
 

 

Vol. 12(1), pp. 71-103, January-March 2020  

DOI: 10.5897/IJBC2019.1341 

Article Number: 7DAFA1363197 

ISSN 2141-243X  

Copyright © 2020 

Author(s) retain the copyright of this article 

http://www.academicjournals.org/IJBC 

 

 
International Journal of Biodiversity and 

Conservation 

 
 
 
 
 

Full Length Research Paper 
 

Tree community structure and recruitment dynamics in 
savanna woodlands 

 

Nina Bhola1, Joseph O. Ogutu2*, Holly T. Dublin3, Fons Van der Plas1, Hans-Peter Piepho2  
and Han Olff1 

 

1
Community and Conservation Ecology, Centre for Ecological and Evolutionary Studies, University of Groningen,  

P. O. Box 11103, 9700 CC, Groningen, The Netherlands. 
2
Biostatistics Unit, Institute for Crop Science, University of Hohenheim, Fruwirthstrasse 23, 70599, Stuttgart, Germany.  

3
IUCN ESARO, Wasaa Conservation Centre, P. O. Box 68200 Nairobi, Kenya. 

 
Received 30 August, 2019; Accepted 24 February, 2020 

 

Climate, fire and herbivory rank among the key factors and processes shaping savanna woodland 
community composition and diversity.  We analyzed recruitment dynamics, community biomass, 
diversity, stability and composition and their relationships with rainfall fluctuations and herbivory in a 
savanna woodland community in the Masai Mara National Reserve of Kenya. Seedling and sapling 
recruitment varied differentially over time among the five commonest tree species. Rainfall exerted both 
positive and negative effects on recruitment dynamics, with saplings responding to longer rainfall lags 
than seedlings. The proportion of trees damaged by browsers peaked at intermediate rainfall levels and 
was higher for adults than seedlings or saplings. Community biomass, species richness and evenness 
increased with increasing rainfall. Biomass decreased, whereas richness and evenness hardly varied 
over time. Both rare and common species occurred in more diverse communities, prevalent at high 
rainfall locations, suggesting strong nestedness in community composition. Moreover, community 
stability and diversity appeared unrelated. Protection from browsers and lower per capita browsing 
pressure at high rainfall apparently enable rare species to successfully establish and elevate species 
diversity. If climate change makes droughts more frequent and intense and lowers soil 
moisture, browsing intensity could increase, reducing diversity and recruitment, especially of rare, 
stress-sensitive species. 
 
Key words: Masai Mara, species diversity, habitat filtering, rainfall, browsing, fire, competition, stochastic 
processes, tree biomass. 

 
 
INTRODUCTION  
 
A central goal in ecology is understanding the operation 
of processes that shape  the  structure  and  dynamics  of 

vegetation communities (Diamond, 1975; Weiher et al., 
1998;   McGill   et   al.,  2006).  Three  generic  ecological  
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processes that contribute to structuring of plant 
communities include competition, habitat filtering, and 
stochastic processes. Processes proposed as key drivers 
of vegetation community structure and dynamics 
therefore fall into three broad categories that: (1) 
emphasize the fundamental role of competitive 
interactions (Tilman, 1982), (2) focus on habitat filtering 
and thus restrict species numbers (O'Connor, 1995; 
Shipley et al., 2011), and (3) focus on the balance 
between colonization and extinction processes, 
commonly designated as stochasticity (Hubbell, 2001; 
Chase and Leibold, 2003; Hubbell, 2005). Although the 
relative importance of these processes in shaping 
vegetation communities and modulating the relationship 
between rainfall and plant community biomass, diversity, 
stability and composition is likely to vary in space and 
time; relatively little work has examined this variation in 
tropical African savannas using long-term monitoring data 
(Ozinga et al., 2005; Adler and Levine, 2007).  

Tropical savannas rank among the most widespread 
terrestrial biomes, covering some 20% of the earth‟s land 
surface area (Ozinga et al., 2005; Adler and Levine, 
2007; Chape et al., 2008). African savannas are typified 
by a continuous grass layer, scattered closed thickets of 
a diverse range of shrubs and Acacia woodlands and 
occur in climates with strongly seasonal rainfall patterns 
(Walker, 1987). As with many African savanna habitat 
types, closed thickets often occur in riparian areas and on 
hilltops and consist of diverse and dense patches of 
woody species. They add spatial heterogeneity to the 
ecosystem by producing taller and longer-lived landscape 
elements (Belsky, 1994). These woody thickets represent 
important and reliable habitats for many browsing 
herbivores, especially during dry periods (Oloo et al., 
1994; Dublin, 1995).  

Rainfall is the primary climatic component controlling 
the recruitment dynamics of savanna vegetation 
communities (Harper, 1977; Holmgren et al., 2006; 
Zimmermann et al., 2009). Increasing rainfall generally 
leads to longer periods with high soil moisture necessary 
for successful germination of tree seedlings, their 
establishment and recruitment into sapling and adult 
stages (O'Connor, 1995), and hence to the long-term 
survival and establishment of plant populations. 
Furthermore, high rainfall leads to higher biomass 
production with profound consequences for plant species 
diversity (Hutchinson, 1959; Rosenzweig, 1995), stability 
(McNaughton, 1977; Tilman, 1994) and composition 
(Ozinga et al., 2005; Silvertown et al., 1994). The trend of 
rising temperatures, recurrent severe droughts and other 
environmental stresses (e.g., frequent fires, intense 
herbivory and habitat deterioration) in African savannas 
imply that the survival prospects of species in particular 
communities depend most strongly upon their relative 
recruitment and competitive abilities, resistance and 
resilience   to  the  environmental  changes  (Virginia  and 

 
 
 
 
Wall, 2001).  

Seedling and sapling recruitment rates should be 
correlated with variation in rainfall, the major source of 
soil moisture for plants in African savannas (O'Connor, 
1995). To establish the functional forms of the 
relationships between seedling and sapling recruitment 
and the rainfall components most strongly correlated with 
the recruitment rates, we explore if seedling and sapling 
recruitment rates: (1) increase (or decrease) linearly with 
increasing rainfall, or 2) peak at intermediate levels of 
rainfall, if rainfall extremes reduce habitat suitability for 
juvenile recruitment. As saplings are older and have roots 
able to access deeper underground soil moisture than 
seedlings, sapling recruitment should be influenced less 
by short-term rainfall and should respond to past rainfall 
accumulated over longer periods than seedling 
recruitment due to carryover (or delayed) effects of prior 
habitat conditions. As well, if increasing rainfall is 
associated with increased vegetation biomass for mixed 
grazer/browsers (Coe et al., 1976; Deshmukh, 1986), 
such as elephants (Loxodonta africana) and impala 
(Aepyceros melampus), then the proportion of young 
plants damaged by browsers should decrease with 
increasing rainfall. However, the amount of this decrease 
should be higher for seedlings than saplings or adults 
because of the high palatability of seedlings (Sharam et 
al., 2006). Increasing rainfall generally leads to higher 
biomass and dominance of particular species, resulting in 
differential competitive exclusion, if competition for 
resources enables species with stronger competitive 
abilities to outperform (e.g., become taller than) less 
competitive species (Zimmermann et al., 2009). This 
would result in low species richness and evenness in 
wetter areas (Figure 1a). Alternatively, if species richness 
increases with increasing rainfall, then competition is less 
likely to be important in structuring plant communities and 
alternative processes are more likely to be at play. If 
species are limited by stress or disturbances (e.g., 
drought, herbivory, or fire) then richness and evenness 
should increase with increasing rainfall (Figure 1b) 
(Augustine and McNaughton, 1998; Walker et al., 2006). 
Stochastic processes may also lead to a positive 
relationship between species richness and rainfall. If the 
total abundance of all trees is likely to increase with 
rainfall, so are the abundances of the individual 
constituent species, thus reducing the chances of random 
extinctions because any dying individual could be 
randomly replaced by an immigrant from the community 
(Alonso et al., 2006). Hence, a positive relationship 
between rainfall and richness (Figure 1c) may imply an 
important role for stochastic processes. Furthermore, a 
decrease in evenness can be expected if stochastic 
processes are more important in determining community 
structure because, as biomass is likely to increase at 
higher rainfall, so is the dominance of more productive 
species (Huston, 1997).  



 

 
 
 
 
If the stability of communities increases with diversity, this 
could be interpreted as suggesting an important role for 
competition (Figure 1a) (Tilman, 1994; Tilman et al., 
2006). Under changing environmental conditions or 
disturbances the loss of one species can be compensated 
for by other co-existing species (Tilman, 1996) 
independently of the abiotic conditions. Alternatively, if 
diversity and stability are unrelated, this can be viewed as 
signalling habitat filtering or stochastic processes (Figure 
1a and b).  

Furthermore, community composition, expressed in 
terms of nestedness (Wright and Reeves, 1992; Wright et 
al., 1997), measures whether relatively rare species tend 
to be confined to areas where common species are also 
present. If low rainfall areas are the most species rich, 
with both common and rare species, while wet areas only 
allow common, competitively superior species, then a 
nested pattern could be viewed as a sign of reduced 
competition in dry areas, but high competition in wet 
areas (Figure 1a) (Hutchinson, 1959;  Grime, 1997). 
Alternatively, high nestedness may result from habitat 
filtering, with only favourable, wet areas allowing both 
common, drought tolerant, and rare, drought intolerant 
species (Figure 1b) (Adler and Levine, 2007; Keddy, 
1992). Nestedness could also be the outcome of the 
dynamics of random extinction and colonization 
processes, where most diverse communities are those 
with the highest biomass (Figure 1c). 

Here, we analyze the influences of rainfall and large 
browsing herbivores on woodland (Croton thickets) 
community structure and recruitment dynamics using 
long-term monitoring data on tree recruitment, biomass, 
diversity, composition and stability patterns in woodlands 
arranged along a rainfall gradient in a premier African 
savanna, namely the Mara-Serengeti ecosystem. 
Specifically, we analyze the dynamics of tree seedling 
and sapling recruitment and tree damage by large 
browsing herbivores and the spatial relationships 
between rainfall and (i) tree community biomass, (ii) 
species richness, (iii) evenness, (iv) stability and (v) 
composition. We use the resultant insights to infer and 
interpret savanna woodland community structure and 
recruitment dynamics.  
 
 
MATERIALS AND METHODS 
 
Study area 
 
The study was conducted in the Masai Mara National Reserve 
(MMNR), a premier protected area covering some 1530 km2 in 
south-western Kenya and the northernmost section of the Greater 
Mara-Serengeti ecosystem covering some 40,000 km2. The 
ecosystem is delineated by annual migratory movements of 
wildebeest (Connochaetes taurinus), zebra (Equus quagga 
burcheli), Thomson‟s gazelle (Gazella thomsoni) and eland 
(Taurotragus oryx) from the Serengeti plains in the south and Masai 
pastoral ranches to the north-east. The reserve is a dry season 
refuge for  both  migratory  and  resident  herbivores  (Dublin  et  al.,  
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1990a); whereas, the adjoining pastoral ranches and wildlife 
conservancies support vast herds of livestock and a diverse 
assemblage of resident large wild herbivores (Stellfox et al., 1986). 
The MMNR and its neighbouring pastoral ranches and wildlife 
conservancies constitute the Mara region. Rainfall in the Mara 
region is bimodal with “short” rains falling during November–
December and “long” rains during March–June. The dry season 
spans July–October, but January-February is also often dry. 
Rainfall in the Mara-Serengeti ecosystem increases along a 
southeast-northwest gradient and with increasing altitude; and 
averages less than 600 mm in the southeast in Tanzania and over 
1200 mm in the northwest of the Mara region (Pennycuick and 
Norton-Griffiths, 1976). Mean temperature levels have been rising 
in the Mara region in recent decades, a trend associated with 
progressive habitat desiccation (Ogutu et al., 2008a). The MMNR 
also experiences recurrent severe droughts, the most noteworthy 
during the study period (1989–2003) being in 1993 and 1999-2000 
(Ogutu et al., 2008a).  
 
 
Rainfall measurements 
 
Monthly rainfall data were collected from a network of 58 rain 
gauges distributed over the entire Mara-Serengeti ecosystem by 
the Serengeti Ecological Monitoring Program and the Masai Mara 
Ecological Monitoring Program during 1985-2003 (Coughenour, 
2006). Of these 58 gauges, 43 were located in the Serengeti; 
whereas, the remaining 15 were located in the Mara Reserve. We 
used spatially interpolated monthly mean and annual precipitation 
over the entire ecosystem at a spatial resolution of 1 × 1 km2 using 
the PPTMAP computer program described in detail by (Reed et al., 
2009). We associated each vegetation sampling plot in the MMNR 
with the interpolated monthly rainfall for the grid cell in which the 
plot fell based on the 1985-2003 rainfall measurements. Rainfall 
was summarized into wet (November-June) and dry (July-October) 
season and annual (November-October) components because the 
climatic year begins in November of the current year and ends in 
October of the following year. We derived seasonal and annual 
rainfall lags and moving averages spanning periods of 1 to 5 years 
before the sampling year to evaluate the influence of delayed and 
cumulative past rainfall on seedling and sapling recruitment 
dynamics. The 5-year period was selected to match the 5-year 
quasi-periodic oscillation evident in the regional rainfall and the 
associated changes in vegetation state (Ogutu et al., 2008a). Table 
1 summarizes the specific rainfall components, lagged and moving 
averages considered.  
 
 
Sampling design and monitoring  
 

The study is based on biennial vegetation monitoring data collected 
by the Masai Mara Ecological Monitoring Program over a 15-year 
period spanning 1989–2003 in Kenya‟s Masai Mara National 
Reserve. The Masai Mara Ecological Monitoring Program 
(MMEMP) established four pairs of Croton thicket plots at four sites 
in the MMNR in 1989 (Dublin, 1991). Each site had two replicate 
plots running parallel to each other and located 100 m apart. 
Hence, there were a total of 8 croton thicket plots in the entire 
MMNR. Each of the 8 plots was 100 m long and 20 m wide (2000 
m²) and was subdivided into 10 subplots each measuring 10 m by 
20 m or 200 m². Records from all the 10 subplots per plot were 
combined into one set of plot data for analysis. The 8 plots were 
selected to represent the dominant croton woodland habitats and 
were oriented along a southeast-northwest gradient. The plots were 
arrayed along a rainfall gradient covering the full length and breadth 
of the MMNR (Figure 2). Metal rods driven into the ground were 
used to  mark the boundaries of each plot. The dominant species in  



 

74          Int. J. Biodivers. Conserv. 
 
 
 

 
 

 
 
Figure 1. Theoretical predictions of the relative importance of (a) competition, (b) habitat filtering and (c) stochastic processes in 
structuring woodland communities in savannas. 
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Figure 1. Contd. 

 
 
 
Croton thickets consist of the fire-tolerant shrubs Croton 
dichogamus, Euclea divinorum, Grewia similis and Tarenna 
graveolens interspersed with Acacia species such as A. gerradii 
and 53 relatively rare species (S1 Data). Each of the eight plots 
was sampled eight times during the 1989-2003 monitoring period, 
specifically in 1990, 1991, 1992, 1993, 1995, 1998, 2002 and 2003, 
when the monitoring program ended. Sampling a single plot took 
two people one week to complete, on average; with a sampling day 
starting at 0700-0730 h and ending at 1700 h. The total of 8 plots 
thus took a total of 40 days to sample. The plots were accessed by 
vehicle, or on foot, using a global positioning system (GPS; S2 
Data). Plots were not fenced and hence were open to all grazers 
and browsers because of the high risk of fence damage by 
elephants. Over the course of the monitoring period, a total of four 
field staff carried out the same sampling procedure in each plot to 
ensure comparability of the long-term vegetation samples. All the 
field staff were thoroughly trained in vegetation sampling, 
identification of plant species and data recording before carrying out 
field sampling to ensure consistency. All trees and shrubs with stem 
diameters 10 cm or larger were measured using a standard 
diameter tape and identified following Beentje (1994). 
Measurements of stem diameter were taken at 10 cm above the 
ground, rather than at breast height because of the diminutive 
stature of most of the trees in the woodland communities and to 
take care of the seedlings, saplings and natural regeneration. 
Additional measurements recorded for each tree were height, 
degree of browsing and extent of fire damage as detailed below for 
each attribute.  

Most savanna tree species are strong resprouters and therefore 
poor recruiters, making size an imperfect indicator of tree age in 
savannas; a short individual may be ancient and may have survived 
many bouts of drought, herbivory or fire. Therefore, we carefully 
examined all saplings to accurately determine whether they were 
new or transitioning seedlings. Similarly, we used knowledge of tree 
growth rates to determine whether seedlings were regressed 
saplings (after drought or herbivory).  

As a result, the monitoring program devised and implemented an 
elaborate procedure to accurately distinguish resprouters from 
seedlings and saplings and new saplings from transitioning 
seedlings in the field. Resprouters were distinguished from 
seedlings or saplings in the field as follows. Resprouts have 
browsing (e.g., from bark stripping) or fire scars on the leading 
shoot or its branches. Resprouters have a mature stem with a thick 
and mature bark particularly at the base, just above the ground 
level, which is lacking in seedlings or saplings. Resprouters also 
have high branching of the tree stem, particularly from the area it 
was browsed compared to new seedlings or saplings. Moreover, 
virtually all the tree species are indigenous and grow very slowly in 
terms of the mean annual increment (MAI). We thus used 
knowledge of the tree species‟ MAI, to help differentiate resprouters 
from seedlings and saplings. Lastly, we checked earlier records for 
each of the subplots, typically from the last sampling session, to 
establish if a particular tree had appeared in the earlier records to 
help distinguish resprouters from seedlings or saplings. 
Resprouters but not seedlings or saplings should appear in the past 
records. If  a tree belonged to the same species that had dominated  
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Table 1. Rainfall components, the months covered by each component, moving averages and lags 
computed for each component. 
 

Rainfall component   Months  Moving averages Lagged rainfall 

Wet season  Nov-Jun Mavwet1-Mavwet5 Lagwet1-Lagwet5 

Dry season  Jul-Oct Mavdry1-Mavdry5 Lagdry1-Lagdry5 

Annual  Nov-Oct Mavannual1- Mavannual5 Lagannual1-Lagannual5 

 
 
 

 
 

Figure 2. Distribution of eight Croton thicket plots, each composed of 10 subplots, across the Masai Mara National Reserve. 

 
 
 
a subplot in the previous records, then we used its size to 
determine if it is a resprouting tree, seedling or sapling. 
 
 
Height  
 

Tree height (in cm) was assumed to be the height of the main tree 
crown and was measured using a regular measuring tape. 
Individual plants of the five major dominant species within each plot 
were measured and assigned to one of three height classes: 
seedlings < 0.6 m, saplings > 0.6 but < 1.50 m and adults > 1.50 m. 
These height classes overlap the mean browsing heights for the 
common large browsing species in the study area (Dublin et al., 
1990b). The sapling height category represents the mean browsing 
height of resident antelope browsers primarily involved in woodland 
dynamics in the Mara-Serengeti,   including  dik dik (Rhynchotragus 

kirki), Grant‟s gazelle (Gazella granti) and impala (Dublin, 1991). 
Elephant and giraffe (Giraffa camelopardalis) largely browse on 
trees taller than 1.5 m in both Croton thickets and Acacia 
woodlands; whereas, fires affect all trees shorter than 3 m (Dublin 
et al., 1990a). 
 

 
Browsing and fire damage  
 
Individual trees were categorized into either “damaged” or “not 
damaged” classes. Trees were classified as damaged using 
combinations of browsing characteristics, such as bark stripping, 
branch clipping, branch breakage and branch toppling. Elephants 
and other browsers promote seed dispersal (Dublin, 1986), but 
elephants also destroy trees. An average of about 1000 elephants 
used the Mara  Reserve  and  this  number  varied  little  during  the  



 

 
 
 
 
monitoring period (Dublin and Douglas‐Hamilton, 1987; Ogutu et 
al., 2011). Fires were frequent in the MMNR during the monitoring 
period that spanned the longest El Niño episode on instrumental 
record up to 2003 (Ogutu et al., 2008a; Green et al., 2015). The 
fires reduce seed germination and increase seedling death but can 
also break dormancy and improve seed germination for some 
species. Trees damaged by fire were categorized using fire scars 
on the barks, or branches. From 1991 to 2003, the MMNR 
management restricted burning largely to the short dry season 
(January-February), when grass biomass and combustibility is low 
due to high moisture content, making fires less damaging. Fire 
scars, therefore, became extremely rare in both Croton and Acacia 
woodlands and had little influence on recruitment. The number of 
trees damaged by elephants and fire were summed together for 
each age class prior to analysis.  

 
 
Community biomass index  
 
We estimated the basal area (in m²) as     ⁄ , where   is the stem 
diameter. We then estimated the parabolic volume (in m³) of the 
individual trees as the basal area x height / 2. We then averaged 
the parabolic volume over all individuals within each plot in each 
sampling year to obtain an index for total community biomass. We 

also calculated a community-level stability index ( ), as the 
standard deviation divided by the mean community biomass 
(coefficient of variation) for each plot over the entire monitoring 
period as well as for each year across all the plots. A community is 
regarded as “stable” if   is equal to 1 and unstable if   is equal to 0 
(Pimm, 1984). 

 
 
Species’ richness, evenness and nestedness 
 
Species richness was determined by the total number of different 
species; whereas, species evenness (Pielou, 1977) was calculated 
as diversity/ln (richness), where diversity is calculated using the 
Shannon-Weaver Diversity index (Shannon and Weaver, 1949). We 
estimated an index of nestedness for the species presence/ 
absence matrix as a measure of community composition (Wright 
and Reeves, 1992). 
 
 
Statistical analysis 
 
We first describe temporal patterns in recruitment rates for the five 
woody species constituting major dominants in Croton thickets and 
then relate the patterns to temporal fluctuations in rainfall and 
herbivory. More precisely, we analyze the seedling (number of 
saplings /number of seedlings) and sapling (number of adults 
/number of saplings) recruitment dynamics and evaluate the relative 
influence of past rainfall accumulated over periods spanning 1 to 5 
years. We also analyze relationships between plant community 
biomass, diversity, stability and composition and spatial variation in 
rainfall and use them as proxies for inferring the relative importance 
of the three generic processes structuring savanna woodland 
communities along the rainfall gradient. 

 
 
Modeling temporal trends in recruitment 
 
Statistical analysis aimed to establish whether climate, herbivores, 
antecedent conditions indexed by rainfall lags or cumulative past 
rainfall or their interactions were primarily responsible for the 
patterns we uncovered. Modeling temporal changes in the seedling  
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and sapling recruitment rates for individual species requires a 
model able to accommodate non-normality, non-constant variance 
of the counts, missing values and many zero counts. We thus 
analyzed temporal trends in the seedling and sapling recruitment 
rates using a generalized linear model assuming a negative 
binomial error distribution for the counts and a log link function to 
satisfy these requirements. The model incorporated year as a 
categorical fixed effect. The expected seedling recruitment rate was 
calculated as the number of saplings summed across all plots, 
which we used as the response variable, offset by the logarithm of 
the number of seedlings summed across all the eight plots. 
Similarly, the expected sapling recruitment rate was calculated as 
the number of adults summed across all plots (response variable) 
offset by the logarithm of the number of saplings. The model 
assumed that missing counts were missing at random (Ozinga et 
al., 2005) and hence ignorable. The models were fit using the 
package MASS version 7.3-8 in the R Software (R Development 
Core Team, 2010). The scale and overdispersion parameters of the 
negative binomial model were estimated automatically by the 
procedure. 

 
 
Modeling relationship between recruitment and rainfall 
 
We regressed recruitment rates for each of the four dominant 
species on each of the 30 derived rainfall components to identify 
the components most strongly correlated with the rates and the 
functional forms of the relationships. To establish the functional 
form of the relationship between recruitment and rainfall, each 
expected recruitment rate was related to each of the 30 rainfall 
components r using the following three generalized linear models 
(Ogutu et al., 2008b): 

 

                (1) 
 

              (2) 
 

             (3) 

 
where   is the intercept and   to    are regression slopes. We use 
these models to test if seedling and sapling recruitment rates (1) 
increase or decrease linearly with increasing rainfall or (2) peak at 
intermediate levels of rainfall. We also test if sapling recruitment 
rates are influenced less by rainfall and respond to rainfall 
accumulated over longer periods than seedling recruitment due to 
carryover effects of prior rainfall. We use the corrected Akaike 
Information Criterion (AICc) (Burnham and Anderson, 2002), to 
select both the best model and rainfall component most strongly 
correlated with recruitment rates for each species (S1 Table). The 
models were also fitted using negative binomial regression in the 
package MASS version 7.3-8 of the R Software (R Development 
Core Team, 2010). 

 
 
Modeling trends in, and relationships between, browsing 
damage and rainfall 

 
We first modelled temporal trends in the age class-specific 
proportions of individual trees of each species damaged by 
browsers across all plots. We then related these proportions to 
each of the 30 seasonal and annual rainfall components and their 
lagged and moving average components to identify the components  

𝜇 = 𝑒𝑥𝑝  +  𝑟     

𝜇 = 𝑒𝑥𝑝  +  1𝑟 +  2𝑙𝑛 𝑟     

𝜇 = 𝑒𝑥𝑝  +  1𝑟 +  2𝑟
2 +  3𝑙𝑛 𝑟    
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most strongly correlated with the rates for each species using AICc 
(S2 Table). We modelled the proportion of damaged seedlings by 
specifying the number of damaged seedlings as the response 
variable and the logarithm of the total number of seedlings as the 
offset variable in the negative binomial regressions. We similarly 
modelled the proportion of damaged saplings and adults. The 
models were also fitted in the MASS package version 7.3-8 in the R 
Software (R Development Core Team, 2010). Differences in the 
expected proportion damaged between years were tested using the 
Wald chi-squared test (Draper and Smith, 1998).  
 
 
Temporal variation in community biomass  
 

We calculated the total community biomass of all trees averaged 
over all plots in each year. We then analyzed temporal trends in 
community biomass using linear regression analyses. The biomass 
was the response variable; whereas, the year of vegetation 
sampling was incorporated in the models as a fixed effect. To 
assess changes in community biomass in response to rainfall, we 
regressed the total community biomass of all trees over all plots on 
each of the 30 rainfall components assuming normal errors and an 
identity link. We used AICc in R version 2.12.0 (R Development 
Core Team, 2010), to select both the best model and rainfall 
component most strongly correlated with biomass (S3 Table). We 
tested for temporal trends in species richness and evenness using 
the same statistical approach as for biomass and regressed these 
against the various rainfall components.  
 
 
Spatial variation in species diversity, stability and nestedness 
 

To characterize the spatial patterns in species richness and 
evenness we summed the total number of different coexisting 
species and calculated the relative abundance of each species to 
the total abundance in each plot and averaged them over the 
monitoring period. We evaluated spatial patterns in species 
richness (the number of species) and evenness (a measure of the 
equitability of the proportional abundances of species) in each plot 
by averaging them over the monitoring period. The relationships 
between species richness and evenness and rainfall were analyzed 
using the standard normal-theory linear regressions. Again, AICc 
was used to identify the best model and the rainfall component 
having the strongest correlation with richness and evenness (S3 
Table). The models were also fit using a linear regression assuming 
normality of errors and an identity link. We determined community 
stability using all the data collected biennially on woody vegetation 
biomass within each plot during 1989-2003. To evaluate the 
relationship between community stability and richness, we 
calculated stability in community biomass ( ) as     ⁄  (i.e., 
coefficient of variation) where   is the standard deviation and   is 
the mean biomass in a given plot during 1989-2003. We used linear 
regression analyses to evaluate temporal variation in community-
level stability between plots of varying richness. The models, 
incorporating richness as a continuous covariate, were also fit 
assuming normality and an identity link. 

We estimated an index of nestedness of the species 
presence/absence matrix using the „binmatnest‟ algorithm of 
(Rodríguez-Gironés and Santamaría, 2006), implemented in the 
„bipartite‟ R package (Dormann et al., 2008) to characterize how 
species are distributed among all the plots. The tree data from all 
the survey years (1989-2003) were used to construct a species 
presence-absence matrix. This procedure followed a three-step 
process: first, the matrix is reorganized by arranging rows (plots) 
and columns (species) from full (species presence) to empty 
(species absence) cells. Second, to maximize nestedness the full 
cells are mainly located in the upper-left corner and empty cells  are  

 
 
 
 
mainly located in the lower right corner. An isocline for this matrix of 
perfect nestedness is calculated. Third, for the reorganized, 
presence-absence matrix, full cells above the isocline and empty 
cells below the isocline were identified and a normalized sum of 
their distances to the isocline calculated, in such a way that it 
ranged from 0 (no deviation and therefore perfect nestedness) to 
100 (maximum deviation and therefore perfect „un-nestedness‟). 
This normalized deviation measure of an observed matrix from a 
perfectly nested matrix is called the „nestedness temperature‟ with 
low values indicating high nestedness. More details on this 
procedure can be found in Rodríguez-Gironés and Santamaría 
(2006). To test whether the observed nestedness was higher or 
lower than that expected by chance, we used a null model 
developed for a permutation test by (Bascompte et al., 2003). The 
test involves creating new random matrices of the same size as the 
observed matrix. The probability of each cell in these matrices 
being filled is the average of the probability of filling each of its 
associated rows (𝑛 = 8 plots) and columns (𝑛 = 70 species). This 
type of null model is relatively conservative, but is less vulnerable to 
type II errors (Rodríguez-Gironés and Santamaría, 2006; Cottenie, 
2005). We ran the null model with 1000 permutations as 
implemented in the „bipartite‟ package. 
 
 
RESULTS 
 
Temporal trends in rainfall and temperature 
 
The period 1989–2003 was one of the hottest recorded 
since the 1960s (Ogutu et al., 2008a), implying that 
climatic variation was likely a major factor in vegetation 
recruitment dynamics. In particular, the study period was 
characterized by recurrent severe (1993, 1997 and 1999-
2000) and mild (1991 and 1994) droughts and 
exceptional floods (1997-1998) associated with the 
longest (1990-1995) and strongest (1997-1998) El Niño 
Southern-Oscillation (ENSO) episodes on instrumental 
record up to 2003. The cumulative dry season rainfall 
component was largely below average from 1980s to 
2003 implying reduced vegetation production and quality 
in the savanna grasslands (Ogutu et al., 2008a). More 
detailed descriptions of the temporal climatic patterns are 
presented elsewhere (Ogutu et al., 2008a). 
 
 
Trends in recruitment rates  
 
The seedling recruitment rate for all species but T. 
graveolens varied significantly across years. Recruitment 
rates for E. divinorum and G. similis increased 
exponentially; whereas, the rates for A. brevispica and C. 
dichogamus increased from 1990 to a peak during the El 
Niño floods of 1997/98 and then declined consistently 
soon after (Figure 3A-E, Table 2). These recruitment 
rates were low at the onset of the longest recorded 
ENSO episode (1990-1995) and the 1999-2000 ENSO 
drought (Ogutu et al., 2008a), revealing the adverse 
effect of low rainfall conditions on seedling recruitment. 
The sapling recruitment rates for all the species but A. 
brevispica   and   T.  graveolens   decreased  significantly  
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Figure 3. The changes in the expected (a-e) seedling and (f-j) sapling recruitment rates for the most 
common Croton species and the associated 95% confidence intervals for the trend lines across 8 plots, 
each consisting of 10 subplots, monitored in 1990, 1991, 1992, 1993, 1995, 1998, 2002 and 2003 in the 
Masai Mara National Reserve from 1989 to 2003. 
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Figure 3. Contd. 

 
 
 
across years (Figure 3F-J, Table 2). Sapling recruitment 
rates for C. dichogamus showed a similar trend to that of 
the seedlings. 
 
 
Relationships between recruitment rate and rainfall  
 
The recruitment rates for seedlings of all species varied 
significantly with rainfall. In particular, the rates for all the 
five dominant species but A. brevispica increased 
exponentially with increasing rainfall. Seedling 
recruitment rates for E. divinorum and G. similis 
increased with increasing 2-year running mean of the wet 
season rainfall component; whereas, the rates for C. 
dichogamus and T. graveolens increased with the 2-year 
running mean of the dry season and annual rainfall 
components (Figure 4A-E, Table 3). In contrast, the 
recruitment rates for saplings of all the dominant species 
but C. dichogamus and G. similis did not vary significantly 

with increasing rainfall. The recruitment rate for C. 
dichogamus saplings showed a humped relationship with 
the 3-year running mean of the dry season rainfall, 
increasing initially up to a peak at about 150 mm of 
rainfall and then decreasing with further increase in 
rainfall (Figure 4F-J, Table 3).  
 
 
Trends in the proportion of trees damaged by 
browsers  
 
Trends in the proportion of damaged trees in the Croton 
habitats for all the five dominant species but C. 
dichogamus varied significantly between years (Table 4). 
The proportion of damaged trees in all height classes 
was highest during the early 1990s, decreased steeply 
until the exceptional El Niño rains of 1997/1998 and then 
increased sharply thereafter (Figure 5A-E). The 
proportions  of  damaged  trees  were highest at the early  
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Table 2. Negative binomial regression coefficients (estimate), their standard errors (SE), Z and P values for changes in 
expected seedling and recruitment rates for the most common Croton species across 8 plots, each consisting of 10 subplots, 
and monitored in 1990, 1991, 1992, 1993, 1995, 1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 2003. 
 

Height class Species Effect Estimate SE Z P>|Z| 

Seedlings A. brevispica  year 70.429 25.717 2.739 0.006 

  year × year -0.018 0.006 -2.737 0.006 

 C. dichogamus  year 17.356 8.968 1.935 0.053 

  year × year -0.004 0.002 -1.935 0.053 

 E. divinorum  year 0.125 0.042 3.013 0.003 

 G. similis  year 0.120 0.060 2.006 0.045 

 T. graveolens  year -0.012 0.015 -0.809 0.419 

Saplings A. brevispica  year 3.779 4.950 -0.759 0.452 

  year × year -0.092 0.012 -0.752 0.452 

 C. dichogamus  year  96.923 3.238 29.931 0.000 

  year × year -0.024 0.001 -29.938 0.000 

 E. divinorum  year -0.070 0.071 -0.985 0.032 

 G. similis  year -0.043 0.069 -0.624 0.053 

  T. graveolens  year 0.015 0.027 0.532 0.594 

 
 
 
stages of the longest recorded ENSO episode (1990-
1995) and following the extreme 1999-2000 La Niña 
drought. The proportions of damaged adult A. brevispica 
and C. dichogamus trees were significantly higher than 
the corresponding proportions for their saplings and 
seedlings throughout 1989-2003 (Figure 5A-E, Table 4). 
For E. divinorum and T. graveolens, in contrast, saplings 
and seedlings suffered significantly greater damage than 
the adults did; whereas, for G. similis the proportions of 
damaged trees were comparable across all the three age 
classes during the monitoring period (Figure 5A-E, Table 
4). 
 
 
Relationships between browsing damage and rainfall  
 
The proportions of damaged trees showed humped 
relationships with the annual rainfall component for all the 
five dominant species and peaked at intermediate values 
of rainfall before decreasing with further increase in 
rainfall except for T. graveolens for which the proportion 
of damaged individuals decreased exponentially with 
increasing rainfall (Figure 5F-4J, Table 5).  
 
 
Temporal variation in community biomass, richness, 
evenness and stability 
 
Community biomass over the entire landscape declined 
consistently over the monitoring period (Figure 6A) but 
increased linearly with the 2-year cumulative moving 
average of the dry season rainfall (Figure 6B, Table 6). 
However, species richness and evenness and community 
stability were apparently temporally stable (Table 6). 

Spatial variation in community biomass, richness, 
evenness, stability and nestedness 
 
Average woody biomass per plot did not vary significantly 
with any rainfall component. However, species richness 
per plot increased up the rainfall gradient and also 
increased strongly with the 2-year cumulative moving 
average of the dry season rainfall (Figure 6C, Table 6). In 
contrast, the average species evenness per plot was not 
significantly related to rainfall (Table 6). The coefficient of 
variation of biomass (stability index) for each plot was not 
significantly correlated with richness (Table 6). The 
average (± 1SE) “nestedness temperature” of the 
randomized communities was 49.254 ± 11.325. The 
observed nestedness temperature was 34.50 and was 
significantly (P < 0.05) lower than that expected for 
randomly assembled communities, indicating that species 
composition was significantly more nested than expected 
by chance alone (Figure 7).  
 
 
DISCUSSION 
 
We examined variation in a range of structural and 
demographic variables (tree recruitment, damage, 
species diversity, community biomass) over time and in 
relation to rainfall and community nestedness.  
 
 
Recruitment trends and relationship with rainfall 
 
We found significant year-to-year variation in recruitment 
patterns during 1989-2003. Specifically, seedling and 
sapling  recruitment rates for the dominant species varied  
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Figure 4. The relationships between cumulative past rainfall and the expected (a-e) seedling and (f-j) 
sapling recruitment rates for the most common Croton species and the associated 95% confidence 
intervals for the trend lines across 8 plots, each consisting of 10 subplots, monitored in 1990, 1991, 
1992, 1993, 1995, 1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 2003. Mav 
means moving (running) average of rainfall. 
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Table 3. Negative binomial regression coefficients (estimate), their standard errors (SE), Z and P values for the influences of 
cumulative past rainfall on the seedling and sapling recruitment rates for the most common Croton and Acacia species across 8 
plots, each consisting of 10 subplots, and monitored in 1990, 1991, 1992, 1993, 1995, 1998, 2002 and 2003 in the Masai Mara 
National Reserve from 1989 to 2003.  
 

Height class Species Effect Estimate SE Z P>|Z| R
2
 

Seedlings A. brevispica  Mavannual2 -0.003 0.000 -7.351 <0.0001 0.670 

 C. dichogamus  Mavdry2 0.002 0.001 3.489 <0.0001 0.698 

 E. divinorum  Mavwet2 0.013 0.004 3.153 0.002 0.445 

 G. similis  Mavwet2 0.015 0.003 4.774 <0.0001 0.823 

 T. graveolens  Mavannual2 0.002 0.001 2.884 0.004 0.823 

Saplings A. brevispica  Mavannual2 -0.001 0.001 -0.556 0.578 0.044 

 C. dichogamus  Mavdry3 0.098 0.004 27.551 <0.0001 0.783 

  Mavdry3 × Mavdry3 0.000 0.000 -29.361 <0.0001  

 E. divinorum  Mavannual4 0.002 0.002 0.979 0.327 0.881 

 G. similis  Mavwet2 -0.012 0.005 -2.455 0.014 0.698 

  T. graveolens  Mavannual3 0.004 0.038 1.240 0.215 0.478 
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Table 4. Negative binomial regression coefficients (estimate), their standard errors (SE), Z and P values 
for changes in the expected proportion of trees damaged in each height class for the most common 
Croton species across 8 plots, each consisting of 10 subplots, and monitored in 1990, 1991, 1992, 1993, 
1995, 1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 2003. 
 

Species Effect Estimate SE Z P>|Z| 

A. brevispica  Intercept 78307.82 38856.11 2.015 0.040 

 saplings -0.435 0.441 -0.986 0.324 

 seedlings -0.676 0.429 -1.575 0.115 

 year -78.434 38.923 -2.015 0.044 

 year × year 0.02 0.01 2.015 0.044 

C. dichogamus  Intercept 6865.278 41319.86 0.166 0.868 

 saplings -0.306 0.378 -0.81 0.418 

 seedlings -0.654 0.386 -1.695 0.090 

 year -6.929 41.389 -0.167 0.867 

 year × year 0.002 0.01 0.169 0.866 

E. divinorum  Intercept 128652.5 62634.36 2.054 0.040 

 saplings 0.801 0.733 1.093 0.274 

 seedlings 0.124 0.687 0.18 0.857 

 year -128.858 62.724 -2.054 0.040 

 year × year 0.032 0.016 2.055 0.040 

G. similis  Intercept 178242.2 54180.27 3.29 0.001 

 saplings 0.068 0.551 0.123 0.902 

 seedlings 0.037 0.535 0.069 0.945 

 year -178.506 54.259 -3.29 0.001 

 year × year 0.045 0.014 3.29 0.001 

T. graveolens  Intercept 90745.83 36228.38 2.505 0.012 

 saplings 0.096 0.357 0.269 0.788 

 seedlings 0.074 0.357 0.208 0.835 

 year -90.89 36.289 -2.505 0.012 

  year × year 0.023 0.009 2.504 0.012 

 
 
 
over time following contrasting patterns, with some 
species first increasing up to a peak in 1997/1998 and 
then decreasing thereafter (A. brevispica, C. 
dichogamus); whereas other species, particularly for 
seedlings, either increased (E. divinorum, G. similis), or 
for saplings, decreased (E. divinorum, G. similis), 
persistently over time. The humped relationship with 
rainfall implies that recruitment rates would reduce if 
climate change moved rainfall in either direction away 
from the optimum. The contemporaneous increase in 
seedling recruitment and decrease in sapling recruitment 
over time as well as with increasing rainfall, for E. 
divinorum and G. similis, for example, suggests the 
contribution of other factors beyond fire, browsing and 
rainfall to the removal of saplings.  

Recruitment rates for all species were most strongly 
correlated with the 2- to 4-year moving average of either 
the annual, dry, or wet season rainfall components. 
Specifically, the recruitment rates for saplings of C. 
dichogamus and E. divinorum were more strongly 
influenced by longer rainfall lags; whereas, their  seedling 

recruitment responded to shorter rainfall lags, as 
expected. Longer lags in rainfall effects arise from the 
time needed for vegetation to recover from past extreme 
rainfall events or heavy browsing pressure. Prior rainfall 
can affect current habitat conditions by exerting a lagged 
influence on the vegetation state and, therefore, plants 
need to invest in allocating and storing resources in 
underground parts. This would promote above-ground 
plant growth at the onset of rainfall in the following rainfall 
season.  

The proportion of trees damaged by browsers first 
increased with rainfall up to a peak between 850-900 mm 
of rainfall and then decreased with further increase in 
rainfall. This quadratic relationship reflects the fact that 
under dry conditions, especially where soils are fertile, 
plant parts tend to be more palatable and browsers to be 
more dependent on tree foliage because of limited 
production of herbaceous forage (Lavorel, 1999). Dry 
conditions also tend to support high densities of many 
herbivore species; e.g., in East African savannas (Olff 
and   Ritchie,  1998).  Thus,   under   arid  conditions   the  
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Figure 5. (a-e) The changes in the expected proportion of trees damaged in each height class and (f-j) 
the relationships between annual rainfall and the expected proportion of trees damaged in each height 
class for the most common Croton species across 8 plots, each consisting of 10 subplots, monitored in 
1990, 1991, 1992, 1993, 1995, 1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 
2003. 
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dominant plant species are likely to be those able to 
better tolerate herbivory because of the good 
opportunities for regrowth owing to relatively higher 
nutrient availability in the soils (McNaughton, 1985; 
Anderson and Briske, 1995). At high rainfall, plants are 
likely to have lower tissue nutrient concentrations than in 
the drier areas. As a result, these plants will probably 
only be used by fewer, large browsers, which can tolerate 
low plant tissue quality (Owen-Smith, 1988). Moreover, 
during the wet season, most browsers forage on grasses 
in open grasslands (Owen-Smith, 1988) where grass and 
water are ubiquitous and plentiful; therefore, the 
proportion of damaged trees is reduced at high rainfall. 
Furthermore, the  proportion  of  adult  trees  damaged by 

browsers was significantly higher than that of saplings or 
seedlings, suggesting three possible explanations. First, 
adult trees are more detectable by browsers than 
saplings or seedlings. Second, adult trees may be 
selected by large browsers requiring bulk biomass in 
preference to saplings and seedlings with higher quality 
but low biomass. Third, large herbivores sometimes 
uproot seedlings or saplings thus precluding estimation of 
the proportion of damaged trees. These findings accord 
with those of other studies showing that greater 
proportions of adult trees than sapling or seedlings are 
damaged by large mammalian browsers, such as 
elephants and giraffes, in African savannas (Van Die 
Vijver et al., 1999).  
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Table 5. Negative binomial regression coefficients (estimate), their standard errors (SE), Z and P values for the 
combined influences of height class and annual rainfall on the expected proportion of trees damaged for the 
most common Croton and Acacia species across 8 plots, each consisting of 10 subplots, and monitored in 1990, 
1991, 1992, 1993, 1995, 1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 2003.  
 

Species Effect Estimate SE Z P>|Z| R
2
 

A. brevispica Intercept -27.616 6.071 -4.549 <0.0001 0.509 

 saplings -0.330 0.296 -1.114 0.265  

 seedlings -0.584 0.282 -2.070 0.038  

 annual 0.064 0.013 4.855 <0.0001  

 annual × annual 0.002 0.000 -5.179 <0.0001  

C. dichogamus Intercept -24.276 4.846 -5.010 <0.0001 0.777 

 saplings -0.281 0.165 -1.708 0.088  

 seedlings -0.668 0.183 -3.653 <0.0001  

 annual 0.056 0.010 5.415 <0.0001  

 annual × annual 0.001 0.000 -5.982 <0.0001  

E. divinorum Intercept -28.088 12.814 -2.192 0.028 0.143 

 saplings 0.881 0.663 1.328 0.184  

 seedlings -0.008 0.618 -0.014 0.989  

 annual 0.063 0.028 2.238 0.025  

 annual × annual 0.002 0.000 -2.375 0.018  

G. similis Intercept -29.154 8.511 -3.426 0.001 0.413 

 saplings 0.038 0.457 0.084 0.933  

 seedlings -0.078 0.440 -0.178 0.859  

 annual 0.067 0.018 3.674 <0.0001  

 annual × annual 0.003 0.000 -3.969 <0.0001  

T. graveolens Intercept 4.105 0.884 4.645 <0.0001 0.342 

 saplings 0.135 0.288 0.469 0.639  

 seedlings 0.068 0.289 0.235 0.814  

  annual -0.005 0.001 -5.367 <0.0001  

 
 
 
Spatial relationships between rainfall and community 
biomass, diversity, stability and nestedness 
 
As predicted, community biomass for the entire 
landscape was influenced most strongly by the 2-year 
cumulative moving average of the dry season rainfall. 
The relationship reflects tree responses to delayed or 
carry-over effects of prior dry-season conditions rather 
than to immediate habitat conditions alone. Furthermore, 
the greater importance of the dry season rainfall relative 
to the other rainfall components suggests that woody 
vegetation biomass is limited more strongly by variation 
in the dry-season rainfall. The significant effect of 
cumulative past rainfall on woody vegetation biomass 
suggests that woody species allocate and store more 
resources in their deep taproots and re-use the stored 
resources to increase biomass in years of high rainfall. 

If competition for light were the main process governing 
the structural organization of the woodland communities, 
then species richness should decrease with increasing 
rainfall. However, species richness in each plot increased 
with increasing rainfall. This suggests that competition for 

light is apparently not the main mechanism controlling the 
structure of these woodland communities. The patterns 
suggest that the presence of more species may increase 
the functional diversity of the communities and thus allow 
a more differentiated and more complete exploitation of 
the available niche space, thereby enhancing resource 
use (Hooper, 1998). For example, species that are 
deeply rooted have access to water and nutrients not 
available to more shallowly rooted species, especially in 
drier areas (Chapin et al., 1996), which are therefore 
more likely to be found in wetter areas, where water is 
less limiting. Furthermore, the distribution of browsing 
pressure over more plants and better protection of rare 
plants from browsers at high rainfall could enable more 
species to successfully establish, leading to higher 
diversity. This suggests an important role for habitat 
filtering in drier areas, where only a few species are able 
to establish and/or survive under the stressful conditions, 
and the potential for interspecific differentiation in 
resource exploitation in wetter areas, enabling different 
species to jointly utilize relatively abundant resources. 
However, it is also  possible  that  the  number  of species  
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Figure 6. (a) Year-to-year changes in woody biomass averaged over the 8 plots, each consisting of 10 
subplots, (b) the relationships between 2-year cumulative dry season rainfall and woody biomass 
averaged over the 4 plots and (c) the relationships between 2-year cumulative dry season rainfall and 
species richness for each plot averaged across all years (1990, 1991, 1992, 1993, 1995, 1998, 2002 and 
2003) in the Masai Mara National Reserve during 1989-2003. Mav (running) means moving average of 
rainfall. 

 
 
 
could increase simply by chance such that if a species is 
lost from the community, it is replaced randomly by 
another species from the larger species pool (Alonso et 
al., 2006). However, such subtle processes are difficult to 
definitively establish using the data and relationships we 
examined. 

If competition were the main process governing 
community structuring, we would expect to find a 
negative  relationship   between   species  evenness  and 

rainfall in which only a few species are competitively 
dominant and relatively abundant in wetter areas (Nijs 
and Roy, 2000). In contrast, we found a positive, albeit 
insignificant relationship between evenness and rainfall, 
thus providing no evidence for increasing importance of 
competition for light in wetter areas. Also, we found 
consistently high values of evenness along the rainfall 
gradient (0.8) suggesting a more important role for 
habitat   filtering  or  stochastic  processes  in  community  
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Table 6. Linear regression coefficients for the relationships between community biomass, richness, evenness and stability 
averaged across all the 8 plots, each composed of 10 subplots, in each sampling year (1990, 1991, 1992, 1993, 1995, 1998, 
2002 and 2003) and across all years for each plot. R² is the proportion of variance explained by each model. 
 

Variable Scale Effect Estimate SE T P>|T| R
2
 

Community biomass Temporal Intercept 10669.080 4256.537 2.507 0.046 0.420 

  Year -5.206 2.103 -2.475 0.048  

        

Community biomass Temporal Intercept 12.324 46.193 0.267 0.799 0.460 

  Mavdry2 0.770 0.289 2.671 0.037  

        

Richness Temporal Intercept -698.955 426.140 -1.640 0.152 0.210 

  Year 0.360 0.214 1.687 0.142  

        

Evenness Temporal Intercept 1.441 4.531 0.318 0.761 0.160 

  Year 0.000 0.002 -0.179 0.864  

        

Stability  Temporal Intercept 32.522 26.067 1.248 0.259 0.068 

  Year -0.016 0.013 -1.230 0.265  

        

Community biomass Spatial Intercept 425.240 392.590 1.083 0.320 0.060 

  Dry4 -1.924 2.518 -0.764 0.474  

        

Richness Spatial Intercept -177.832 80.353 -2.213 0.069 0.420 

  Mavdry2 0.272 0.110 2.464 0.049  

        

Evenness Spatial Intercept 0.326 0.188 1.736 0.133 0.180 

  Mavdry2 0.002 0.001 1.614 0.158  

        

Community stability Spatial Intercept -0.168 0.653 -0.258 0.805 -0.040 

    Richness 0.027 0.032 0.847 0.430  

 
 
 
structuring or assembly (Walker et al., 2006).  

Our results suggest a strong nested pattern in 
community structure such that common species are 
present in both low and high rainfall areas; whereas, rare 
species are present only in the wetter areas. Bastolla et 
al. (2009) also showed that nestedness reduces effective 
interspecific competition and enhances the number of 
coexisting species, providing evidence that competition is 
not likely the main process shaping these communities. 
Our results suggest that community composition is 
apparently constrained by filters allowing only those 
species with certain properties to persist in stressful or 
disturbed areas in the community (Weiher et al., 1998). 
Differential selective environmental tolerances imposed 
by environmental harshness on particular species likely 
resulted in nested subsets (Wright et al., 1997). However, 
besides habitat filtering, such nested patterns may also 
result from facilitation or the co-dominance of both 
common and rare species (Aarssen, 1983; Loreau and 
Hector, 2001). It is possible that some species can aid 
the   growth    of    others,    either   through   provision  of 

resources or amelioration of disturbances (Bertness and 
Callaway, 1994). In other cases, canopy shrubs can 
facilitate growth of understory species by their positive 
effects on soil moisture and nutrients (Bertness and 
Callaway, 1994). Another possible explanation for this 
nestedness pattern is that it is the outcome of stochastic 
processes (Bastolla et al., 2009; Sasaki et al., 2012). 
Wetter areas contain, on average, a higher community 
biomass, increasing the probability that a particular 
species occurs in such areas merely by chance. 
Therefore, we suggest that both habitat filtering and 
stochastic processes potentially play important roles in 
structuring savanna tree communities.  

A fundamental yet unresolved question is whether 
diverse ecological systems are more or less stable than 
those with fewer species (McNaughton, 1977; Tilman, 
1996; Bezemer and van der Putten, 2007). We expected 
to find a negative relationship between community 
stability and species richness if competitive mechanisms 
were the main force structuring community assembly, 
since in  diverse communities the loss of one species can  
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Figure 7. Maximally packed species presence–absence matrix (where species and sites are ordered according to incidence 
and species richness) for samples from woody vegetation plant communities arrayed across the Masai Mara National 
Reserve, Kenya. Filled cells indicate presences, white cells indicate absences. The measure of nestedness varies from 0 
(no nestedness) to 100 (perfect nestedness). Nrows and Ncolumns are the sum of the nestedness introduced by rows 
(sites) and columns (species), representing the independent contributions of sites and species to total nestedness. The 
matrix is significantly nested under the constrained null model (P < 0.05). 

 
 
 
be compensated for by the gain of a competing species 
(Tilman, 1994). These predictions were however not 
supported. Instead, we did not find a significant 
relationship between stability and richness along the 
rainfall gradient implying that the loss of a particular 
species harmed by disturbance may not necessarily be 
compensated for by a superior competitor. Hence, this 
further supports the evidence for limited competition and 
a more important role for habitat filtering or stochastic 
processes in explaining compositional patterns across 
the woodland communities of the Mara-Serengeti 
ecosystem.  
 
 
Relative dominance of processes structuring the 
woodland communities 
 
The drier areas were more species poor, and therefore 
likely to be structured by habitat filtering. Protracted 
droughts or extended periods of below average rainfall 
conditions prevent seedling establishment and 
recruitment into saplings, leading to dominance of certain 
drought-tolerant species in low rainfall areas (Midgley 
and Bond, 2001; Fensham et al., 2009), thereby limiting 
diversity and abundance. Secondly, herbivory might also 
account for increased habitat filtering in low rainfall areas. 
Drier areas have more soil nutrients due to less leaching 
than wet areas. Combined with adjustments in the plant 
carbon/nutrient balance, dry areas support some of the 
richest assemblages of herbivores (Sinclair, 1995; Ritchie 
and Olff, 1999). Herbivores likely have a greater impact 
on trees in drier areas because they consist of highly 
palatable species (Anderson and Briske, 1995; Owen-
Smith, 1988), compared to trees in wetter areas. 
Consequently, available browse biomass reduces by 
80% during the dry season for woodland communities in 
the Serengeti (Owen-Smith, 1988). Furthermore, the 
higher root-to-shoot ratio below ground makes these 
plant  species   tolerant   to    herbivory,    because   more 

resources are stored underground. As a result, the few 
grazing-tolerant plant species that persist in such areas 
allocate more nitrogen to their leaves, making them more 
palatable but able to regrow quickly (Bond et al., 2001). 
This has been observed in South African savannas 
(Owen-Smith and Cooper, 1987). In contrast, in the 
wetter areas, tree seedling germination and 
establishment is high, enabling recruitment to adulthood 
(Sankaran et al., 2004). Trees suffer less due to 
herbivory in wetter areas because they store relatively 
more carbohydrates above ground so that the above 
ground green leaves are high in indigestible carbon 
(Loreau and Hector, 2001). Consequently, low densities 
of herbivores potentially allow the rare and common 
species to co-exist in high rainfall areas.  

We did not find evidence that competition is the main 
factor structuring the tree communities in the high rainfall 
areas. Yet, competition is considered a major structuring 
force in many plant communities. In savannas, in 
particular, competition occurs between grass and tree 
seedlings because the grass layer shades the 
establishing woody seedlings and both grasses and tree 
seedlings compete for water and nutrients (Knoop and 
Walker, 1985; Skarpe, 1992; Scholes and Archer, 1997). 
However, we focus here on competition between tree 
species and not between trees and grasses. Except near 
certain landscape elements, such as rivers or termite 
mounds, most places in the savannas, even relatively 
wetter areas, are very open so that light competition 
between trees could be very limited (Knoop and Walker, 
1985; Brenes-Arguedas et al., 2011; Van der Plas et al., 
2012). Trees are assumed to be limited by light at the 
seedling stage, albeit mostly though competition with 
grasses rather than with other trees (Sankaran et al., 
2004). At higher rainfall, better recruitment and dispersal 
opportunities and reduced stress caused by drought and 
herbivory enable both rare and common species to 
establish, recruit and coexist, leading to a higher 
diversity. These   results  suggest  that  tree  communities  
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might therefore be mostly structured by stochastic 
processes in wetter areas, rather than by habitat filtering, 
which is more important in drier areas.  

In conclusion, our results suggest strong effects of 
climate change on tree recruitment dynamics. A trend of 
rising temperatures and recurrent severe droughts could 
alter the composition of the woodland communities, 
particularly in wetter areas, where water-stress is typically 
minimal. If droughts become more frequent and severe, 
then only a few common species that are better adapted 
to drought and herbivory may dominate large sections of 
savanna woodlands, reducing the potential for the 
woodlands to support rare, stress-sensitive species. This 
would reduce their overall diversity and stability.  
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S1 Table. Selection of the best supported rainfall components and models for seedling and sapling recruitment for the 
most common species in the Croton thickets across the 8 plots, each composed of 10  subplots, and monitored in 1990, 
1991, 1992, 1993, 1995, 1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 2003 based on AICc 
values.  
 

Cohort Species 
†
Rainfall component Linear model Quadratic model 

      #Parameters AIC #Parameters AIC 

Seedlings Acacia brevispica annual 3 60.384 4 62.308 

  

annual1 3 59.433 4 61.311 

  

annual2 2 61.981 2 61.029 

  

annual3 3 61.861 3 61.861 

  

annual4 3 61.970 4 61.949 

  

dry 3 60.233 4 59.418 

  

dry1 3 60.925 4 62.411 

  

dry2 3 61.473 4 62.883 

  

dry3 3 61.001 4 55.566 

  

dry4 3 59.931 3 59.931 

  

mavannual2 3 48.830 4 48.930 

  

mavannual3 3 60.019 4 60.048 

  

mavannual4 3 60.642 4 62.445 

  

mavdry2 3 62.069 4 62.146 

  

mavdry3 3 61.848 4 58.150 

  

mavdry4 3 62.153 4 59.774 

  

mavwet2 3 61.704 4 60.918 

  

mavwet3 3 62.061 4 60.799 

  

mavwet4 3 62.109 4 61.239 

  

wet 3 61.309 4 61.464 

  

wet1 3 61.308 4 61.463 

  

wet2 3 62.150 4 60.479 

  

wet3 3 61.692 4 63.215 

  

wet4 3 60.510 4 62.433 

       

 

Croton dichogamus annual 3 80.218 4 82.059 

  

annual1 3 80.214 4 80.494 

  

annual2 3 75.350 4 75.561 

  

annual3 3 80.265 4 77.548 

  

annual4 3 77.924 4 79.035 

  

dry 3 80.228 4 82.113 

  

dry1 3 78.837 4 80.713 

  

dry2 3 79.222 4 81.099 

  

dry3 3 76.666 3 76.666 

  

dry4 3 79.188 4 72.521 

  

mavannual2 3 80.063 4 79.873 
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mavannual3 3 76.914 4 78.428 

  

mavannual4 3 79.444 4 80.553 

  

mavdry2 3 72.074 4 80.610 

  

mavdry3 3 80.284 4 79.978 

  

mavdry4 3 80.050 4 81.082 

  

mavwet2 3 76.220 4 77.326 

  

mavwet3 3 78.773 4 77.217 

  

mavwet4 3 79.683 4 75.595 

  

wet 3 78.672 4 80.606 

  

wet1 3 78.673 4 80.607 

  

wet2 3 80.309 4 80.498 

  

wet3 3 80.309 4 75.928 

  

wet4 3 80.231 4 80.373 

       

 

Euclea divinorum annual 2 36.555 3 37.743 

  

annual1 2 31.206 3 29.584 

  

annual2 2 36.731 3 37.729 

  

annual3 2 31.923 3 33.923 

  

annual4 2 31.380 3 33.073 

  

dry 2 36.167 3 36.031 

  

dry1 2 28.202 3 27.140 

  

dry2 2 36.809 3 31.951 

  

dry3 2 34.572 3 36.276 

  

dry4 2 33.424 3 35.422 

  

mavannual2 2 35.766 3 34.260 

  

mavannual3 2 36.411 3 37.409 

  

mavannual4 2 32.452 3 33.829 

  

mavdry2 2 31.432 3 31.363 

  

mavdry3 2 35.597 3 35.738 

  

mavdry4 2 34.782 3 35.611 

  

mavwet2 2 26.016 3 27.734 

  

mavwet3 2 34.635 3 29.423 

  

mavwet4 2 36.857 3 32.555 

  

wet 2 29.228 3 29.932 

  

wet1 2 29.228 3 29.932 

  

wet2 2 32.858 3 33.966 

  

wet3 2 35.653 3 34.460 

  

wet4 2 36.768 3 35.147 

       

 

Grewia similis annual 3 61.537 4 63.529 
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annual1 3 61.272 4 62.305 

  

annual2 3 63.148 4 62.055 

  

annual3 3 62.496 4 64.220 

  

annual4 3 56.428 4 57.982 

  

dry 3 63.088 4 58.431 

  

dry1 3 58.110 4 57.154 

  

dry2 3 62.721 4 63.738 

  

dry3 3 63.291 4 64.956 

  

dry4 3 63.147 4 65.138 

  

mavannual2 3 62.113 4 63.253 

  

mavannual3 3 62.494 4 63.934 

  

mavannual4 3 63.290 4 64.074 

  

mavdry2 3 62.305 4 63.310 

  

mavdry3 3 63.296 4 64.399 

  

mavdry4 3 63.322 4 64.177 

  

mavwet2 3 53.216 4 54.883 

  

mavwet3 3 58.716 4 58.948 

  

mavwet4 3 62.487 4 64.487 

  

wet 3 57.567 4 58.122 

  

wet1 3 57.567 4 58.122 

  

wet2 3 63.244 4 61.168 

  

wet3 3 63.301 4 64.158 

  

wet4 3 59.804 4 61.804 

       

 

Tarenna graveolens annual 3 65.586 4 65.044 

  

annual1 3 66.899 4 68.116 

  

annual2 3 62.339 4 63.572 

  

annual3 3 66.890 4 63.539 

  

annual4 3 65.316 4 67.298 

  

dry 3 60.177 3 60.177 

  

dry1 3 67.053 4 68.743 

  

dry2 3 66.720 4 67.133 

  

dry3 3 65.244 3 65.244 

  

dry4 3 65.623 4 67.617 

  

mavannual2 3 57.632 4 66.424 

  

mavannual3 2 64.424 2 57.732 

  

mavannual4 3 63.773 4 65.705 

  

mavdry2 2 59.764 2 59.764 

  

mavdry3 3 66.604 4 68.568 

  

mavdry4 3 66.007 4 67.504 
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mavwet2 3 64.840 4 66.797 

  

mavwet3 3 67.044 3 67.044 

  

mavwet4 3 67.084 3 67.084 

  

wet 3 65.020 4 66.794 

  

wet1 3 65.021 4 66.794 

  

wet2 3 66.310 4 68.145 

  

wet3 3 67.002 4 68.748 

 
 

wet4 3 66.801 4 67.982 

 
    

 
 

 
Saplings Acacia brevispica annual 2 25.452 3 27.321 

   
annual1 2 25.246 3 27.046 

   
annual2 2 25.511 3 27.199 

   
annual3 2 25.454 3 27.264 

   
annual4 2 25.375 3 27.123 

   
dry 2 25.465 3 27.463 

   
dry1 2 25.441 3 27.423 

   
dry2 2 25.243 3 27.241 

   
dry3 2 25.483 3 26.813 

   
dry4 2 25.334 3 27.306 

   
mavannual2 2 25.012 3 27.235 

   
mavannual3 2 25.178 3 27.176 

   
mavannual4 2 25.489 3 27.053 

   
mavdry2 2 25.519 3 27.439 

   
mavdry3 2 25.365 3 26.970 

   
mavdry4 2 25.469 3 27.167 

   
mavwet2 2 25.316 3 27.040 

   
mavwet3 2 25.437 3 27.099 

   
mavwet4 2 25.331 3 26.865 

   
wet 2 25.426 3 27.367 

   
wet1 2 25.426 3 27.367 

   
wet2 2 25.499 3 27.231 

   
wet3 2 25.224 3 27.129 

   
wet4 2 25.507 3 27.489 

        

 

Croton dichogamus annual 2 927.82 3 627.69 

   
annual1 2 967.33 3 739.93 

   
annual2 2 1340.38 3 1216.74 

   
annual3 2 868.83 3 842.54 

   
annual4 2 1247.89 3 453.23 

   
dry 2 1258.81 3 1259.84 
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dry1 2 1265.58 3 842.42 

   
dry2 2 990.25 3 791.76 

   
dry3 2 1346.39 3 384.43 

   
dry4 2 1375.44 3 1041.91 

   
mavannual2 2 1292.52 3 1186.12 

   
mavannual3 2 1375.59 3 1312.91 

   
mavannual4 2 1178.15 3 987.00 

   
mavdry2 2 1371.63 3 1168.78 

   
mavdry3 2 1157.52 3 292.48 

   
mavdry4 2 1198.52 3 520.56 

   
mavwet2 2 1286.50 3 847.12 

   
mavwet3 2 1371.23 3 1251.77 

   
mavwet4 2 1163.13 3 812.15 

   
wet 2 1112.68 3 841.36 

   
wet1 2 1112.73 3 841.46 

   
wet2 2 1356.47 3 1253.47 

   
wet3 2 750.17 3 742.03 

   
wet4 2 1181.91 3 946.80 

        

 

Euclea divinorum annual 2 20.657 3 22.655 

   
annual1 2 20.624 3 22.552 

   
annual2 2 20.733 3 22.348 

   
annual3 2 20.091 3 22.058 

   
annual4 2 20.313 3 21.747 

   
dry 2 20.690 3 22.175 

   
dry1 2 20.396 3 22.355 

   
dry2 2 20.267 3 22.200 

   
dry3 2 20.773 3 22.753 

   
dry4 2 20.770 3 22.744 

   
mavannual2 2 20.720 3 22.365 

   
mavannual3 2 20.773 3 22.755 

   
mavannual4 2 19.748 3 21.959 

   
mavdry2 2 20.712 3 22.668 

   
mavdry3 2 20.519 3 22.511 

   
mavdry4 2 20.645 3 22.624 

   
mavwet2 2 19.908 3 21.795 

   
mavwet3 2 20.100 3 21.972 

   
mavwet4 2 20.335 3 22.296 

   
wet 2 20.036 3 22.030 

   
wet1 2 20.036 3 22.030 

   
wet2 2 20.728 3 22.298 

   
wet3 2 20.704 3 22.105 
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wet4 2 20.393 3 22.382 

        

 

Grewia similis annual 2 29.041 3 30.540 

   
annual1 2 29.532 3 29.120 

   
annual2 2 30.589 3 28.595 

   
annual3 2 30.363 3 32.033 

   
annual4 2 27.974 3 29.317 

   
dry 2 30.627 3 27.909 

   
dry1 2 29.344 3 28.664 

   
dry2 2 30.577 3 29.141 

   
dry3 2 30.231 3 30.765 

   
dry4 2 30.327 3 31.856 

   
mavannual2 2 29.238 3 29.949 

   
mavannual3 2 30.458 3 29.644 

   
mavannual4 2 30.626 3 29.202 

   
mavdry2 2 30.163 3 29.770 

   
mavdry3 2 30.200 3 31.145 

   
mavdry4 2 30.617 3 30.233 

   
mavwet2 2 25.581 3 27.555 

   
mavwet3 2 29.815 3 31.807 

   
mavwet4 2 30.529 3 32.485 

   
wet 2 25.685 3 26.069 

   
wet1 2 25.685 3 26.069 

   
wet2 2 29.517 3 27.976 

   
wet3 2 30.602 3 32.394 

   
wet4 2 29.380 3 31.305 

        

 
Tarenna graveolens annual 2 44.036 3 45.161 

   
annual1 2 45.396 3 44.699 

   
annual2 2 43.481 3 43.705 

   
annual3 2 45.234 3 44.384 

   
annual4 2 45.401 3 46.420 

   
dry 2 43.583 3 44.742 

   
dry1 2 45.458 3 46.648 

   
dry2 2 45.417 3 47.416 

   
dry3 2 41.944 3 42.617 

   
dry4 2 42.649 3 43.375 

   
mavannual2 2 43.128 3 43.389 

   
mavannual3 2 40.931 3 41.113 

   
mavannual4 2 43.086 3 41.439 

   
mavdry2 2 43.746 3 45.593 
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mavdry3 2 45.252 3 46.926 

   
mavdry4 2 44.187 3 46.109 

   
mavwet2 2 45.173 3 45.138 

   
mavwet3 2 45.276 3 41.589 

   
mavwet4 2 45.498 3 43.236 

   
wet 2 45.483 3 47.478 

   
wet1 2 45.483 3 47.478 

   
wet2 2 45.458 3 42.971 

   
wet3 2 45.228 3 46.072 

      wet4 2 45.419 3 45.112 
 
†
Numeric suffixes after rainfall component names denote the time window over which the rainfall component was averaged or by 

which the component was lagged. For example, mavannual3 means that the annual rainfall component was averaged over a 
three-year time window whereas annual3 means that the annual component was lagged by three years.  

 
 
 

S2 Table. Selection of the best supported rainfall components for the proportion of trees damaged in each height class for the 
most common Croton species across the 8 plots, each consisting of 10 subplots, monitored in 1990, 1991, 1992, 1993, 1995, 
1998, 2002 and 2003 in the Masai Mara National Reserve from 1989 to 2003.  
 

Species 
†
Rainfall component Linear model Quadratic model 

  #Parameters AIC # Parameters AIC 

Acacia brevispica annual 5 157.749 6 141.360 

 annual1 3 165.347 4 151.917 

 annual2 3 165.730 4 167.366 

 annual3 3 164.989 4 166.988 

 annual4 3 166.515 4 162.593 

 dry 3 166.288 4 167.917 

 dry1 3 166.151 4 167.131 

 dry2 3 166.339 4 168.297 

 dry3 3 164.896 4 166.896 

 dry4 3 165.896 4 167.373 

 mavannual2 3 162.619 4 164.283 

 mavannual3 3 165.887 4 167.836 

 mavannual4 3 164.724 4 166.722 

 mavdry2 3 165.859 4 167.518 

 mavdry3 3 165.911 4 167.354 

 mavdry4 3 165.461 4 166.439 

 mavwet2 3 166.497 4 168.471 

 mavwet3 3 166.507 4 168.312 

 mavwet4 3 166.250 4 168.085 

 wet 3 166.478 4 168.179 

 wet1 3 166.478 4 168.179 

 wet2 3 166.515 4 168.434 

 wet3 3 165.429 4 167.250 

 wet4 3 166.139 4 166.755 

Croton dichogamus annual 5 243.274 6 224.887 

 annual1 3 262.022 4 227.977 

 annual2 3 257.830 4 259.304 
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 annual3 3 257.536 4 255.068 

 annual4 3 258.075 4 252.801 

 dry 3 261.451 4 263.171 

 dry1 3 261.750 4 263.743 

 dry2 3 261.610 4 263.486 

 dry3 3 262.023 4 264.023 

 dry4 3 261.108 4 263.107 

 mavannual2 3 247.260 4 249.166 

 mavannual3 3 249.827 4 250.985 

 mavannual4 3 251.263 4 251.502 

 mavdry2 3 261.954 4 263.862 

 mavdry3 3 261.632 4 263.605 

 mavdry4 3 261.828 4 263.823 

 mavwet2 3 260.680 4 262.617 

 mavwet3 3 260.017 4 262.007 

 mavwet4 3 260.822 4 262.647 

 wet 3 261.552 4 263.406 

 wet1 3 261.553 4 263.406 

 wet2 3 261.660 4 263.596 

 wet3 3 261.914 4 262.710 

 wet4 3 261.265 4 263.264 

Euclea divinorum annual 5 87.027 6 82.846 

 annual1 3 91.583 4 84.384 

 annual2 3 92.357 4 92.240 

 annual3 3 90.792 4 92.403 

 annual4 3 92.281 4 89.311 

 dry 3 92.226 4 93.663 

 dry1 3 92.352 4 93.944 

 dry2 3 90.810 4 92.796 

 dry3 3 92.393 4 94.048 

 dry4 3 92.275 3 92.275 

 mavannual2 3 85.681 4 81.127 

 mavannual3 3 90.904 4 90.868 

 mavannual4 3 90.088 4 91.077 

 mavdry2 3 92.363 4 94.358 

 mavdry3 3 91.733 4 93.435 

 mavdry4 3 92.022 4 92.626 

 mavwet2 3 92.388 4 94.172 

 mavwet3 3 92.393 4 94.135 

 mavwet4 3 92.323 4 94.158 

 wet 3 92.394 4 94.079 

 wet1 3 92.394 4 94.079 

 wet2 3 92.382 4 93.647 

 wet3 3 92.106 4 93.672 

 wet4 3 92.392 4 94.241 

Grewia similis annual 5 136.305 6 123.501 

 annual1 3 138.518 4 118.700 

 annual2 3 143.350 4 144.152 

 annual3 3 140.338 4 141.888 

 annual4 3 143.436 4 140.088 

 dry 3 142.612 4 144.587 
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 dry1 3 143.440 4 144.438 

 dry2 3 142.279 4 144.137 

 dry3 3 143.189 4 144.952 

 dry4 3 143.366 4 145.012 

 mavannual2 3 142.612 4 144.952 

 mavannual3 3 143.189 4 144.587 

 mavannual4 3 143.607 4 143.418 

 mavdry2 4 144.633 4 144.633 

 mavdry3 4 143.354 4 143.354 

 mavdry4 4 143.239 4 143.239 

 mavwet2 4 143.607 4 143.239 

 mavwet3 4 144.322 4 144.322 

 mavwet4 4 143.418 4 143.418 

 wet 3 142.273 4 143.993 

 wet1 3 142.273 4 143.994 

 wet2 3 143.230 4 145.223 

 wet3 3 142.201 4 143.054 

 wet4 3 143.447 4 145.084 

Tarenna graveolens annual 5 177.804 5 178.804 

 annual1 3 184.981 4 148.808 

 annual2 3 188.500 3 188.500 

 annual3 3 186.611 4 188.074 

 annual4 3 188.257 4 185.111 

 dry 3 187.558 4 189.399 

 dry1 3 188.720 4 190.583 

 dry2 3 188.722 4 190.319 

 dry3 3 188.431 4 190.321 

 dry4 3 188.713 4 190.709 

 mavannual2 3 184.530 4 186.109 

 mavannual3 3 186.913 4 188.913 

 mavannual4 3 186.028 4 187.966 

 mavdry2 3 187.844 4 189.771 

 mavdry3 3 188.397 4 190.397 

 mavdry4 3 188.330 4 190.231 

 mavwet2 3 188.702 4 188.913 

 mavwet3 3 188.376 4 190.316 

 mavwet4 3 188.348 4 190.320 

 wet 3 188.701 4 190.631 

 wet1 3 188.701 4 190.631 

 wet2 3 188.376 4 190.365 

 wet3 3 188.562 4 190.538 

 wet4 3 188.717 3 188.717 
 
†
Numeric suffixes after rainfall component names denote the time window over which the rainfall component was averaged or by which 

the component was lagged. For example, mavannual3 means that the annual rainfall component was averaged over a three-year time 
window whereas annual3 means that the annual component was lagged by three years. 
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S3 Table. Selection of the best supported rainfall components for total community biomass, species richness and 
evenness of all trees over all the 8 plots, each consisting of 10 subplots, in each sampling year (1990, 1992, 1993, 1995, 
1998, 2002 and 2003) in the Masai Mara National Reserve based on AICc values.  
 

‡
Rainfall component Tree biomass Tree species richness Tree species evenness 

  #Parameters AIC #Parameters AIC #Parameters AIC 

annual 3 84.809 3 41.923 3 -29.700 

annual1 3 84.793 3 45.953 3 -31.850 

annual2 3 83.689 3 41.742 3 -29.701 

annual3 3 81.695 3 46.026 3 -31.319 

annual4 3 81.310 3 45.650 3 -30.915 

mavannual2 3 83.033 3 41.734 3 -30.487 

mavannual3 3 84.863 3 41.454 3 -30.293 

mavannual4 3 83.991 3 43.671 3 -30.999 

dry 3 84.361 3 44.922 3 -30.079 

dry1 3 79.893 3 45.435 3 -30.258 

dry2 3 85.312 3 45.515 3 -33.501 

dry3 3 80.083 3 44.700 3 -29.912 

dry4 3 82.580 3 46.075 3 -30.404 

mavdry2 3 73.878 3 40.487 3 -28.380 

mavdry3 3 82.468 3 44.777 3 -32.572 

mavdry4 3 80.575 3 43.398 3 -30.486 

wet 3 83.025 3 46.046 3 -31.446 

wet1 3 82.458 3 46.034 3 -31.441 

wet2 3 85.414 3 43.930 3 -30.018 

wet3 3 84.358 3 46.026 3 -31.808 

wet4 3 81.851 3 45.736 3 -31.894 

mavwet2 3 79.156 3 41.619 3 -30.710 

mavwet3 3 80.270 3 41.300 3 -30.570 

mavwet4 3 85.186 3 44.067 3 -31.575 
 

‡
Numeric suffixes after rainfall component names denote the time window over which the rainfall component was averaged or by 

which the component was lagged. For example, mavannual3 means that the annual rainfall component was averaged over a 
three-year time window whereas annual3 means that the annual component was lagged by three years.  

 

 
 
 
 
 


