National Park 

MMNR= Masai Mara National Reserve 

 

 

 

 

 

 



5 
 

Abstract 

Wildebeests, through their grazing and large migrations are important to the Serengeti-

Mara ecosystem, as they improve the nutrition of grasslands, reduce land area burned by 

fires, and support predators. Since wildebeests depend on and are influenced by 

precipitation through its effect on vegetation, climate change induced precipitation 

alterations over the Serengeti-Mara ecosystem could have large consequences. This 

study investigates climate change impacts on precipitation, NDVI (Normalized 

Difference Vegetation Index) and wildebeest migration, by determining monthly 

wildebeest migratory areas, establishing correlations between past precipitation with 

time and NDVI/lagged NDVI with precipitation, and predicting using GFDL-ESM2G, 

HadGEM2-ES and MIROC-ESM-CHEM models future precipitation under RCP4.5 and 

RCP6.0 for migratory areas and months which have significant monthly precipitation 

with time, and NDVI/lagged NDVI with precipitation correlations. This allowed climate 

change impacts on precipitation and wildebeest migration to be established. Results 

found that climate change could alter October precipitation over January-June and 

November-December migratory areas, and alter November precipitation over January-

March migratory areas, potentially impacting wildebeest migration timing, with effects 

varying depending on the RCP scenario. Future precipitation differed amongst models, 

with some projecting precipitation increases whilst others projected decreases, therefore 

wildebeest migration with climate change remains uncertain, thus further studies are 

needed. 
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1. Introduction 

Serengeti-Mara ecosystem wildebeest population in northern Tanzania and Kenya, 

undertake one of the largest migrations consisting of up to 1.4 million wildebeests 

(Connochaetes taurinus) (Holdo et al., 2009), who migrate 500 miles per year around 

the Serengeti-Mara ecosystem in several large herds (Inglis, 1976). The migration is 

seasonal and determined by the availability of short, nutritious green grassland 

(Wilmshurst, 1999).  

 

 

 

 

 

 

 

 

 

 

  

 

During the January-June wet season, wildebeest occupy the Serengeti National Park 

(SNP), grazing on the short grasslands (Serneels and Lambin, 2001). Due to their high 

nutrient content, grass species like red oat grass (Themeda triandra) are favoured by the 

wildebeests, accounting for approximately 40% of their wet season grass consumption 

(Owaga 1975). Wildebeest calving season also occurs during this time, where 80% of 

wildebeest calves are born in a 2-3-week period in January or February (Sinclair, 1977), 

in the Ngorongoro Conservation Area (Boone et al., 2006). This period is short to 

minimise predation by lions (Panthera leo) and spotted hyenas (Crocuta crocuta 

Erxleben) (Estes, 1976). As the dry season commences, wildebeest move along the 

western corridor to the northern SNP and Masai Mara National Reserve (MMNR), 

Figure 1.  Serengeti-Mara ecosystem wildebeest migration, arrows represent the 

direction of the migration (Musiega and Kazadi, 2004). 
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where they graze on tall grasslands between August and November (figure 1) (Serneels 

and Lambin, 2001). Grassland consumed during this season is less than during the wet 

season (Owage, 1975). When the dry season ends, wildebeest move along the eastern 

corridor to return to the southern SNP for the wet season (figure 1) (Inglis, 1976). This 

part of the migration occurs at a slower pace than the faster wildebeest movement along 

the western corridor at the beginning of the dry season (Inglis, 1976).  

Wildebeest migration is extremely important to the Serengeti-Mara ecosystem. The 

large area wildebeest graze, aids in the spread of nutrients and leads to grasslands 

growing more rapidly without maturing, increasing its primary productivity and 

nitrogen content (Bauer and Hoye, 2014). McNaughton (1976) supports this, finding 

that grazed areas experienced a net primary productivity of 2.6g m-2 day-1, compared to 

4.9g m-2 day-1 net biomass decline experienced by un-grazed areas.  

Wildebeests, through their large grazing practices and maintenance of short grasslands 

can reduce the land area burned by fires (Holdo et al., 2007). This improves the 

grasslands through reducing nitrogen depletion and helping to sustain their high nutrient 

content, benefiting both the wildebeests and other herbivores like zebras (Equus 

burchelli), whom also rely on the grasslands for survival (Holdo et al., 2007). Also, 

decreased fires could prevent large changes from occurring in the grassland community 

over time, helping to maintain a stable grassland environment for wildebeests (Collins 

and Smith, 2006).  

For lions, wildebeests are an important food source, with lions showing a significant 

preference for wildebeests over other species and being a main contributor to adult 

wildebeest mortality (Mills and Shenk, 1992). The reasoning behind the preference for 

wildebeests over other herbivores is unknown, however it could be because they are 

large, fairly slow and undergo more lion encounters than other prey species (Hayward 

and Kerley, 2005). Other studies have also highlighted the importance of wildebeests to 

lions, Gereta et al. (2009) showed that during droughts, wildebeest population declines 

led to falls in lion abundances, and Bauer and Hoye (2014), found that Serengeti lions 

showed altered breeding patterns that coincided with wildebeest migrations, such that 

dry season range lions bred at different times to those in the wet season range. 

Climatic changes can largely impact wildebeest population sizes and their migrations. 

During past drought years, due to less precipitation decreasing food availability, 

migrations stretched further northwards than usual, resulting in more herds reaching the 
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MMNR than during wetter years where many remained in the northern SNP (Gereta et 

al., 2009). Droughts can also affect wildebeest abundances, a drought in 1993 led to the 

wildebeest population dropping from 1.4 to 0.9 million, due to the drought limiting the 

nutritious vegetation available to wildebeests, resulting in many starving to death 

(Mduma et al., 1999). Drought impacts, are particularly severe if they occur during the 

wet season when wildebeest calving occurs, declines in food availability due to lack of 

water leads to malnourished calves, increasing their disease and predation susceptibility 

(Mduma et al., 1999). 

Over past decades, due to anthropogenic activity, greenhouse gas production has 

increased, this has altered the atmospheric chemical composition and allowed more heat 

energy to be trapped into the Earth’s atmosphere, altering global temperatures and 

precipitation (Shongwe, 2011). According to IPCC (2014) due to climate change, global 

mean temperatures could increase to 4.8oC by 2100, with greater warming around Artic 

regions. Precipitation shows a more variable response, with mean annual precipitation 

increases expected over high latitudes, the equatorial Pacific and some mid latitude 

regions, whilst precipitation decreases are predicted in the subtropical dry regions, and 

at mid latitudes (IPCC, 2014). These global temperature and precipitation changes could 

increase sea levels, wildfires, drought and flood events, and alter biogeochemical cycles 

(IPCC, 2014).  

For East Africa, climate change could increase temperatures across the continent 

(Hulme et al., 2001), potentially increasing land surface water evaporation rates, 

elevating atmospheric water vapour levels (Trenberth, 2011). In addition, higher 

temperatures could increase the atmospheres water vapour holding capacity, with every 

1oC rise in temperature, increasing atmospheric water holding capability by around 7% 

(Trenberth, 2011). The combination of enhanced atmospheric water levels, greater 

atmospheric water holding capacities and increased evaporation rates, could elevate 

precipitation over East Africa, and increase and worsen drought events (Trenberth, 

2011), potentially limiting the potential for wildebeests to find food. 

Wildebeest migration patterns could be affected by climate change, through its impact 

on seasons. Cook and Vizy (2012) suggests climate change induced Indian ocean 

warming could extend the Tanzania and southern Kenya short rains seasons, enhance 

mid-tropospheric moisture divergence, and shift Sahel rains northwards, possibly also 

reducing long rain seasons by 10-40% over Tanzania (Cook and Vizy, 2013). The 

enhanced short rains could be due to the presence of the Indian Ocean dipole and large 
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warming near the east African coast increasing the on-land flow moisture content (Cook 

and Vizy, 2013). Shortened long rain seasons and lengthened short rain seasons could 

alter the timing of wildebeest migrations timing, through its effect on the availability of 

nutritious grassland.  

East African climate change is dependent on past, present and future global greenhouse 

gas emissions, which are determined by economic activity, human population size, 

energy usage, lifestyle choices, technology, land use, and climate policies (IPCC, 2014). 

Since the scale of these future activities is uncertain, the IPCC have developed four 

Representative Concentration Pathways (RCP), the RCP2.6, RCP4.5, RCP6.0 and 

RCP8.5 which predict future climate based on likely human activities and their 

associated greenhouse gas emissions (IPCC, 2014). RCP2.6 is the best-case scenario, it 

assumes strict mitigation measures will be in place, carbon dioxide levels will be 

limited to 430-480ppm by 2100 with there being a net negative gain in emissions, and 

temperature rise will be below 2oC above pre-industrial levels (IPCC, 2014). Although 

Van Vuuren et al. (2011) demonstrated that this scenario was possible, it requires 

participation from all countries and a 70% emission reduction from 2010 to 2100, 

therefore the potential of achieving this target is questionable, especially when large 

countries like the USA have shown reluctance to support climate agreements e.g. the 

USA president refusing to back the Paris Climate Agreement (Dovie and Lwasa, 2017). 

In present circumstances, the intermediate emission level scenarios, RCP4.5 and 

RCP6.0 are more likely climate scenarios than RCP2.6, they assume that mitigation 

measures will be in place, but they will be weaker than those under RCP2.6 (IPCC, 

2014). Under RCP4.5 and RCP 6.0, carbon dioxide levels could vary from 580-720 ppm 

and 720ppm-1000ppm respectively, with temperature rise between 3 and 4oC (IPCC, 

2014). If no climate mitigation policies are introduced, RCP8.5 climate projections are 

expected (Riahi et al., 2011), where carbon dioxide levels increase over 1000ppm, and 

temperatures rise over 4oC. 

In East Africa, due to its warm and dry climate, the nutrient content of vegetation is 

more dependent on precipitation than temperature. This was found after the November 

to December rains in the Serengeti-Mara ecosystem which increased precipitation and 

elevated grassland nutrient content (Boutton et al., 1988), due to higher precipitation 

increasing the water available to the grasslands for photosynthesis, enhancing their 

primary productivity (Fu et al., 2015). The precipitation impacts on the nutrition of 

vegetation is only applicable up to a threshold precipitation value of around 100-
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200mm/month, beyond this, limiting factors like soil nitrogen content may prevent the 

nutrient content increasing further (Davenport and Nicholson, 1993). The dependency 

of vegetation for precipitation means that any rainfall variations climate change may 

bring could affect the greenness, primary productivity and nutrient content of 

grasslands, impacting wildebeest population sizes and migration patterns as they are 

heavily reliant on vegetation for survival.  

To determine the greenness and primary productivity of grasslands, Normalized 

Difference Vegetation Index (NDVI) can be used. This index is based on different parts 

of the electromagnetic spectrum plants reflect (Fu and Burgher, 2015). As part of 

photosynthesis, light energy is absorbed by chlorophyll in the leaves of plants, before it 

enters the internal leaf mesophyll where near-infra red radiation is scattered and 

reflected from the plant, preventing it from overheating (Fu and Burgher, 2015). 

Greener healthier plants generally scatter more near infra-red-light energy, so will have 

a higher NDVI. The index ranges from -1 to +1, where values close to +1 correspond to 

vegetation with high greenness and negative values indicate the absence of vegetation. 

It can be defined by the equation below (Pettorelli et al., 2005): 

𝑁𝐷𝑉𝐼 =
(𝑁𝐼𝑅 − 𝑉𝐼𝑆)

(𝑁𝐼𝑅 + 𝑉𝐼𝑆)
 

 

 

NDVI can be associated with many vegetative properties including green leaf area, 

chlorophyll density, vegetation cover, vegetation condition and leaf biomass (Carlson 

and Ripley, 1997), and has found to be positively correlated with primary production 

(Pettorelli et al., 2005). Using this index, it can be assumed that green vegetation with 

high primary productivity favoured by wildebeests will have a NDVI closer to 1. 

Although the index is a useful measure of vegetation greenness, it is sensitive to light 

attenuation impacts by the atmosphere and aerosols, and by soil brightness changes 

(Carlson and Ripley, 1997). 

Through grazing and providing a main food source for predators, wildebeests play a 

large role in the ecosystem, and since they are dependent on and can be heavily 

impacted by climate, future climate change could have large consequences on their 

migration, possibly affecting the whole Serengeti-Mara ecosystem. Therefore, this study 

uses past and projected precipitation data, and past NDVI data to determine the impacts 

NIR= near infrared light reflected by vegetation (µm), VIS= visible light reflected by 

vegetation (µm) 
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of climate change on the Serengeti-Mara ecosystem wildebeest migration under RCP4.5 

and RCP6.0 climate scenarios. The investigation is novel, as although past literature has 

investigated land cover change impacts on wildebeest migration (Serneels and Lambin, 

2001)(Homewood et al., 2001), factors underlying wildebeest migration (Holdo et al., 

2009), current wildebeest migration patterns (Inglis, 1976)(Boone et al., 

2006)(Pennycuick, 1975) and drought impacts on wildebeests (Gereta et al., 2009), few 

literature currently explores the impacts of climate change on wildebeest migration. 

Thus, this study will be important to scientists and policy makers whom want to 

implement mitigation measures now in order to reduce climate change impacts on 

wildebeests.  

To predict future Serengeti-Mara ecosystem wildebeest migration under altered 

precipitation induced by climate change, the following research questions need to be 

addressed; (1) Where are the Serengeti-Mara ecosystem wildebeest population currently 

distributed? (2) Has precipitation changed significantly with time over the areas 

occupied by the Serengeti-Mara ecosystem wildebeest populations? (3) Is there a 

correlation between past NDVI and precipitation in the areas occupied by wildebeests? 

(4) What will the future precipitation in the wildebeest occupied areas of the Serengeti-

Mara ecosystem be with climate change? (5) Based on predicted future precipitation 

patterns, how will future NDVI, hence wildebeest migration differ with climate change? 
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2. Methods  

2.1. Study area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study area is the Serengeti-Mara ecosystem in northern Tanzania and southern Kenya, 

East Africa (figure 2), it is a habitat to the largest wildebeest migratory populations 

(Holdo et al., 2009), along with zebras, Thomsons gazelles (Gazella thomsoni), lions 

and hyenas (Serneels and Lambin, 2001). The total area is around 25,000km2 and can be 

defined by the wildebeest migration (Serneels and Lambin, 2001).   

Figure 2. Study area (a.) and its location in Tanzania and Kenya, East 

Africa (b.). Black line outlines the Serengeti-Mara ecosystem. 

b. 

 

a. 
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The ecosystem consists of two large adjoining conservation areas where only tourist 

activities are allowed, these are the SNP and the MMNR, located in Tanzania and 

Kenya respectively. Surrounding these areas are the Ngorongoro Conservation Area, 

Loliondo Game Controlled Area, and Maswa, Grumeti, and Ikorongo Game Reserve, 

these are buffer zones that allow tourism, hunting and farming to take place 

(Homewood et al., 2001).  The Ngorongoro Conservation Area, due to its nutritious 

grasslands provides an important wildebeest calving site (Boone et al., 2006). 

A precipitation gradient exists throughout the Serengeti-Mara ecosystem, coming from 

the southeast to the northwest direction, and ranges from 400mm near Ngorongoro 

volcano to 1200mm by Lake Victoria (Holdo et al., 2009). It is responsible for the 

distinct environments that exist within the ecosystem, with the south-eastern ecosystem 

consisting of treeless, short grassland plains, and the northern and western ecosystem 

comprising of woodland and tall grassland savannah (Holdo et al., 2009). 

Mountains and hills border the south east and eastern areas around the ecosystem 

(Boone et al., 2006), and agriculture dominates areas north of the MMNR. Increasing 

settlements are present on the western SNP and MMNR boundaries (Serneels and 

Lambin, 2001).  

 

2.2 Data collection  

 

 

 

 

 

 

 

 

 

 

Figure 3. Methods summary. 
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2.2.1. Current wildebeest monthly migratory areas  

Tourist websites were used to establish average monthly wildebeest distribution. This 

was done by entering ‘wildebeest migration’ into Bing Search Engine and viewing the 

first 20 search results. Those which were both tourist websites (containing up to date 

wildebeest migration information) and had information on Serengeti-Mara ecosystem 

wildebeest monthly migrations, were used to determine areas wildebeest inhabited each 

month. Only rough areas could be determined as wildebeest migration varied each year 

(Boone et al., 2006). ‘Wildebeest migration’ was then searched into google scholar and 

the first 20 results were viewed, academic literature describing wildebeest migration 

patterns confirmed monthly wildebeest distribution.  

In the mapping and analysis programme, ArcGIS (ESRI, 2018), twelve blank shapefiles 

were created, on each shapefile using the National Geographic base map developed by 

ESRI (2011) as a guideline and using the information obtained from tourist websites 

and academic literature, the editing tool was used to construct rectangular shaped 

boundaries highlighting wildebeest monthly locations, such that the January migratory 

area was drawn on the first shapefile, the February migratory area on the second etc. 

Boundary size and coordinates of the migratory area shapefiles were determined.  

2.2.2. NDVI data  

MODIS/Terra Vegetation Indices Monthly L3 Global 1km SIN Grid V006 satellite data 

ranging from February 2000 to June 2018 and covering the Serengeti-Mara ecosystem 

were downloaded as hdfs from Earthdata, each tile had coordinates of (30°27′46.07″E, 

10°00′00.00″S), (30°27′46.07″E, 0°00′00.00″S), (40°00′00.00″E, 10°00′00.00″S) and 

(40°00′00.00″E, 0°00′00.00″S).  

Data had 1km spatial resolution and was generated using Sinusoidal projection. It 

contained pre-calculated NDVI values, determined using atmospherically corrected bi-

directional surface reflectance values utilizing red and near infra light reflectance, 

centred at 645nm and 858nm, respectively (NASA Earthdata, 2018).  The monthly data 

contained the temporal average of all 16-day 1km resolution products which overlapped 

that month (NASA Earthdata, 2014).  

In the free, open sourced statistical coding programme, Rstudio (Rstudio, 2018), raster, 

rgdal and gdalUtils packages were downloaded, and NDVI data were converted from 

hdf files to tiffs, making them useable in ArcGIS. Using the coordinates of the 
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migratory area shapefiles, R studio was used to calculate the total NDVI for each 

monthly tile for each monthly migratory area, these were saved as CSVs. 

In ArcGIS, Extract by Rectangle function in the Spatial Analyses toolbox cropped 

NDVI data in accordance to each of the twelve-monthly migratory area shapefiles. 

2.2.3. Meteoblue climate data 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raw 30km resolution, total monthly precipitation data from January 1985 to December 

2017 were extracted in an excel format from Meteoblue. Due to limited climate data 

across the Serengeti-Mara ecosystem, monthly precipitation data for only seven 

coordinates, (35°09′22.5″E, 2°40′00″S), (35°09′22.5″E, 3°00′00″S), (34°41′15″E, 

2°40′00″S), (34° 13' 7.5''E, 2° 40' 00'' S), (34°41′15″E, 2°00′00″S), (34°41′15″E, 

1°20′00.35″S) and (35°09′22.5″E, 2°00′00″S) were obtained (figure 4). Precipitation 

data were calculated using NEMS (NOAA Environmental Modelling System) weather 

forecast model, which computes average climate over large areas, based on weather 

observations (Meteoblue, 2018).  

Figure 4. Meteoblue precipitation data coordinates distribution. 
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Precipitation data coordinates were assigned to each of the migratory areas, such that if 

a coordinate fell within one of the migratory areas it was assumed to represent the 

climate of the whole migratory area. Where >1 climate coordinate fell within a 

migratory area, the average precipitation of those coordinates was assigned to that area. 

Where none of the coordinates fell within the migratory area, nearest precipitation data 

were used for that area, so sometimes the same precipitation data were used for different 

areas. 

2.2.4. WorldClim climate data 

CMIP5 (Coupled Model Intercomparison Project Phase 5) 30-second spatial resolution 

current monthly precipitation data in an ESRI format averaged over 1960-1990, and 

projected RCP4.5 and RCP6.0, 2050 monthly precipitation data generated using GFDL-

ESM2G (Geophysical Fluid Dynamic Laboratory Earth Systems Model with Gold 

Component), HadGEM2-ES (Hadley Centre Global Environment Model version 2) and 

MIROC-ESM-CHEM (Model for Interdisciplinary Research on Climate, Earth System 

Model, Chemistry Coupled) models were downloaded from WorldClim.  

GFDL-ESM2G was constructed by the Geophysical Fluid Dynamic Laboratory. It was 

based on oceanic and atmospheric circulation models, which capture numerous types of 

emissions, land surface albedo variations and aerosols. The model is isopycnic, 

developed using Generalized Ocean Layer Dynamics (GOLD) code (GFDL, 2018).  

HadGEM2-ES was the Met Office Hadley Centre Earth systems projection model, 

which incorporates troposphere, land surface, hydrology, aerosols, sea ice, oceans, 

ocean biogeochemistry and the carbon cycle (Martin et al., 2011).  

MIROC-ESM-CHEM was based on the chemistry model CHASER (CHemical 

Atmospheric general circulation model for Study of Atmospheric Environment and 

Radiative forcing), developed at Nagaya University. It used troposphere and 

stratosphere photochemistry, and integrated the influences of short-wave radiative 

forcing associated with volcanic eruptions, the solar cycle, and stratospheric changes 

(Watanabe et al., 2011). 

In R studio, using raster and rgdal packages, current and future climate data were 

converted to Tiffs, making them useable in ArcGIS.  
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2.3. Data Analysis  

In excel, data were edited into a useable R studio format and incomparable data were 

removed, e.g. NDVI data collected before January 2001 and after December 2017 were 

deleted, and Meteoblue climate data from before January 2001 were removed.  

Meteoblue precipitation monthly means over 2001-2017 were calculated for each 

migratory area, bar graphs created in R studio established average monthly precipitation 

trends.  

In the remote sensing analysis and spatial modelling programme, ERDAS Imagine 

(Hexagon Geospatial, 2019), image difference function was performed between 2001 

and 2017 NDVI data for corresponding months and migratory areas, e.g. image 

difference was performed between 2001 and 2017 January NDVI  data for the January 

migratory area, then between 2001 and 2017 February NDVI data for the February 

migratory etc., so that net NDVI differences for each area from 2001-2017 could be 

determined, and to highlight areas which experienced an overall NDVI change. Viewing 

the metadata of the image difference outcome for each of the migratory areas, allowed 

mean NDVI changes to be obtained. 

In R studio, linear regressions were performed across all monthly Meteoblue 

precipitation data and time, and across all monthly NDVI and Meteoblue precipitation 

data from January 2001-December 2017 for each migratory area. P values determined if 

a precipitation with time and a NDVI with precipitation correlation existed for the 

migratory areas, multiple R2 values identified the strength of the correlations, and the 

gradients established if the correlations were positive or negative.  

Linear regressions were also performed between each individual monthly Meteoblue 

precipitation data and time, and between each individual monthly NDVI and Meteoblue 

precipitation data for 2001-2017, e.g. linear regressions were performed for 

precipitation with time and NDVI with precipitation for all the January months, then all 

the February months etc., and p values were obtained. This was done for each of the 

migratory areas, to determine if a relationship existed between monthly precipitation 

with time, and monthly NDVI with precipitation. 

To account for a potential lag between precipitation and NDVI green up at each 

migratory area, linear regression was performed between Meteoblue precipitation data 

for one month with NDVI for the following month, e.g. January precipitation from 
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2001-2017 was correlated with February NDVI, and February precipitation from 2001-

2017 was correlated with March NDVI etc. 

Upon identifying months with both significant relationships between precipitation and 

time, and NDVI/lagged NDVI and precipitation, in ArcGIS, WorldClim future and 

current precipitation data for the scenarios and models mentioned in section 2.2.4. for 

the identified months were cropped to the migratory areas which had significant 

relationships between time and precipitation, and NDVI/lagged NDVI and precipitation. 

Mean current and future precipitation were determined by viewing the cropped 

WorldClim data image properties. Current and future precipitation for significant 

months and migratory areas were compared to determine likely future changes. 

See figure 3 for a summary of the methods. 

 

3. Results  

3.1. Current wildebeest migration 

 

Company  Website 

Expert Africa https://www.expertafrica.com/tanzania/info/serengeti-

wildebeest-migration  

Go2Africa https://www.go2africa.com/african-travel-blog/how-the-

wildebeest-migration-works  

Chalo Africa https://www.chaloafrica.com/kenya-tanzania-wildebeest-

migration-update/  

Tanzania 

Specialists 

https://www.tanzaniaspecialists.co.uk/serengeti-wildebeest-

migration/  

Discover Africa https://www.discoverafrica.com/migration/map/  

African Mecca 

Safaris 

https://www.africanmeccasafaris.com/travel-

guide/tanzania/parks-reserves/serengeti/wildebeest-migration  

The Luxury 

Safari Company 

https://www.theluxurysafaricompany.com/kenya/wildebeest-

migration  

On The Go Tours https://www.onthegotours.com/Africa/The-Great-Wildebeest-

Migration  

Table 1. Tourist websites used to establish current wildebeest migration. 

https://www.expertafrica.com/tanzania/info/serengeti-wildebeest-migration
https://www.expertafrica.com/tanzania/info/serengeti-wildebeest-migration
https://www.go2africa.com/african-travel-blog/how-the-wildebeest-migration-works
https://www.go2africa.com/african-travel-blog/how-the-wildebeest-migration-works
https://www.chaloafrica.com/kenya-tanzania-wildebeest-migration-update/
https://www.chaloafrica.com/kenya-tanzania-wildebeest-migration-update/
https://www.tanzaniaspecialists.co.uk/serengeti-wildebeest-migration/
https://www.tanzaniaspecialists.co.uk/serengeti-wildebeest-migration/
https://www.discoverafrica.com/migration/map/
https://www.africanmeccasafaris.com/travel-guide/tanzania/parks-reserves/serengeti/wildebeest-migration
https://www.africanmeccasafaris.com/travel-guide/tanzania/parks-reserves/serengeti/wildebeest-migration
https://www.theluxurysafaricompany.com/kenya/wildebeest-migration
https://www.theluxurysafaricompany.com/kenya/wildebeest-migration
https://www.onthegotours.com/Africa/The-Great-Wildebeest-Migration
https://www.onthegotours.com/Africa/The-Great-Wildebeest-Migration
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Author(s) Year Title 

Holdo et al. 2009 Opposing rainfall and plant nutritional gradients best 

explain the wildebeest migration in the Serengeti. 

Serneels and 

Lambin 

2001 Impact of land‐use changes on the wildebeest migration in 

the northern part of the Serengeti–Mara ecosystem. 

Boone et al. 2006 Serengeti wildebeest migratory patterns modelled from 

rainfall and new vegetation growth. 

Musiega and 

Kazadi 

2004 Simulating the East African wildebeest migration patterns 

using GIS and remote sensing. 

Goldman 2007 Tracking Wildebeest, Locating Knowledge: Maasai and 

Conservation Biology Understandings of Wildebeest 

Behaviour in Northern Tanzania 

 

8/20 websites viewed were both tourist websites and contained information on current 

monthly wildebeest migrations (table 1). 5/20 articles viewed contained information on 

current monthly wildebeest migrations (table 2). 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Academic literature used to confirm current wildebeest migration. 
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Migratory area Width (104m) Length (104m) Area (x109m2) 

January 7.54 5.58 4.20 

February 9.11 6.97 6.36 

March  10.8 4.25 4.58 

April 4.82 7.76 3.74 

May  4.50 5.56 2.50 

June  8.85 7.77 6.87 

July 9.89 6.90 6.83 

August 6.64 3.85 2.56 

September 3.85 3.96 1.52 

October 4.33 4.67 2.02 

November 8.84 12.0 10.6 

December 6.48 11.4 7.40 

Table 3. Width, length and area of the migratory areas. Values are to 3s.f.  

Figure 5. Monthly wildebeest migratory areas. Each coloured rectangle corresponds 

to a migratory area. 
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a. 

January migratory area 

Southern SNP was inhabited from January-May, and the northern SNP and MMNR 

from August-November, other months were spent by wildebeests migrating to and from 

the southern SNP, and the northern SNP and MMNR (figure 5). In January and 

February, and September and October, wildebeest generally remained in the same area 

(figure 5). Size of areas wildebeest occupied each month varied, with wildebeest 

occupying the largest areas in November and December, 10.6x109m2 and 7.40x109m2 

respectively, compared to during September where they occupied a small 1.52x109m2 

area (table 3).  During all months, migratory areas overlapped, especially from August-

November and January-May (figure 5). 

3.2. Past Precipitation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. 

February migratory area 
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c. 
March migratory area 

d. 

April migratory area 

e. 
May migratory area 
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f. 

June migratory area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

g. 

July migratory area 

h. 

August migratory area 
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i. 

September migratory area 

k. 
November migratory area 

j. 

October migratory area 
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For all migratory areas over 2001-2017, lowest precipitation occurred during May-

October months, three months before wildebeest occupied their August-November dry 

season range (figure 6a-l) (figure 5). July migratory area experienced the lowest 

precipitation, having maximum precipitation around 65mm, 35mm less than the highest 

precipitation for the June migratory area (which experienced the second lowest 

precipitation) (figures 6f-g).  

 

 

 

 

 

Figure 6. Average total monthly Meteoblue precipitation (mm) over 2001-2017 for 

monthly migratory areas, a. Average total monthly precipitation for the January 

migratory area, b. Average total monthly precipitation for the February migratory 

area, c. Average total monthly precipitation for the March migratory area, d. Average 

total monthly precipitation for the April migratory area, e. Average total monthly 

precipitation for the May migratory area, f. Average total monthly precipitation for 

the June migratory area, g. Average total monthly precipitation for the July migratory 

area, h. Average total monthly precipitation for the August migratory area, i. 

Average total monthly precipitation for the September migratory area, j. Average 

total monthly precipitation for the October migratory area, k. Average total monthly 

precipitation for the November migratory area, l. Average total monthly precipitation 

for the December migratory area.  

December migratory area 

l. 
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3.3. Past NDVI  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Highlight change

No change

Decreased

Increased

a. January  February March  b.

) 

c. 
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h.
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i. 

October 
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Figure 7. Net monthly NDVI change from 2001-2017 for the migratory areas, 

green indicates NDVI increase, red indicates NDVI decrease and white indicates 

no NDVI change, a. January NDVI for January migratory area, b. February NDVI 

for February migratory area, c. March NDVI for March migratory area, d. April 

NDVI for April migratory area, e. May NDVI for May migratory area, f. June 

NDVI for June migratory area, g. July NDVI for July migratory area, h. August 

NDVI for August migratory area, i. September NDVI for September migratory 

area, j. October NDVI for October migratory area, k. November NDVI for 

November migratory area, l. December NDVI for December migratory area.   
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NDVI difference

High: 0.63

 

Low: -0.63
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January and February NDVI decrease occurred over most of the January and February 

migratory areas respectively from 2001-2017, with small patches mainly towards the 

eastern side of the migratory areas experiencing no NDVI change (figures 7a-b). NDVI 

decreases were particularly large on the western side of both migratory areas (figures 

8a-b). Mean monthly NDVI decreases were -0.382 and -0.298 for the January and 

February migratory areas respectively, which were larger than the NDVI change for the 

other ten migratory areas (table 4).  

For the March, April, May, June, July and August migratory areas, there was roughly a 

50:50 split between patches which experienced no monthly NDVI change and those 

Migratory area Month Mean NDVI  

January January -0.382 

February February -0.298  

March March -0.0862 

April April -0.112 

May  May  -0.112 

June June -0.110 

July July -0.0958 

August August -0.118 

September September -0.0250 

October October -0.0356 

November November -0.0554 

December December 0.0366 

Figure 8. Monthly NDVI change from 2001-2017 for the migratory areas, warmer 

colours indicate increased NDVI, cooler colours indicate decreased NDVI, a. 

January NDVI for January migratory area, b. February NDVI for February 

migratory area, c. March NDVI for March migratory area, d. April NDVI for April 

migratory area, e. May NDVI for May migratory area, f. June NDVI for June 

migratory area, g. July NDVI for July migratory area, h. August NDVI for August 

migratory area, i. September NDVI for September migratory area, j. October NDVI 

for October migratory area, k. November NDVI for November migratory area, l. 

December NDVI for December migratory area.   

Table 4. Mean monthly NDVI change from 2001-2017 for each migratory area. 

Values are to 3s.f. 
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which experienced a NDVI decrease, with small patches showing NDVI increases 

scattered throughout all but the August migratory area (figures 7c-h). Overall mean 

monthly NDVI change for March-August migratory areas ranged from -0.0862 to -

0.118 (table 4). 

Small September and October NDVI changes occurred from 2001-2017 for September 

and October migratory areas respectively (figure 8i-j), with tiny patches experiencing 

NDVI increases/ decreases (figures 7i-j). Overall NDVI change was small, -0.0250 and 

-0.0356 for September and October migratory areas respectively (table 4).  

Many large patches experienced November and December NDVI increases from 2001-

2017 for November and December migratory areas respectively, the November 

migratory area also had many patches which experienced NDVI decreases (figure 7k-l). 

December migratory area experienced more NDVI increases than decreases (figures 7k-

l), this explains the positive mean NDVI change of 0.0366 (table 4). Most monthly 

NDVI increases which occurred in the November and December migratory areas were 

large (figures 8k-l).   

Excluding the December migratory area which experienced a NDVI increase, all areas 

experienced NDVI decreases from 2001-2017, with highest mean NDVI change 

occurring in January, where nearly the whole area experienced a large January NDVI 

decrease (figure 7a-l) (figure 8a-l) (table 4). 
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3.4. Past precipitation/NDVI trends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There was a significant positive relationship between precipitation with time from 2001-

2017 for January-May migratory areas, though this correlation was weak, R2=0.0186-

0.0236 (table 5). For all migratory areas there was a weak significant positive 

correlation between NDVI and past precipitation from 2001-2017, with March 

migratory area having the strongest relationship, R2=0.265 (table 5). 

 

 

 

 

 

 Precipitation/time NDVI/Precipitation 

Migratory 

area 

Correlation R2  P<0.05 Correlation  R2  P<0.05 

January  Positive 0.0213 Yes Positive 0.255 Yes 

February Positive 0.0233 Yes Positive 0.244 Yes 

March Positive 0.0186 Yes Positive 0.265 Yes 

April Positive 0.0193 Yes Positive 0.182 Yes 

May Positive 0.0236 Yes Positive 0.190 Yes 

June  Positive 0.0171 No Positive 0.218 Yes 

July  Positive 0.00196 No Positive 0.160 Yes 

August Positive 0.00594 No Positive 0.0474 Yes 

September Positive 0.00594 No Positive 0.0559 Yes 

October Positive 0.00594 No Positive 0.0596 Yes 

November Positive 0.00281 No Positive 0.179 Yes 

December Positive 0.0117 No Positive 0.206 Yes 

Table 5. Correlation, multiple R2 (R2) and significance values (P<0.05= p 

value<0.05) obtained from performing linear regression across all months from 

2001-2017 between Meteoblue precipitation data and time, and NDVI and 

Meteoblue precipitation data, for each migratory area. Values are to 3s.f. (see 

appendix A for p values). 
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Migratory 

area  

Month 

Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec 

January          * *   

February          * *  

March          * *  

April          *   

May          *   

June          *   

July             

August *            

September *            

October *            

November          *   

December          *   

Table 6. Months with significant individual monthly Meteoblue precipitation and 

time correlations from 2001-2017 for the migratory areas, * = p<0.05, ** = p<0.01, 

*** = p<0.005 (see appendix B for p values). 
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Migratory 

area 

Month  

Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec 

January     *      *  * 

February     *     *** *  

March     ***     *** *  

April          *   

May *    *     * *  

June             

July          *   

August             

September             

October             

November          *** * *** 

December *    *     ** *** * 

Table 7. Months with significant individual monthly NDVI and Meteoblue 

precipitation correlations from 2001-2017 for the migratory areas, * = p<0.05, ** = 

p<0.01, *** = p<0.005 (see appendix B for p values). 
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For all but the July migratory area, from 2001-2017, there was a significant correlation 

between monthly precipitation and time for either January, October and/or November 

months (table 6). For the October month, 8/12 migratory areas had a significant 

correlation between precipitation and time (table 6). 

For all but the June, August, September and October migratory areas, there was a 

significant correlation between past monthly NDVI and precipitation for either January, 

May, October, November and December months from 2001-2017 (table 7). For October 

and November months, a significant monthly NDVI to precipitation correlation existed 

for 7/12 and 6/12 migratory areas respectively (table 7). Very significant relationships 

existed between October months and NDVI, with 3/12 migratory areas having a p value 

<0.005 (table 7). 

Migratory 

area  

Precipitation, NDVI month 

Dec

,Jan 

Jan,

Feb 

Feb,

Mar 

Mar,

Apr 

Apr,

May  

May, 

Jun 

Jun,

Jul 

Jul,

Aug 

Aug

,Sep 

Sep, 

Oct 

Oct, 

Nov 

Nov,

Dec 

January  *   * *    *  * 

February  ***   *     * **  

March  **    ***    *  * 

April  *   ***     *  *** 

May  ***   ** *    *  *** 

June  *   **       ** 

July  *          * 

August        *  * *** * 

September          * *** *** 

October     *     * *** *** 

November  ***   * * *   *  *** 

December  ***   * * *   *  *** 

Table 8. Months with significant individual monthly Meteoblue precipitation and 

lagged NDVI correlations from 2001-2017 for the migratory areas, Dec,Jan = 

December precipitation with January NDVI, * = p<0.05, ** = p<0.01, *** = p<0.005 

(see appendix B for p values). 
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8/12 months there was a significant correlation between monthly precipitation and 

lagged NDVI from 2001-2017 (table 8). This correlation was present for at least two 

months in each of the migratory areas (table 8). November monthly precipitation 

appeared to have the strongest influence on lagged NDVI, having a correlation 

appearing in 11/12 migratory areas, with 6/12 of these areas having a very significant 

correlation, p<0.005 (table 8). 

For January to June and November to December migratory areas, there was a significant 

relationship between both October precipitation with time and NDVI/lagged NDVI with 

October precipitation (tables 6-8). For January to March migratory areas there was also 

a significant correlation between November precipitation with time, and NDVI/lagged 

NDVI with November precipitation (tables 6-8). 

3.5. Future precipitation 

 

 

 

 

 

 

 

Migratory 

area  

Current 

(mm)  

Future (mm)  

GFDL-ESM2G HadGEM2-ES MIROC-ESM-CHEM 

RCP4.5  RCP6.0 RCP4.5 RCP6.0 RCP4.5 RCP6.0  

January 26.3 22.1 17.9 20.8 21.2 49.4 53.1 

February 27.7 23.0 18.4 21.7 22.1 51.1 54.8 

March 28.2 22.8 17.9 21.8 22.0 51.3 54.7 

April 34.2 30.9 24.4 27.4 28.6 61.0 65.9 

May 31.7 28.4 22.8 25.4 26.5 58.0 62.9 

June 44.9 48.3 38.2 38.0 41.5 74.7 81.9 

November 41.0 39.9 35.4 34.4 37.5 75.7 83.9 

December 34.2 31.5 27.3 28.2 30.1 64.8 71.3 

Table 9. Mean monthly current (1960-1990) and projected October WorldClim 

precipitation for 2050 under RCP4.5 and RCP6.0, for migratory areas with 

significant October Meteoblue precipitation with time and NDVI/lagged NDVI with 

October Meteoblue precipitation correlations. Projected precipitation is under 

GFDL-ESM2G, HadGEM2-ES and MIROC-ESM-CHEM models. Values are to 

3s.f. 
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GFDL-ESM2G and HadGEM2-ES models predict October precipitation declines under 

RCP4.5 and RCP6.0 by 2050 for 7/8 migratory areas which showed significant 

correlations between both precipitation and time and NDVI/lagged NDVI with 

precipitation, with the June migratory area experiencing precipitation increases under 

RCP4.5 (table 9). MIROC-ESM-CHEM predicted opposite trends, projecting that for 

the October month, all migratory areas which showed significant precipitation with time 

and NDVI/lagged NDVI with precipitation correlations should experience October 

precipitation increases under RCP4.5 and RCP6.0 by 2050 (table 9). For GFDL-

ESM2G model, October precipitation declines were greater under RCP6.0 than RCP4.5, 

however for HadGEM2-ES and MIROC-ESM-CHEM models, October precipitation 

was higher under RCP6.0 than RCP4.5 (table 9). 

Except under RCP6.0 for the February migratory area, where models predicted no 

change in November precipitation with climate change, GFDL-ESM2G and MIROC-

ESM-CHEM models predicted increased November precipitation for January-March 

migratory areas, with greatest precipitation increases expected under MIROC-ESM-

CHEM model (table 10). HadGEM2-ES predicted precipitation decreases for all 

migratory areas (table 10). All models forecasted larger November precipitation 

changes under RCP4.5 than RCP6.0 (table 10). 

 

 

 

Migratory 

area  

Current 

(mm) 

Future (mm)  

GFDL-ESM2G HadGEM2-ES MIROC-ESM-CHEM 

RCP4.5 RCP6.0 RCP4.5 RCP6.0 RCP4.5 RCP6.0 

January 75.5 81.6 78.0 65.5 72.0 106.0 96.2 

February 83.2 87.3 83.2 71.6 79.0 113.9 103.8 

March 91.7 97.4 92.0 78.0 86.6 121.8 111.4 

Table 10. Mean monthly current (1960-1990) and projected November WorldClim 

precipitation for 2050 under RCP4.5 and RCP6.0, for migratory areas which showed 

significant November Meteoblue precipitation with time and November Meteoblue 

precipitation with NDVI/lagged NDVI correlations. Projected precipitation is for 

GFDL-ESM2G, HadGEM2-ES and MIROC-ESM-CHEM models. Values are to 3s.f. 
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4. Discussion 

4.1. Current wildebeest migration 

Wildebeests generally inhabited the southern SNP from January-May, and the northern 

SNP and MMNR from August-November. Wildebeests spent the other months 

migrating to and from the southern SNP, and the northern SNP and MMNR. This 

migration pattern was supported by Serneels and Lambin (2001) who found similar 

results except with wildebeests occupying the southern SNP until June instead of May, 

and Thirgood et al. (2004) who found the southern SNP was inhabited by wildebeest 

from December-May instead January-May.  

Each monthly wildebeest migratory area overlapped with at least one other, with 

January-May, and August-November migratory areas having the most frequent 

overlaps, highlighting the small distances wildebeest cover during the wet and dry 

seasons when they spend most of their time grazing (Serneels and Lambin, 2001). The 

large overlap between January and February migratory areas, could be linked to small 

wildebeest movements during the January-February calving season (Sinclair, 1977). 

Throughout each month, size of the migratory areas varied, implying that wildebeests 

had larger distributions during some months than others, with November and December 

months when wildebeest were travelling along the eastern corridor of the SNP having 

the largest migratory area, hence greatest wildebeest distribution, likely due to faster 

wildebeest movement as they approached the Serengeti plains at the start of the wet 

season (Inglis, 1976), allowing greater distances to be covered during these months.  

The large monthly wildebeest migratory areas and their size variation each month, 

reflects the year to year variation in wildebeest migration (Boone et al., 2006), and the 

individuality in migratory routes chosen by wildebeests within each herd which can 

result in wildebeest being at one stage a few kilometres apart and later on being several 

tens of kilometres apart (Inglis, 1976). 

4.2. Past precipitation 

For all migratory areas, 2001-2017 average monthly total precipitation varied, with less 

precipitation occurring in May-October, indicating the existence of a seasonal 

precipitation gradient across the migratory areas. Boone et al. (2006) supports this, 

suggesting that a May to mid-October dry season and a mid-October to April wet 

season exists across the Serengeti-Mara ecosystem. Seasonal precipitation tended to 
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occur earlier than wildebeest migration, with low May-October precipitation occurring 

three months before wildebeests occupied their dry season range from August-

November. Possibly due to wildebeest migratory seasons being based around green 

grassland availability, although low precipitation decreased the primary productivity of 

the grasslands, the effects on grass greenness were only visible at a later stage (Wang et 

al., 2001). 

January-May migratory areas, which wildebeests inhabited during the wet season 

experienced significant precipitation increases from 2001-2017, implying that wet 

season areas may continue to experience precipitation increases in the future with 

climate change, however because the correlation was weak, these precipitation changes 

will likely be small. Shongwe et al (2011) found similar findings, suggesting that over 

Tanzania, climate change could increase precipitation during November-April months.  

From 2001-2017, there was also a significant monthly precipitation change for all but 

the July migratory area for January, October and/or November months, implying that 

climate change could alter precipitation for these months over most of the migratory 

areas. For the July migratory area and during months which experienced no significant 

change in monthly precipitation with time, climate change is unlikely to have large 

impacts. 

4.3. Past NDVI  

From 2001-2017 there was a net monthly NDVI decrease during months where 

wildebeest were present in each of the January-November migratory areas. These NDVI 

decreases implies that declines in primary productivity and nutrient content of 

grasslands could have also occurred for the January-November wildebeest migratory 

areas, possibly reducing the food available to wildebeests during those years 

(Wilmshurst, 1999). Despite NDVI declining from 2001-2017 during months where 

wildebeest were present in the January-November migratory areas, precipitation over 

January-May migratory areas increased over the years, this was surprising given that 

NDVI was found to be significantly positively correlated with precipitation across all 

migratory areas. An explanation for this could be due to NDVI increases occurring 

during months where wildebeest were absent from the migratory areas masking NDVI 

declines which occurred when wildebeest were present in the migratory areas.  

The December month for the December migratory area was the only month which 

experienced a NDVI increase with time when wildebeests were present in the area, 
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likely due to months leading up to December experiencing increased rainfall, allowing 

more water to be utilized in photosynthesis, and increasing primary productivity, hence 

NDVI of the grasslands (Fu et al., 2018).  

Of the migratory areas which experienced significant monthly precipitation changes 

from 2001-2017, January-June, and November-December migratory areas were found 

to have a significant relationship between monthly NDVI/lagged NDVI with 

precipitation, for the October and/or November months. Therefore, precipitation 

changes which have occurred in these migratory areas likely impacted past NDVI 

patterns, thus, NDVI in these migratory areas could be more sensitive to climate change 

induced precipitation alterations than other areas.  

4.4. Future Precipitation, NDVI and Wildebeest migration  

Future climate projections for migratory areas and months which showed both a 

significant correlation between past precipitation with time, and NDVI/lagged NDVI 

with precipitation, highlighted that October and November precipitation could be 

altered with climate change under RCP4.5 and RCP6.0 by 2050. How precipitation will 

change is unclear, with HadGEM2-ES model predicting October and November 

precipitation decreases, MIROC-ESM-CHEM model projecting October and November 

precipitation increases and the GFDL-ESM2G model predicting mainly October 

precipitation decreases, but November precipitation increases by 2050 under RCP4.5 

and RCP6.0.  

If October and/or November precipitation decreases with climate change, it could 

extend the dry season, causing it to finish late October/November, as opposed to mid-

October (Boone et al., 2006). This could result in wildebeests remaining in the northern 

SNP and MMNR for longer, as the start of the wet season which stimulates southern 

wildebeest migration is delayed. Increased time spent in the dry season where the grass 

is longer, less favourable and less nutritious (Wilmshurst, 1999), could reduce nutrient 

consumption by wildebeests, increasing their mortality risk from predation and disease 

(Mduma et al., 1999). Also, later wildebeest movement into their wet season range 

could impact wildebeests calving location, as wildebeests struggle to reach the 

Ngorongoro Conservation Area in time for the lunar cycle determined January/February 

calving season (Sinclair 1977), leading to calving occurring at an earlier migratory 

stage, such as along the eastern migratory corridor, where grass is less nutritious than in 
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the Ngorongoro Conservation Area (Inglis, 1976). This could limit nutrition available to 

wildebeest calves, increasing calve mortality (Mduma et al., 1999). 

Reduced October and November precipitation over most of the migratory areas will 

reduce soil water saturation, limiting the water available to the plant, decreasing NDVI 

through degraded plant biomass, and increasing dieback as a result of enhanced plant 

stress (Beierkuhnlein et al., 2011).  Although it is likely that dry season vegetation will 

suffer a small NDVI reduction due to decreased October/November precipitation, their 

deep roots may partially buffer them against the impacts of lowered precipitation, hence 

dry season grassland should remain relatively unaffected by October/November 

precipitation decreases (Coley, 1998). For shorter wet season grassland whose roots are 

shallower, potential October/ November precipitation declines with climate change are 

concerning, as their shorter roots limit their ability to uptake water, causing severe stress 

and NDVI declines, possibly reducing plant nitrogen content (Coley, 1998). If wet 

season grassland has not fully recovered from the reduced October/November 

precipitation by the time wildebeest reach the area, it could further reduce the 

wildebeest food availability, potentially having profound consequences on their 

population size. 

Shongwe et al. (2011) predicts that increased rather than decreased precipitation is 

expected over East Africa with climate change, supporting MIROC-ESM-CHEM model 

projections of increased October and November precipitation by 2050 under RCP4.5 

and RCP6.0, this could lead to the wet season occurring a few weeks earlier, shifting 

from early October to mid-October. Assuming lagged green-up (Wang et al., 2001), 

such precipitation increases could enhance vegetation growth and NDVI during the 

November, December and January months, due to increased precipitation enhancing 

photosynthesis rates and primary productivity, elevating plant biomass accumulation (Li 

et al., 2014). This could increase wildebeest food availability and possibly lead to 

earlier wildebeest migration to its wet season range. Heisler-White et al. (2008) 

supports this, finding that increased precipitation improved the aboveground net 

primary productivity of grasslands. Zavaleta et al. (2003) however, found that increased 

NDVI did not necessary increase food availability, as although increased NDVI due to 

elevated precipitation enhanced forb production and abundance, it had little impact on 

grasslands. Thus, if precipitation does increase with climate change, it is debatable 

whether this will increase wildebeest food availability. 
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The impact of climate change on precipitation varied depending on the RCP scenario, 

with GFDL-ESM2G model predicting greater October precipitation declines under 

RCP6.0 than RCP4.5, but the HadGEM2-ES and MIROC-ESM-CHEM models, 

predicting higher October precipitation under RCP4.5 than RCP6.0, and for November 

precipitation, all models predicted larger changes under RCP4.5 than RCP6.0. 

Therefore, unless we can fully predict future human activities, which is unlikely due to 

its dependency on a large range of factors including policies, law enforcement, public 

engagement and education (Michie et al., 2011), future precipitation hence NDVI under 

climate change is uncertain. 

4.5. Uncertainties 

Migratory boundaries were drawn based on wildebeest migratory information obtained 

from tourist websites and academic journals, therefore poorly documented areas 

possibly inhabited by the Serengeti-Mara ecosystem wildebeest population were not 

incorporated into the migratory areas, consequently, climate change induced 

precipitation alterations to these areas remain unknown. Though, tagging wildebeests to 

determine their exact migration paths would have reduced this error, the large 

proportion of wildebeests which would need to be tagged, meant that this method would 

be costly and would still likely result in some of the population not being tagged and 

thus, not accounted for (Wilson et al., 2015). Nevertheless, since the wildebeest tourism 

industry generates around $US83.5 million a year (Nelson, 2012) it is likely that 

significant research into determining current wildebeest migration has been invested by 

these companies, hence, it is probable that the wildebeest migratory information 

obtained from the tourist websites were accurate. 

Lack of accessible data meant that the performed correlations between monthly 

precipitation and time, and precipitation and NDVI were based on a short 17yr data 

range, and on precipitation data covering only seven coordinates across the Serengeti-

Mara ecosystem. Therefore, it is possible that if data covered a larger year range and 

included more areas within the Serengeti-Mara ecosystem, significant precipitation with 

time and NDVI/Lagged NDVI with precipitation correlations would have been found 

for more than two months and over more migratory areas. To aid further precipitation 

and NDVI studies over the Serengeti-Mara ecosystem, more accessible precipitation 

and NDVI data over this region is necessary. 
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Due to intermodal variation the climate projection models each incorporated different 

factors when predicting future precipitation (Giorgi and Francisco, 2000), leading to 

some predicting October and November precipitation increases and others predicting 

precipitation decreases by 2050 under RCP4.5 and RCP6.0. Thus, although it is evident 

that climate change will alter precipitation, the type of change remains uncertain, 

therefore predicting how wildebeest migration will be altered with climate change is 

difficult. Using more climate models could provide a better indication of how climate 

change will alter future precipitation, allowing future migration with climate change to 

be more accurately predicted. 

Since dry season precipitation occurred three months before wildebeest occupied their 

dry season range, it was likely that lag green up also occurred three months later than 

precipitation. Since the lagged NDVI and precipitation correlations, were only based on 

one-month precipitation lag, the results were unlikely to be fully representative of the 

vegetation-precipitation responses in the Serengeti-Mara ecosystem. Therefore, this 

uncertainty combined with the variations in future precipitation projections, means that 

larger wildebeest migration alterations could occur with climate change. Since the 

population is geographically and anthropogenically isolated due to agricultural areas 

surrounding the north of the MMNR, settlements on the western SNP and MMNR 

boundaries, and the presence of lake Victoria (Serneels and Lambin, 2001), the potential 

for wildebeests to significantly alter their migration with climate change is questionable, 

because of this, variations which climate change may have on the wildebeests could 

have detrimental consequences. Thus, further research into the climate change impacts 

on wildebeest migration is needed. 

 

5. Conclusion 

Climate change could alter wildebeest migration timings through changing October and 

November precipitation, possibly leading to migrations to the southern SNP, occurring 

later under decreased precipitation, or earlier under increased precipitation. However, 

because climate change is predicted to only impact precipitation for two months, large 

changes in wildebeest migration is unlikely. Uncertainties in predicting precipitation 

over the Serengeti-Mara ecosystem with climate change means that future wildebeest 

migration is unclear, because of this and their large importance to the ecosystem, more 

research into climate change impacts on wildebeest migration are needed. 
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Appendix  

Appendix A 

 

 

Monthly 

Migratory area 

P Value 

Precipitation/time NDVI/Precipitation 

January  0.032 2.8x10-15  

February 0.025 1.3x10-14 

March 0.046 6.1x10-16 

April 0.019 6.8x10-11 

May 0.024 6.8x10-11 

June  0.055 4.9x10-13 

July  0.52 1.2x10-9 

August 0.26 1.3x10-3 

September 0.26 4.7x10-4 

October 0.26 3.0x10-4 

November 0.44 1.0x10-11 

December 0.11  2.5x10-12 

 

Appendix B 

 

 

 

Month January migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.56 0.090 0.017 

February 0.90 0.92 0.58 

March 0.65 0.52 0.70 

April 0.14 0.37 0.013 

May 0.93 0.011 0.026 

June 0.14 0.64 0.22 

July 0.77 0.74 0.61 

August 0.24 0.68 0.11 

September 0.29 0.18 0.046 

October 0.010 0.052 0.58 

November  0.037 0.030 0.011 

December 0.20 0.048 0.75 

 

 

P values obtained from performing linear regression across all monthly Meteoblue 

precipitation data with time, and across all monthly NDVI with Meteoblue precipitation data 

from 2001-2017, for each migratory area. Values are to 2s.f. 

P values obtained from performing linear regression between each individual monthly 

Meteoblue precipitation data with time, between each individual monthly NDVI with 

Meteoblue precipitation data, and between each individual monthly lagged NDVI with 

Meteoblue precipitation data for each of the migratory areas from 2001-2017. For lagged 

NDVI, the month refers to the precipitation month e.g. January= January precipitation 

against February NDVI. Values are to 2s.f. 
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Month February migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.65 0.10 0.0047 

February 0.90 0.82 0.62 

March 0.77 0.52 0.46 

April 0.15 0.54 0.023 

May 0.71 0.020 0.052 

June 0.22 0.78 0.21 

July 0.59 0.73 0.65 

August 0.26 0.89 0.095 

September 0.18 0.38 0.037 

October 0.011 0.0040 0.35 

November  0.049 0.036 0.0076 

December 0.17 0.071 0.78 

 

Month March migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.63 0.10 0.0082 

February 0.68 0.72 0.45 

March 0.66 0.53 0.33 

April 0.090 0.71 0.12 

May 0.62 0.0027 0.0042 

June 0.080 0.90 0.44 

July 0.95 0.96 0.38 

August 0.31 0.73 0.89 

September 0.34 0.95 0.023 

October 0.013 0.0017 0.25 

November  0.027 0.029 0.017 

December 0.17 0.092 0.67 

 

Month April migratory area- P value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 1.0 0.25 0.018 

February 0.75 0.81 0.37 

March 0.84 0.89 0.31 

April 0.26 0.25 0.0026 

May 0.22 0.26 0.60 

June 0.48 0.76 0.08 

July 0.43 0.59 0.93 

August 0.31  0.90 0.070 

September 0.11 0.30 0.033 

October 0.020 0.014 0.41 

November  0.094 0.061 0.0014 

December 0.11 0.10 0.97 
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Month May migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.47 0.037 0.00098 

February 0.94 0.80 0.90 

March 0.66 0.65 0.66 

April 0.24 0.45 0.0073 

May 0.68 0.012 0.026 

June 0.22 0.53 0.071 

July 0.50 0.96 0.44 

August 0.30 0.93 0.11 

September 0.17 0.23 0.035 

October 0.017 0.023 0.46 

November  0.085 0.029 0.0031 

December 0.31 0.17 0.99 

 

Month June migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.54 0.12 0.015 

February 0.66 0.69 0.23 

March 0.63 0.74 0.27 

April 0.23 0.20 0.0062 

May 0.27 0.25 0.47 

June 0.36 0.96 0.067 

July 0.44 0.96 0.25 

August 0.37 0.34 0.48 

September 0.12 0.45 0.11 

October 0.035 0.080 0.37 

November  0.097 0.097 0.0056 

December 0.27 0.30 0.88 

 

Month July migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.054 0.092 0.019 

February 0.29 0.75 0.24 

March 0.48 0.96 0.76 

April 0.28 0.90 0.074 

May 0.40 0.070 0.19 

June 0.26 0.76 0.11 

July 0.51 0.70 0.053 

August 0.41 0.46 0.25 

September 0.20 0.30 0.11 

October 0.077 0.025 0.099 

November  0.17 0.16 0.025 

December 0.92 0.20 0.85 
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Month August migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.012 0.37 0.16 

February 0.86 0.30 0.091 

March 0.25 0.81 0.58 

April 0.27 0.42 0.74 

May 0.16 0.82 0.88 

June 0.095 0.88 0.25 

July 0.16 0.72 0.045 

August 0.23 0.93 0.13 

September 0.091 0.12 0.011 

October 0.27 0.11 0.00098 

November  0.35 0.11 0.017 

December 0.94 0.11 0.43 

 

Month September migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.011 0.43 0.072 

February 0.86 0.29 0.068 

March 0.25 0.60 0.59 

April 0.27 0.91 0.074 

May 0.16 0.20 0.19 

June 0.095 1.0 0.28 

July 0.16 0.70 0.27 

August 0.23 0.66 0.15 

September 0.091 0.52 0.014 

October 0.27 0.063 0.0015 

November  0.35 0.078 0.0017 

December 0.94 0.13 0.53 

 

Month October migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.011 0.37 0.055 

February 0.86 0.32 0.075 

March 0.25 0.63 0.64 

April 0.27 0.79 0.043 

May 0.16 0.16 0.15 

June 0.095 0.99 0.31 

July 0.16 0.57 0.21 

August 0.23 0.82 0.15 

September 0.091 0.52 0.015 

October 0.27 0.073 0.0013 

November  0.35 0.064 0.0019 

December 0.94 0.085 0.54 
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Month November migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.11 0.053 0.0021 

February 0.51 0.57 0.45 

March 0.77 0.53 0.61 

April 0.24 0.77 0.018 

May 0.72 0.062 0.028 

June 0.086 0.55 0.037 

July 0.15 0.88 0.22 

August 0.29 0.69 0.42 

September 0.086 0.45 0.014 

October 0.024 0.0036 0.26 

November  0.23 0.035 0.00055 

December 0.64 0.0033 0.55 

 

Month December migratory area- p value 

Precipitation/time NDVI/Precipitation Lagged 

NDVI/Precipitation 

January 0.22 0.039 0.00077 

February 0.67 0.45 0.60 

March 0.94 0.64 0.75 

April 0.24 0.80 0.017 

May 0.69 0.30 0.017 

June 0.12 0.57 0.034 

July 0.18 0.83 0.30 

August 0.28 0.76 0.50 

September 0.10 0.41 0.013 

October 0.017 0.0077 0.17 

November  0.13 0.0046 0.0014 

December 0.41 0.021 0.71 
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Appendix C 

Risk Assessment (see turn it in for a clearer copy) 
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Appendix D 

Ethics approval 

 

 

 

 

 

 

 

 

 

 

 

 


