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ABSTRACT
Mangrove forests are ecologically and economically important and frequently dominating protected coastal 
areas in the tropics and subtropics at suitable intertidal zones and are often subjected to disturbances that 
disrupt the structure of an ecosystem, that change resource availability and that create patterns in vegetation by 
producing a mosaic of seral stages that ecologists have long recognised as important to landscape-level patch 
mosaics. Several good reasons justify the need for pursuing a predictive understanding of the ecology of mangrove 
species competition including the role of disturbance events and the aftermath. A predictive understanding can 
challenge our assumptions concerning the factors that control plant distribution and abundance and provide 
techniques for predicting rates of species change ranges in response to disturbances. The aim of this study 
was to evaluate and predict the impact of canopy disturbances on Gazi Bay mangrove forests and the subsequent 
vegetation patterns both spatially and temporally. The use of a simple 1D cellular automaton provided a detailed 
and nearly comprehensive parameterisation of the model by forest structure parameters belonging to the standard 
measurements of mangrove fi eld surveys. In the study presented, the fi eld data were obtained for disturbance 
impacts at various spatial scales considering not only the spatial extent of the disturbance but also its particular 
location. For this, multiple sampling transects were selected a priori, based on the vegetation patterns observed 
on Quickbird satellite image (2002) of Gazi, to refl ect major ecological zones and vegetation transitions in space. 
Earlier fi eld studies already revealed different population trajectories in some cases for the same pairwise species 
interactions, which are consistent with the hypothesis that different scales of disturbances may affect succession 
trends. Simulation experiments supported these fi ndings by demonstrating that varying disturbance impacts 
determine coexistence or mutual exclusion of the interacting species and occasionally leading to equilibrium 
shifts to alternative states. We suggest the consideration of simulation experiments as a good proxy for predicting 
mangrove species dynamics not neglecting the need of further evaluation based on the transient ecodynamics.
Keywords: forecasting, Gazi, Kenya, mangrove, succession trajectory, vegetation dynamics.

INTRODUCTION1 
Marine coastal ecosystems, of which mangrove forests are a part, are among the most productive 
and diverse systems on earth [1–2] and are of global importance to climate, nutrient budgets 
and often primary productivity [3–4]. Mangrove forests are ecologically and economically 
important often dominating protected coastal areas in the tropics and subtropics preferring 
suitable intertidal zones. Mangrove ecosystems, besides providing habitats for a wide range of marine 
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and terrestrial species [5–7], are a source of food, medicines and forestry products [8]. The tourism 
and recreational value of mangrove ecosystems is signifi cant, and if this value is realised then it 
can contribute signifi cantly to fi nancing their management for local communities. A recent review 
of the major goods, services and functions of mangrove ecosystems is given by Walters et al. [8]. 
One important indirect value for the entire coastal zone is the protective function of coastal 
ecosystems against wave and storm energy, both in terms of ongoing coastal erosion and from 
potentially destructive natural disasters such as typhoons [9–11]. However, decision makers 
often undervalue these shoreline protection services [12] and the effects can be devastating, as 
evidenced by natural disasters such as the Indian Ocean tsunami (2004), hurricane Katerina (2005) 
and cyclone Nargis (2008). Though economic valuation of ecosystems needs to be treated with 
caution, the annual values per km2 for mangroves are estimated to be US$ 200,000–900,000 and 
are considered among the most valuable ecosystems in terms of their benefi ts to humankind [13]. 
Industrial activity, population growth, human migration to coastal areas, unregulated aqua-
culture development and poor management practices stress coastal resources, including mangrove 
systems [14–19]. Uncontrolled harvesting, destruction and even subtle changes in species 
composition of mangrove forests such as cryptic ecological degradation can permanently alter these 
ecosystems [10, 20]. Past studies indicate that it takes centuries for mangroves to recover from 
relatively minor disturbances [21].

The constituent plants of the mangrove community interact with one another, many a time in 
specifi c ways. The interactions are neither well studied nor understood. Importance is being attached 
to plant–plant interactions within the mangrove community because it is widely realised that the 
distribution and success of the mangroves cannot be adequately explained unilaterally on the basis 
of their interaction with the physico-chemical environment. Several categories of plant–plant interactions 
are argued to be important in determining the structure and/or function of the mangrove community, 
namely parasitic, antagonistic, mutualistic and competitive [22]. The aftermath of progressive biodiversity 
declines is dependent on the functional roles of individual species and the order in which species are 
lost [23]. Despite rapid changes in biodiversity in marine ecosystems occurring globally, the ecological 
impacts are poorly understood [2, 24].

A disturbance is a relatively discrete event that disrupts the structure of an ecosystem, community 
or population and changes resource availability or the physical environment [25]. Disturbances create 
patterns in vegetation by producing a mosaic of seral stages that ecologists have long recognised as 
important to landscape-level patch mosaics [21, 26–28]. The effects due to physical disturbances, 
depending on their nature, magnitude and other associated properties including the response, recovery 
ability and regeneration period of the mangrove species, affect mangrove biodiversity and evolution. 
Disturbance includes the factors that are involved in the destruction of plant tissue, such as the 
activities of herbivores, anthropogenic interventions, phenomena such as wind, hurricanes, sea level 
rise, tsunamis, El Niño-Southern oscillation-associated events [29], fi re and erosion among others [22]. 
Major research topics in landscape ecology have over the years focussed on the causes, patterns, 
dynamics and consequences of disturbances [28, 30–33]. Collins et al. [34] argued that disturbances 
may even be required for the maintenance of community structure and ecosystem function. Concurring, 
Scheffer et al. [35] suggested that disturbance is a natural component of ecosystems that promote 
diversity and forest renewal processes.

It is interesting to note that disturbances create and also respond to landscape patterns. Their 
consequences usually include creation of open spaces such as gaps in otherwise continuous forests 
and, in many instances, alter levels of resources such as light and nutrients. The disturbance effects 
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on biota often depend on the state of the system before it was disturbed. For instance, tree heights 
infl uence the effect of uprooting and stem snapping that occurs in a forest affected by a catastrophic 
wind [36]. The successional stage of a community as well as the phenology of its members, when it 
is disturbed, may control the availability of propagules that determine, in part, the composition of the 
post-disturbance community.

Ecological modelling1.1 

Several good reasons justify the need for pursuing a predictive understanding of the ecology of 
mangrove species competition, disturbance effects and by extension, invasions. The predictive 
understanding we seek with the present paper can (1) increase our ability to mitigate the negative 
economic and environmental impacts of invasions or cryptic ecological degradation [37], (2) chal-
lenge our assumptions concerning the factors that control plant distribution and abundance [38–41] 
and (3) provide techniques for predicting rates of species range changes in response to disturbances 
including climate change. Simulation modelling is widely recognised to be a powerful tool for 
understanding the complexity of biological systems and a useful means of inference on long-term 
dynamics, especially given the rarity of comprehensive long-term data on vegetation dynamics [42]. 
This argument counts particularly for mangrove forests, there endogenous and exogenous processes 
[43] may cause canopy turnover taking hundreds of years under natural conditions [21, 44]. 
So far, there are three individual-based mangrove simulators available: FORMAN, MANGRO 
and KiWi [45], which were successfully applied to enhance knowledge and forecasts successional 
patterns in Neotropic mangroves [44, 46]. All three models require detailed knowledge about 
species–specifi c life processes on tree level under varying environmental conditions (e.g. growth 
rates of trees depending on nutrient availability and neighbour competition). Their parameterisation 
and application to real-world situations presupposes not only structural forest data on stand level 
but also data related to local competition processes such as light availability [44], neighbouring 
tree constellations [47] and nutrient availability in the spatial resolution of single trees. Such data are 
hard to obtain for both logistical and fi nancial reasons, and they are not available for the study site 
in consideration. However, stand structure measurements can be easily obtained providing a descriptive 
formulation of potential competition outcomes among trees (see description given below), and 
analyses of satellite images available for Gazi Bay provide a priori knowledge about chrono-
sequences of vegetation cover. In order to take advantage from this valuable information, the cellular 
automata (CA) approach [48–50] was selected as an appropriate tool for this study. Coupled with the 
principles of the Lotka–Volterra competition model, the CA developed in this study incorporates 
both intra-specifi c and inter-specifi c competition and considers neighbour competition spatially 
explicitly. Criticisms leveled against Lotka–Volterra competition model include having too many 
sets of assumptions for specifi c competitive interactions and also for important biological reasons 
ranging from time delays to mechanisms [51, 52]. Nevertheless, the chosen approach appears to deal 
best with the available datasets.

The aim of this study was to develop an effective but suitable methodology to evaluate and predict 
the potential impact of disturbance on Gazi Bay mangrove forest and behavioural spatio-temporal 
patterns combining fi eld-based data of the mangrove structural attributes and simulation experiments. 
The specifi c objectives are derivation of input values for model parameterisation; analysing the sensitivity 
of vegetation dynamics due to different magnitudes of disturbance impacts and evaluation of the 
impacts of disturbance on long-term succession trajectories.
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MATERIALS AND METHODS2 

Description of the study area2.1 

Gazi Bay is located about 50km South of Mombasa (Fig. 1) and is drained by two seasonal rivers, 
Kidogoweni to the North and Mkurumuji to the South. The Gazi Bay mangrove forests are described as 
degraded and have been undergoing a recovery process mainly attributed to human intervention [53, 54]. 
The Kenyan coastline experiences mixed semi-diurnal tides, which is expressed in two high tides for 
every 24 hours with a considerable variation in the tidal amplitude between successive tides [55]. The 
maximum tidal range is approximately 4 metres.

Following extensive overexploitation of the mangroves of Gazi over a long period, especially for 
industrial fuel wood and building poles, a pilot reforestation project to rehabilitate degraded mangrove 
areas, restock denuded mudfl ats and transform disturbed forests into uniform stands of higher 
productivity was launched in 1991 [53]. More than 200,000 trees comprising mainly of Rhizophora 
mucronata Lam., Ceriops tagal (Perr.), C.B. Robinson, Avicennia marina (Forssk.) Vierh. and Sonneratia 
alba Sm. had been planted as monocultures in 12.47 hectares by 1995 [53]. Growth and survival 
rates obtained after 3 years suggested that the performance of replanted mangroves depended on 
planting material type, elevation of the forests and the size of saplings during transplanting [57].

Forest structure description2.2 

Field methodology and silvimetric calculations2.2.1 
We used the Point-Centred Quarter Method which is schematically illustrated in Fig. 2 [58–60]. 
Transects and sampling points were selected to refl ect the major ecological zones and areas of vegetation 
transitions with transects being selected a priori based on the vegetation patterns observed on the 
Quickbird satellite image (2002) of Gazi Bay [61]. The fi eldwork data collection was designed to 
obtain the following data: (1) the structural attribute data that were used to calculate spatio-temporal 
values in the model to infer species interaction coeffi cients of mortality; (2) the basal areas that were 
used to parameterise the model and (3) other important parameters such as complexity index (CI), 
which gives an indication of structural development of a forest. In each assemblage, 20 sampling 
points were taken along a selected transect. GPS readings were taken using Garmin’s GPS III. The 
tree heights were measured using a hypsometer. D130, which is the tree stem diameter at 130 cm 
height along the trunk [62], is calculated from G130 (tree girth at 130cm) that was measured by tape, 
by dividing G130 by π.

The following parameters were determined [59, 60]: the stem density (De) and basal area (Ba) for 
each species, the mean stand height ( )h  and the CI [63]. Blanco et al. [64] demonstrate comparative 
calculations and guidelines to compute CI in those mangroves where either seasonal or strong 
disturbances have occurred. CI is considered to be a reliable algorithm that represents spatial structure 
and development of forests by enclosing the current forest state, mean condition or steady state in a 
single value [64]. The relative density (DEri) is
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where DEi is the density for species i and m is the number of species. The relative dominance 
(DOri) is
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where Bai is the basal area of all trees of species i. The relative frequency ( )riF ′  is
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where Fi is the number of sampling points in which species i is represented100 times.
The importance value IV [65] is calculated as

 .ri ri riIV DE DO F ′= + +  (4)

Modelling experiments2.3 

Model description2.3.1 
The model is implemented as a 1-D cellular automaton (CA). Each simulation experiment considers 
only two different species (i and j) which compete for (re-)colonizing empty cells. Trees, occupying 
neighbouring cells, also compete with each other for spatially limited resources. This process results in 

Figure 1: Map of Gazi Bay with an overview of the location of all the sampling transects (indicated 
by the rectangle) (modifi ed from [56]).
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Figure 2: A simplifi ed schematic representation of the Point-Centred Quarter Method (PCQM). (A) 
depicts the canopy cover layer which comprises mainly adult trees, while the understory 
comprises mainly young and juvenile trees. The distances to the nearest adult tree in each 
quadrat are represented by d1, d2, d3 and d4 as shown in (B).
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the death of one of the involved trees and is described by a Lotka–Volterra sub-model basing on two 
coupled differential equations describing the population sizes N1 and N2 of the particular species [66]:

 ( )1 1 1
1 1 12 2

1

,
dN rN

K N a N
dt K

= − −  (5a)

 ( )2 2 2
2 21 1 2

2

,
dN r N

K a N N
dt K

= − −  (5b)

where r1 and r2 are the intrinsic growth rates; a12 and a21 are competition coeffi cients. The values Ki,j refer 
to the carrying capacities of the species in a given cell (eqn (6a) and (6b)). These values are species 
specifi c, habitat sensitive and could – in principle – change over time due to species impact on 
environment, as well as other dynamic processes such as competition and predation [67]. The model, 
however, does not describe the latter.
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The competition coeffi cients a12 and a21 are made up of more mechanistic parameters:
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with ai and aj as species-specifi c reproduction rates and mi and mj as specifi c mortality rates. The 
model application is thus based on the following assumptions: (a) each species has a specifi c mortality 
which does not vary other time and is independent on the heterogeneity of abiotic factors; (b) bij 
and bji specify the competition factors – imposed on species i by species j and j by i particularly. 
Intra-specifi c competition is not explicitly considered but indirectly included in the specifi c mortality 
(m); (c) each species has a probability to produce offspring ai and aj which can only be placed in 
empty cells remaining there until they die and (d) offspring are placed within species-specifi c 
distance from the parents’ cell mimicking differences in their dispersal ranges [68, 69] (Fig. 3).

The competition factors (bij and bji) take into consideration both adult and young trees at species/
assemblage levels. They were described as spatio-temporal probabilities of occurrence of species (i or j) 
in a forest matrix dominated by another species (j or i). According to Curtis [65], this value is one-third 
the importance value of each species (IV/3), but divided by 100:

 .
300

ij
ij

IV
b =  (8)

This coeffi cient expresses lumps major processes regulating the distribution and abundance of 
species in natural communities [67].
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Analytical analysis of the Lotka–Volterra sub-model2.3.2 
Equilibrium analysis of ecological systems described by differential equations is an important tool 
for analysing the systems behaviour and potential phase transitions and is widely documented in 
literature [28, 35, 66, 70–74]. In case of two coupled differential equations, a phase plane analysis is a 
well-known graphical tool for this purpose [75]. The analysis was carried out on all potential systems 
of two different tree species and for several plausible magnitudes of perturbations of the vegetation 
cover (10%, 50% and 90%, respectively) expressed by varying carrying capacities (K1 and K2) and 
interaction coeffi cients (a12 and a21)].

Grid size of the CA2.3.3 
The majority of CA models, describing plant communities or forests, use cell sizes which refer to 
the mean size of an adult plant or tree [76]. Taking this assumption in mind, the grid size for this 
study was estimated as mean available area for the trees:

 2Grid size (units: m ) 2.77,stA

SD
= =  (9)

where Ast is the stand area (0.1ha = 1000 m2) and SD  is the mean stem density (=361 trees). 
However, the unevenness of mangrove trees morphology and architecture introduces diffi culties for 
using one specifi ed grid size for all species at the same time. In order to avoid using different grid 

Figure 3: A simplifi ed schematic representation to visualise dispersal assumptions and how 
competition generates the evolutionary patterns of the model simulations at different time steps 
(vertical axis downwards). Consideration is given to a 1-D array of grids for each time 
step. The black and grey circles represent two competing species with, in this hypothetical 
case, species 1 (black circles) having a dispersal range of 1, while species 2 (grey circles) 
having a dispersal range of 2. The curved arrows indicate which cells a certain species can 
or cannot occupy (not all possibilities are given). The ability of an individual to occupy the 
cells is based on the stipulated assumptions discussed in section 3.2.1 on the Lotka–Volterra 
model. In reality, an empty cell can be occupied by the fi rst arriving species representative 
before competition begins. Once it settles, this individual cannot be removed until it dies.
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sizes for diverse species interactions, the particular density of a species in a given grid cell was 
normalised by its basal area. The whole grid area was chosen to be 1000 grid cells during all 
simulations.

For example, the initial population values were determined by taking into consideration the carrying 
capacity values of the interacting species. In Gazi, changes in carrying capacity have not changed 
much in areas sampled, though this might still change in the future or with more fi eldwork data. The 
remaining proportion was also taken into account and represented by empty cells. The proportionality 
of occupied cells or empty cells was assigned hypothetically in the ratio of 80% or 20%. Therefore, 
the proportion of cells occupied by pairwise interacting species for initialisation of species 1 and 2 
was calculated as follows:

 
( ) 0.8,i

ini i
i j

BA
N

BA BA
= ×

+
 (10)

where Nini(i) is the initial population density proportion of grid cells for species 1; BAi and BAj are the 
basal areas of species i and j, respectively. At the end of each simulation run, the population density 
values of each species were re-converted to the number of trees in a particular stand by dividing its 
population density by the carrying capacity and multiplying this value by the stem density.

Disturbance analysis2.4 

A disturbance is a distinct event that modifi es the structure of an ecosystem thus moderating the 
attainability of resources consequently affecting the landscape settings [25] and is therefore 
scientifi cally important due to its implications on the succession and zonation patterns of a system 
[36]. In the case of the mangrove forests of Gazi Bay, disturbances directly affect the vegetation 
cover of the mangrove forest. The question arises in which way the size and intensity of a particular 
disturbance event affects the resulting succession trajectory. For this, simulation experiments were 
carried out which start with a certain percentage of empty cells, mimicking the canopy disturbances, 
and the subsequent development of the vegetation coverage was registered depending on the available 
species during 600 simulation years.

Sensitivity analysis related to disturbances2.4.1 
In order to assess the infl uence of the magnitude of disturbances on the model outcome, simulation 
experiments were carried out for varying disturbances magnitudes described as 25%, 50%, 75% and 
90% empty cells of all possible 1000 grid cells. The chosen magnitudes were selected according to 
the range of observed data [77, 78]. Based on the results of these sensitivity tests, the disturbance 
regime of the simulation experiments was determined as described below.

Simulation experiments related to canopy disturbances2.4.2 
The simulations were carried out for 20% and 60% of the simulated area. The 60% disturbance was 
not described as a compact area but sub-divided into three sections of 20% each. The locations of the 
disturbances were chosen according to the fi eld observations: the landward and seaward edge areas 
are most likely to be disturbed by human intervention efforts such as anthropogenic-induced 
disturbance like waste water infl ow or clear cutting. The latter is facilitated due to the easier 
accessibility by roads and channels and/or the proximity to human settlement areas. In addition, the 
seaward edges are threatened by natural disturbance phenomena such as erosion, accretion or sea 
level rise. For this reason, 20% of disturbances were always located at the edge of the simulated area. 
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In the case of the 60% disturbance scenario, the second 20% of disturbances was located on the other 
edge of the simulated area whereas the remaining 20% were located in the innermost forest.

Model implementation2.5 

The model simulations were run 15 times for each pairwise interaction to statistically ascertain the 
variances of the population trajectory curves. The model was implemented in R-Statistics in the 
simulation environment Flexible Environment for Mathematically Modelling the Environment [79].

RESULTS3 

Forest structure description3.1 

Table 1 shows that the highest values of spatio-temporal probabilities of each species interactions 
were realised for species that occurred in their respective species/assemblage, for instance, S. alba 
in a S. alba stand registered 95.5% and A. marina in A. marina had 100%. The low values in par-
ticular stands give an indication that the likelihood of the species named in the rows to occur in these 
stands is rather low. The highest value of CI was 14.5 for R. mucronata, suggesting that it was best 
structurally developed mangrove forest at Gazi Bay. R. mucronata was the highest ranked according 
to the importance value of Curtis [65]. The rest of the rankings are C. tagal, A. marina, Bruguiera 
gymnorrhiza (L.) Lam. and S. alba. The basal area recorded for R. mucronata (2.51 m2/0.1ha) was 
the highest while that of B. gymnorrhiza (0.86 m2/ha) was the lowest.

Parameterisation of the model3.2 

The detailed analysis of the forest structure in Gazi Bay provided a full parameterisation of the 
competition factors bij and bji (Table 2). Other parameters such as the species-specifi c carrying 
capacities (K) of the grid cells and the dispersal ranges were estimated based on measurements of 
this studies; growth rates were available from studies previously carried out in Gazi Bay (Table 3). 
A few parameters (such as the mortality rates µ) had to be assumed as reasonable ones. The interaction 
factors a were calculated according to eqn 7 (Table 4).

Table 2: The interference competition coeffi cients b12 and b21 over an estimated 20-year period 
specify mortality imposed on species 1 by interactions with species 2 and vice versa.

A.mar B.gym C.tag R.muc S.alb R.muc/A.mar R.muc/C.tag

b12 b21 b12 b21 b12 b21 b12 b21 b12 b21 b12 b21 b12 b21 

A.mar – – 0.01 0.01 0.073 0.01 0.058 0.01 0.01 0.01 0.4 0.01 0.155 0.01

B.gym 0.01 0.01 – – 0.023 0.052 0.108 0.351 0.01 0.01 0.01 0.01 0.241 0.01

C.tag 0.01 0.073 0.052 0.023 – – 0.082 0.154 0.01 0.01 0.123 0.01 0.26 0.01

R.muc 0.01 0.058 0.351 0.108 0.154 0.082 – – 0.045 0.01 0.455 0.01 0.344 0.01

S.alb 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.04 – – 0.02 0.01 0.01 0.01

These values were inferred from the spatio-temporal probabilities as calculated from the PCQM 
data. Refer to Table 1 for species abbreviations.
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Table 3: Parameters for the Lotka–Volterra sub-model which were used together with the b12 and b21 
values in Table 2.

Species/assemblage A.mar B.gym C.tag R.muc S.alb R.muc/A.mar R.muc/C.tag
Carrying capacity (Ki) 0.93 0.88 0.98 2.51 2.36 1.23 1.90
Dispersal range (D) 10 8 2 4 6 3* 7*
Growth rate/year (ri)** 0.21 0.20 0.18 0.24 0.41 0.20* 0.20*
Reproduction rate (ai)*** 0.26 0.25 0.23 0.29 0.46 0.25 0.25
Mortality rate (mi) 0.05* 0.05* 0.05* 0.05* 0.05* 0.05* 0.05*

Refer to Table 1 for species abbreviations.
*Represents assumed values.
**Represents data in Kairo [18].
***Represents values of reproductions rates calculated by the relationship ai = ri + mi.

Table 4: The matrix values of the species interaction coeffi cients a12 (rows) and a21 (columns).

A.mar B.gym C.tag R.muc S.alb
A.mar 0.000 1.080 1.584 1.464 1.080
B.gym 1.080 0.000 1.184 1.864 1.080
C.tag 1.080 1.416 0.000 1.656 1.080
R.muc 1.080 3.808 2.232 0.000 1.360
S.alb 1.080 1.080 1.080 1.080 0.000

The values of a12 (rows) and a21 for the main mangrove species/assemblages were estimated per 
20 years and then converted to annual rates for input into the model. The calculation of these 
values is described in eqn (7).

Analytical analysis of the Lotka–Volterra sub-model3.3 

The changes in the competition interaction coeffi cients, a12 and a21, does not affect the vegetation 
dynamics signifi cantly for various degrees of perturbations. A 90% decrease in either a12 or a21, 
however, results in pronounced species changes (Table 5).

This phenomenon is consistent for all pairwise interactions. However, when analysed further 
together with the carrying capacity values thereafter evaluating the coexistence inequalities [75], 
then it is apparent that some degrees of perturbations produce changes in equilibrial status. Due to 
lack of publishing space, we have opted not to show the actual phase planes but Table 5 gives a 
comprehensive summary of all the outcomes of the phase plane analyses and inequalities for the 
different perturbation scenarios for the permutations of interacting species. The values of reproduction 
rates (a) and mortality rates (m) are incorporated as per eqns (6) and (7).

The pairwise interactions between B. gymnorrhiza and A. marina (Table 5) depict an unstable 
equilibrium (according to the inequality scheme in Table 6) when there is no perturbation. However, 
for a 90% perturbation decrease, there is a stable equilibrium (Table 5) for the same pair at the end 
of the simulation. Despite the small variations for perturbations lower than 90%, the inequalities 
sometimes indicate change in equilibrial status when compared to pre-perturbation scenarios. For 
instance, in the interactions between B. gymnorrhiza and A. marina at 10% perturbation decrease 
imply that A. marina will always be the superior species according to the coexistence rules described 
in Table 6, thus representing another equilibrial status for the same interactive pair.
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Table 6: Summary of inequalities that are used to interpret Table 5 according to the four classical 
outcomes of the phase plane antalysis.

Inequalities K1>K2/a21 K1<K2/a21

K2>K1/a12 Unstable equilibrium (U) Species 2 wins (Sp2)
K2<K1/a12 Species 1 wins (Sp1) Stable equilibrium (S)

Refer to Table 5 for K1, K2, a12 and a21.

Table 5: Displays summary outcomes at the end of selected pairwise simulations after being subjected 
to different levels of perturbations.

Effects of a12 and a21 perturbations

Species i Species j 0
10% 

Increase
10% 

Decrease
50% 

Increase
50% 

Decrease
90% 

Increase
90% 

Decrease
B.gym A.mar U U Sp2 U S U S

C.tag U U U U S U S
R.muc U U U U Sp2 U S
S.alb Sp2 Sp2 Sp2 Sp2 Sp2 Sp2 S

A.mar B.gym U U Sp1 U S U Sp2

C.tag U U Sp2 U S U S
R.muc Sp2 Sp2 Sp2 Sp2 Sp2 Sp2 S
S.alb Sp2 Sp2 Sp2 Sp2 Sp2 Sp2 S

C.tag B.gym U U U U S U S
A.mar U U Sp1 U S U S
R.muc Sp2 Sp2 Sp2 U Sp2 Sp1 S
S.alb Sp2 Sp2 Sp2 Sp2 Sp2 Sp2 S

R.muc B.gym U U U U Sp1 U S
A.mar Sp1 Sp1 Sp1 Sp1 S Sp1 S
C.tag Sp1 Sp1 Sp1 U Sp1 U S
S.alb U U U U S U S

S.alb B.gym Sp1 Sp1 Sp1 Sp1 Sp1 Sp1 S
A.mar Sp1 Sp1 Sp1 Sp1 Sp1 Sp1 S
C.tag Sp1 Sp1 Sp1 Sp1 Sp1 Sp1 S
R.muc U U U U S U S

The inequalities that are used to evaluate the outcomes of the phase plane graphs are shown in 
Table 6. Simulation results of the same combination of species interactions subjected to different 
perturbations may exhibit alternative an equilibrium state, for instance, from unstable to stable. 
Refer to Table 1 for abbreviations. K1 and K2 refer to carrying capacity of species 1 and 2, 
respectively; a12 and a21 are the competition coeffi cients made up of more mechanistic parameters 
(see eqn (7)). Acronyms represent an unstable equilibrium (U), species 1 wins (Sp1), species 2 
wins (Sp2) and stable equilibrium (S).
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To evaluate the variation in the model predictions due to stochasticity, we repeated the procedure 
of determining model predictions 15 times using the same model parameters for each run. The vari-
ances of the population density trajectories for the replicated simulations did not vary signifi cantly 
(p > 0.05) and so the output curves were considered to adequately illustrate the model runs.

Sensitivity analysis of disturbance magnitudes3.4 

The summary results for 25%, 50%, 75% and 90% disturbance impacts based mainly on the peak 
population densities are presented for A. marina, B. gymnorrhiza, C. tagal, R. mucronata and S. alba 
species interactions, respectively, in the different mangrove stands of A. marina, B. gymnorrhiza, 
C. tagal, R. mucronata, S. alba, R. mucronata/A. marina and R. mucronata/C. tagal.

For a 25% scale of disturbance, A. marina registered the highest population density trajectory 
peaking at 60% when interacting with B. gymnorrhiza. For a 50% disturbance, A. marina emerged 
dominant and re-colonised fastest when in a C. tagal stand, which fi nally registered the highest 
population density trajectory on recovery. The recovery is slowest when A. marina is in an 
R. mucronata/A. marina or R. mucronata/C. tagal stand. When subjected to a 75% and further a 90% 
disturbance, A. marina appeared most dominant when interacting with B. gymnorrhiza. However, by 
the end of the simulations for the latter two categories of disturbance, the recovery had not yet 
stabilised.

After a 25% disturbance, B. gymnorrhiza is most dominant when paired with R. mucronata when 
in a R. mucronata and A. marina stand. B. gymnorrhiza dominates by 20–80% in its interaction with 
R. mucronata. Comparatively, B. gymnorrhiza is least competitive when paired with 
R. mucronata/A. marina where its population density is 10% only. When the simulation is subjected 
to a 50% disturbance, B. gymnorrhiza is found to be most dominant when interacting with R. mucr-
onata and its population peaks at over 90%. As at the previous disturbance level, B. gymnorrhiza is 
least competitive when paired with R. mucronata/A. marina. When subjected to both 75% and 90% 
disturbances, there is no full recovery for any of the pairwise interactions by the end of the simula-
tions and this is evident as the trajectories continue to rise.

C. tagal registers the fastest rate of population increase when paired with A. marina after being 
subjected to a 25% disturbance achieving a peak of about 80%. Its lowest population density values 
are during its interactions with R. mucronata/A. marina and R. mucronata/C. tagal. When subjected 
to a 50% disturbance, similar trends are seen although the peak value is 50% which is recorded for 
C. tagal and A. marina interaction. There is no outright dominance of either species in this simula-
tion. In the case of a 75% disturbance, C. tagal records the highest trajectory of population density 
with A. marina. The peak value of C. tagal is, however, low, approximately 40%. For the 90% dis-
turbance, C. tagal and A. marina pairing yields the highest population density values for C. tagal, 
which is only about 10%.

R. mucronata registers the highest value of population density when paired with A. marina with a 
peak of almost 100% following a 25% disturbance. For the 50% disturbance simulation, similar 
results were registered, though the peak population density of R. mucronata is approximately 70%. 
The simulation of the 75% disturbance scenario is also similar with the peak density of R. mucronata 
being further reduced to 50%. In the 90% disturbance, the simulation shows an emerging dominance 
of R. mucronata in its interactions with C. tagal and S. alba.

For S. alba interactions, S. alba and B. gymnorrhiza, S. alba and R. mucronata/A. marina and 
S. alba and R. mucronata/C. tagal register the highest trajectories for S. alba of about 80% each for 
the simulation of a 25% disturbance. The cases for the other categories of disturbance that 50%, 75% 
and 90% indicate no stabilisation in recovery of S. alba for all categories at the end of the simulation. 
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The results are dominated by clustered trajectories without clear dominant interaction pairs of man-
grove species. Generally, for each magnitude of disturbance, S. alba records the highest trajectory of 
population density with a different pairwise mangrove species.

In general, the simulation outputs indicated changes in the gradients of the population density 
trajectories and longer periods to attain steady state for higher disturbance levels.

Simulation experiments on the effects of canopy disturbances on forest succession3.5 

The gradients of simulations for 20% disturbance were generally different from the 60% disturbed 
areas in terms of the population density magnitudes although their trajectory curves were ultimately 
similar in most cases. Figure 4 shows the simulation outputs for B. gymnorrhiza in response to 
disturbance events of 20% and 60% scales. Other simulation outputs that were realised included A. 
marina, C. tagal, R. mucronata and S. alba. although the graphical versions are not presented in this 
paper. The population density trajectories due to the disturbance effects on various pairwise 

Figure 4: Evolution of population density of Bruguiera gymnorrhiza, in pairwise interactions with 
other mangrove species, in function of spatial and temporal changes in Gazi Bay that were 
simulated for 20% disturbance scenarios (left-hand side graphs) and 60% disturbance 
scenarios (right-hand side graphs). The X-axis represents the time steps and the Y-axis the 
population density. In the graphs, B.gym = Bruguiera gymnorrhiza, C.tag = Ceriops tagal, 
A.mar = Avicennia marina, R.muc = Rhizophora mucronata, S.alba = Sonneratia alba, 
R.muc/A.mar = Rhizophora mucronata/Avicennia marina, R.muc/C.tag = Rhizophora 
mucronata/Ceriops tagal.
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combinations were also summarily ranked for each stand interactions and the trends shown were 
occasionally different (for the same pairwise combinations) when the disturbance magnitude was 
altered from 20% to 60%.

The simulation results in the B. gymnorrhiza stand indicate that for B. gymnorrhiza and C. tagal 
interaction (20% disturbance impact), C. tagal emerges dominant eventually with a 70% population 
density of occupied cells. For the 60% disturbance impact (Fig. 4), B. gymnorrhiza eventually 
outcompetes C. tagal. For B. gymnorrhiza and A. marina simulation, the case of 20% disturbance 
(Fig. 4) shows A. marina eventually dominates by 45–55% of B. gymnorrhiza. For the 60% distur-
bance, A. marina emerges superior by 75% compared to 25% of B. gymnorrhiza. B. gymnorrhiza, 
although with a lower initial density, ends up as the superior competitor for both disturbance sce-
narios in its interaction with R. mucronata. S. alba outcompetes B. gymnorrhiza for in both 
disturbance scenarios. Overall, B. gymnorrhiza emerges as the inferior competitor in its interactions 
with R. mucronata/A. marina and similarly with R. mucronata/C. tagal. The results of the simulation 
outputs for all the stands are summarised in Table 7.

In the rankings, the summarised outputs of B. gymnorrhiza for the 20% disturbance impacts indicate 
that, comparatively for all the interacting species, B. gymnorrhiza records the highest population 
density trajectory when interacting pairwise with R. mucronata. The lowest trajectory of B. gymnor-
rhiza simulations occurs when it is paired with S. alba, with B. gymnorrhiza ending up with a 
population density of 20% and S. alba 80%. Similarly, for summarised B. gymnorrhiza-related 
outputs for the 60% disturbance scenario, B. gymnorrhiza records the highest population density 
trajectory in its pairwise relationships with C. tagal and R. mucronata, while B. gymnorrhiza’s 
lowest population trajectory occurs when it is paired with R. mucronata/C. tagal.

Table 7: Summary table illustrating predicted scenarios at the end of the model simulations subject 
to 20% and 60% disturbance events.

Mangrove species/assemblages
B.gym A.mar C.tag R.muc S.alb R.muc/A.mar R.muc/C.tag

Species 20% 60% 20% 60% 20% 60% 20% 60% 20% 60% 20% 60% 20% 60%
B.gym – – aL L L bW W W L L L L L W
A..mar W W – – L L L L L L L L L L
C. tag L L W W – – W L L L L L L L
R.muc L L W W L W – – L L L L L L
S.alb W W W L W W W W – – L W W W

The columns represent the mangrove species/assemblage stands. The rows indicate the main 
species that are considered in the simulations in each of the mangrove/assemblages stands 
shown in the columns and the data matrix indicates the predictions. The results that have 
borders refl ect situations where changes in disturbance impact magnitudes produce a different 
dominant species. Refer to Table 1 for abbreviations. aL = lost (or fl oristic extinction sensu 
Dahdouh-Guebas and Koedam [80]); bW = won (or fl oristic dominance sensu Dahdouh-Guebas 
and Koedam [80]). Lost implies that the mangrove species indicated in a row are predicted to 
be outcompeted at the end of the simulation by the species/assemblage it is paired with which is 
indicated in the column. Won indicates that the mangrove species listed in the row are predicted 
to dominate the competition against the species/assemblage that it is paired against in the column 
at the end of the simulation. Inconclusive implies that there is no outright dominance by either 
competitor.
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DISCUSSION4 

Forest structure description4.1 

The importance value gives an indication of (1) how frequently a species is encountered throughout 
the forest (relative frequency), (2) its abundance (relative density) and (3) how large its individuals 
are (relative dominance) in relation to all the other species encountered in the sample. The sum of 
these values is an indication of the overall importance of a given species. According to Binkley et al. 
[81], changes in stand structure allow dominant trees to sustain high rates of growth by increasing 
their acquisition of resources, whereas smaller, non-dominant trees grow more slowly as a result of 
their more limited acquisition of resources and use the resources acquired less effi ciently than the 
dominant ones.

Determining the vegetation characteristics of Gazi Bay was a crucial step in obtaining the param-
eterisation data for the CA model. The PCQM approach was suitable for this study due to the amount 
of ground covered which enabled sampling of many transects in at least each of the vegetation 
assemblages [60]. However, for future transect surveys, it would be prudent to use plot-based 
approaches for data collection of the mangrove species structural attributes. This is due to advan-
tages, such as replication of ground truth data collection such that the same plots are re-sampled and 
the potential to implement model from a spatial explicit perspective for production of predictive 
Geographic Information Systems map outputs.

Sensitivity and analysis of the Lotka–Volterra competition model4.2 

In this study, a sensitivity analysis test was also carried out to analyse the impacts due to various 
magnitudes of disturbance events at 25%, 50%, 75% and 90% levels. The simulation outputs showed 
that the highest and lowest population density trajectories did not always feature the same interacting 
pairs and that the species dominance alternated at different levels of disturbances. For instance, 
Overpeck et al. [82], in their model simulations of species composition in North American forests 
which were subjected to climate change, found that when the degree of disturbance was increased 
after a certain period, the simulation results showed varied biomass changes of the forest species 
different from the pre-disturbance period. The fi ndings refl ect empirical expectations and suggest that 
disturbance may infl uence successional trends though this can only be corroborated by further 
investigations. Pickett and White [83] argued that disturbances play a central role in determining the 
distribution and abundance of tree species in forests. Disturbances create canopy openings that provide 
the opportunity for tree recruitment [21]. Several studies have suggested that canopy gaps may be 
important in the establishment, recruitment and growth of mangroves [21, 84–90]. It is important to 
note that varying the degree of disturbance impacts may affect the equilibrium status of the mangrove 
ecosystem since the competition coeffi cients may be altered thus affecting the coexistence ratios. The 
phase plane analysis results suggest that for the simulations, interacting species composition may be 
considered important in determining the temporal stability in Gazi. There is a need to evaluate some 
inherent factors through transient dynamics analysis which could enhance the predictions.

Although the sensitivity analysis gives useful information that may provide guidelines for future 
research, it could probably be worthwhile to couple this study with investigating the effects from 
possible contributory factors to the observed evolutionary patterns since studies have shown that 
competition for one resource usually affects the ability of an organism to exploit another resource 
[75]. For example, there may be interdependence between competition for space and food and dif-
ferent disturbance regimes may cause variations in availability and ability of resource exploitation 
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by species. When a colony of one species interacts with a colony of another species, it may cause 
food shortage to the other which could reduce the ability of the second species to compete for space. 
Among rooted plants, if one species invades the canopy of another and deprives it of light, the sup-
pressed species will suffer directly from the reduction in light energy that it receives, but this will 
also reduce the rate of root growth causing it to be less able to exploit the supply of water and 
nutrients in the soil. This further reduces it rate of shoot and leaf growth [75].

Some documented fi ndings regarding disturbances and their impacts in Gazi indicate that clear-
felled areas did not show any natural regeneration [57, 91, 92]. Dahdouh-Guebas et al. [17] and 
Kairo et al. [93] found that the regeneration does not necessarily result in the same species being 
harvested. In Mida creek, they observed that in a mixed stand of C. tagal and R. mucronata, there 
was a tendency for natural regeneration to favour C. tagal, irrespective of the harvested species. 
Obade et al. [94], using change detection methods, also observed a similar trend in the north-western 
area of Gazi that R. mucronata was replaced by C. tagal in 1992 in comparison to the coverage of 
1965, which may be attributable to the more harsh soil conditions after erosion. Clear felling of 
mangroves is thought to greatly impair natural regeneration due to resulting unfavourable site condi-
tions according to Bosire et al. [57], which can, however, be mitigated [54]. These are a few 
empirical observations that relate to our modelling outputs illustrating that disturbance events can 
trigger recolonisation by a different species in the impacted area. However, it was not feasible to 
ascertain whether or not these changes were permanent as this requires empirical corroboration. 
Heavy rains contribute directly to loss of mangrove area, e.g. the El Niño rains of 1997/1998 which 
resulted in heavy sedimentation, killed mature Rhizophora trees in Gazi Bay though a reforestation 
programme was initiated in the affected area.

Disturbance modelling4.3 

When a landscape experiences a disturbance, the impact is usually not uniform throughout. In fact, 
disturbances generally create complex heterogeneous patterns across landscapes in which some 
areas may be affected and not others, and the severity of the disturbance is likely to vary within the 
affected area. At the patch scale, e.g. a clear-cut area, a disturbance may destroy biomass, homogenise 
plant species composition and disorganise established patterns of growth and competition [95]. The 
extent of the impact due to clear cutting may result in only a few species re-establishing in a stand 
characterised by little competitive interaction.

Changes in population size have often been attributed to mechanisms such as disturbances, 
variability of environmental factors and pathogens [96, 97]. The results of B. gymnorrhiza simula-
tions indicated different pairwise relationships registered for the highest trajectories of population 
densities for the two levels of disturbances, i.e. 20% (paired with R. mucronata) and 60% (paired with 
C. tagal and R. mucronata) categories. For the lowest B. gymnorrhiza population densities, different 
pairwise relationships were observed for the different disturbance levels. Similarly, S. alba has differ-
ent results of pairwise relationships that register the highest population density trajectories for the two 
magnitudes of disturbance. The results of A. marina, R. mucronata and C. tagal simulations were 
similar for the different disturbance events of 20% and 60%, even though the population density pro-
portions varied. This is consistent with the hypothesis that the varying scales of disturbance may lead 
to different outputs for the same pairwise simulation which suggests implications on successional 
trends in such an area. A particular disturbance observed at one scale may be a disruptive force, yet at 
a different scale, it may be a stabilising force. Thom [98, 99], in his reviews of mangrove succession, 
emphasised the stability of specifi c intertidal zones and the lack of any temporal sequence in 
the regeneration of mangrove zones following a disturbance. Begon et al. [75] argue that gaps of 
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unoccupied space occur unpredictably after being created by a disturbance. When these gaps are rec-
olonised, the fi rst species to do so is not necessarily the one that is best able to exclude other species 
in the long term. The species that is initially slower to invade the gaps created outcompetes and even-
tually excludes the other species (despite the superiority of this species) from that gap.

Some important ecological effects of disturbance and the subsequent patterns of succession 
are the legacies and residuals that remain after the disturbance [33]. Residuals are organisms or 
propagules which survive a disturbance event. These may be used to infer severity or be taken as 
an index of intensity. The ecological legacies may be categorised as biotic (residuals) or abiotic. 
Biotic legacies or residuals refer to the types, quantities and patterns of organisms and biotic 
structures that persist from the pre-disturbance ecosystem. Residuals, therefore, may comprise 
surviving individuals, standing dead trees and vegetative tissues that can regenerate. Abiotic lega-
cies refer to the physical modifi cation of the environment that may result from the disturbance, 
such as erosion or mudslides. Understanding the nature of disturbance mosaic and the factors 
controlling these landscape patterns is therefore additionally useful for predicting ecosystem 
dynamics and vegetation development in disturbance-prone landscapes. To get such information 
a priori remains elusive as the fi eld-based studies need to cover a few generations and thus potentially 
too expensive logistically.

The two mangrove simulation models FORMAN [44] and KiWi [46, 47] have already been used 
to demonstrate both the existence of different successional stages and succession trajectories in 
mangrove forests depending on the type of disturbances, the frequency and the overall environmen-
tal conditions. Both models describe space in all three dimensions and individual trees in their local 
neighbourhood constellation [45]. Such sophisticated models provide several advantages: they can 
consider a heterogeneous nutrient availability, seed dispersal in real landscapes, etc. Their parame-
terisation, however, requires many site-specifi c quantitative data that are scanty in Gazi Bay. Since 
most models face myriad problems related to parameterisation (but see [45]), it was important for 
this case study to fi nd a compromise between using simplistic parameterisations and expanding gap 
models with physiology-based functions and parameters that are diffi cult to estimate [100]. This 
study fulfi lled this aim by using the available information and data most effectively. Although the 
model presented is rather simple in its structure, it provided valuable insights into the complexity of 
potential succession trajectories in Gazi Bay depending on species dominance, seed dispersal and 
intensity if disturbances.

CONCLUSIONS5 
CA models based on the Lotka–Volterra model of competition are good proxies for providing 
connections between patterns and processes of competing mangrove species and also predicting 
spatial–temporal variations in the aftermath of disturbance events. A useful approach to study forest 
dynamics is to develop a generalised model, such as our approach, that can be easily parameterised 
to simulate dynamics in many different forests and this is consistent with the proposals of Shugart 
[101] and Urban et al. [102]. The approach applied in this study is unique and advantageous from 
many model-based methods because it considers the important parameter inputs and is cost effective, 
where all forcing functions, for instance abiotic and biotic factors, are inferred through the simulations 
based on the forest structural attributes data. It is noteworthy that mangrove ecosystems can no 
longer provide their full ecological services as a consequence of degradation, thus incur a socio-
economic cost that can be felt both locally and globally; for instance, there are reduced fi sh catches, 
food security and tourism revenue in coastal communities, loss of export earnings and decline in the 
tourism industry and increased coastal erosion and destruction from storms and catastrophic natural 
events [13].
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Normally, site productivity and resource availability control the rate of return to pre-disturbance 
conditions on a patch. However, the uncertainties regarding residuals or biotic legacies after a 
disturbance event provide a constraint for the model since these may only be accounted for, in the 
simulations, using empirical observations over a long period. Due to the important ecological 
consequences due to disturbance, it is prudent that future experimental designs to study Gazi 
mangroves be specifi cally focussed on tree recruitment and its scale, intensity and spatial patterns 
of tree mortalities in response to specifi c types of disturbance events or regimes. Future transient 
dynamics assessment of Gazi mangroves should be carried out on a regular basis to obtain reliable 
input parameters for the model. This would enhance the present knowledge of forest dynamics 
which may be considered to have uncertainties without a comprehensive understanding of the 
disturbance regime.

From a modelling point of view, the novelty of the approach used in this study lays in its 
cost effectiveness and in its consideration for important parameter inputs based on a large set of 
real data (>1100 records) from forest structural attributes such as the importance value of the 
tree species. More important is that this approach has never been used in a mangrove and that 
its results have the ability to forecast 600 years of ecological dynamics in the mangrove. Although 
this time frame is too long to adopt in contemporary management of mangroves, it certainly 
offers scientifi c data and insight for further theoretical biological modelling of ecodynamics and 
disturbances.
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