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ABSTRACT 

I designed and implemented a process-based, multi-species, spatially-explicit, 

object-oriented landscape simulation model that analyzes how high-level ecological 

complexity affects species diversity patterns (SHALOM). SHALOM has physical 

(landscape, habitat, cell, patch) and biological classes (population, species, community). 

At the local scale, populations grow continuously, affected by a community-level saturation 

effect, a species-habitat match, and demographic stochasticity. The global-scale processes 

are dispersal and catastrophic stochasticity. The model uses allometric relationships and 

energy as a common currency to bridge differences between different body-sized species 

located in habitats of different productivities. The model represents a new synthetic 

approach to study combined ecosystem, community and population processes. 

I solved the model's local-scale population growth equation analytically. For a 

population to have a positive carrying capacity, its death-rate-to-birth-rate ratio (d/b) should 

be greater than its match to the habitat it occupies. Body-size dependent birth and death 

rates show that d/b decreases with body size for eutherian manamals. Altogether, habitat 

specificity negatively scales with body size. I discuss this prediction in light of two 

macroecological patterns ~ geographic range vs. body size and species abundance vs. 

geographic range. 

I simulated a simple 4-patch landscape, each patch having a unique habitat. I 

simulated 26 species that differed only in body size. I used allometric values of eutherian 

mammals. The results show that interspecific competition reduces species diversity in each 

habitat and in the landscape. Stochasticity depresses mean population sizes, opening 

opportunities for species to avoid competitive exclusion. With stochasticity, habitats have 

different communities determined by which large species becomes locally extinct at 

random. Demographic and catastrophic stochasticities differ in their effects on species 



s 

diversity. Dispersing individuals move between habitats and reestablish the local 

populations of their species. Dispersal neutralizes the randomness of the assemblages 

produced by stochasticity. 

I simulated a 16-patch landscape. Some habitats were unsuitable for several 

species. The results show that body size and species abundance have a log-normal 

relationship, and that geographic range increases non-linearly with log body size. These 

pattems are highly consistent with observed data. 
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CHAPTER 1 

INTRODUCTION 

Exploring large-scale ecological patterns and processes is a major current interest in 

ecology (see Shorrocks and Swingland 1990, Bell et al. 1991, Brown 1995, Hansson et 

al. 1995, Rosenzweig 1995). It is commonly recognized that Icirge-scale processes 

strongly influence both population-level phenomena (e.g.. Levin 1974, Dunning et al. 

1992, Johnson et al. 1992, Pulliam et al. 1992, Adren 1994) and especially species 

diversity patterns (e.g.. Brown and Maurer 1989, Brown and Nicoletto 1991, Rosenzweig 

1992, Hanski et al. 1993, Holt 1996a, 1996b, Hanski and Gyllenberg 1997). For 

example, the theory of island biogeography (MacArthur and Wilson 1963, 1967) explains 

species diversity on islands as a function of overall immigration and extinction rates of 

species. Fields such as metapopulation dynamics (e.g.. Levins 1969, 1970, Hanski 1982, 

1994, Gilpin and Hanski 1991, Gotteli 1991, Hanski and Gilpin 1997), landscape ecology 

(Forman and Godron 1986, Turner 1989, Forman 1995, Pickett and Cadenasso 1995), 

and patch dynamics (Pickett and White 1985, Collins and Glenn 1991, Levin et al. 1993, 

Wu and Loucks 1997) focus on the effect of the environment and large-scale processes on 

single-species distributions as well as species-diversity patterns. 

Population-level and species-diversity patterns may depend on the temporal and 

spatial scales at which they are described. For example, the species-area relationship (e.g., 

Arrhenius 1921, Williams 1943) has been shown to subsume four different relationships. 

Each emerges from processes that depend on the spatial scale (from a specific locality to the 

entire world) and the temporal scale (from short-term ecological periods to evolutionary 

time) (see Rosenzweig 1995). Ecological scaling (e.g., differences between local and 

landscape scale) becomes important when different processes affect populations and 
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species at different spatio-temporal dimensions (e.g., Ricklefs 1987, Fahrig 1992, Wiens 

et al. 1993). 

The local scale is restricted to one habitat area, or patch. It may include the 

processes of competition, the match between the species niche and the habitat, and 

aggregation. The landscape scale includes a relatively large area having many different 

patches (Forman and Godron 1986). Processes at this scale may include migration and 

extinction. These scales represent two extremes on a continuous axis. Intermediate scales 

may reflect other processes (Holt 1993; and see Dunning et al. 1992 for different landscape 

processes). For example, predation by a generalist predator that occupies a wide range of 

local patches of its prey may represent an intermediate-scale process affecting the prey 

species (Holt 1996b). The relative contribution of each process may also depend on the 

species-specific characteristics. For example. With (1994) showed that three grasshopper 

species responded differently to the same microlandscape structures. 

In addition to the scaling effect, habitat heterogeneity (see Turner 1987, Kolasa and 

Pickett 1989, Bell et al. 1991, Hansson et al. 1995) also affects a variety of ecological 

aspects, such as species interactions (e.g., Pacala and Roughgarden 1982, Chesson and 

Rosenzweig 1991, Danielson 1991), foraging (e.g., Roese et al. 1991), dispersal (Levin 

1974, Folse et al. 1989, Gardner et al. 1989, Johnson et al. 1992), and disturbance (see 

Pickett and White 1985, Turner 1987). In particular, the number of different habitats 

(hereafter, habitat diversity), the size of each habitat's patch (hereafter, habitat size), and 

the patchy distribution of the different habitats' patches in the landscape (hereafter, habitat 

patchiness) may affect habitat heterogeneity (e.g.. Holt 1992, Loehle and Wein 1994; but 

see Li and Reynolds 1995): 

• Habitat diversity affects communities because different species may specialize on 

different habitat types. In the presence of new habitats, more species can exist (see Lack 

1971, MacArthur 1972). The presence of new habitats may also change the habitat 

I 
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selection of a species and may create more opportunities for coexistence (Rosenzweig 

1991). Hence, a larger area with more habitats has more species (e.g., Tonn and 

Magnuson 1982, Fox 1983, Douglas and Lake 1994). 

• Habitat size affects communities because species may have a higher probability of 

escaping extinction when their populations are larger, and larger habitats support more 

individuals. Population size is the key factor in the vulnerability of a population to local 

extinction (e.g., MacArthur and Wilson 1963, Richter-Dyn and Goel 1972, Leigh 1981. 

Diamond 1984, Goodman 1987, Soule 1987, Pimm et al. 1988, Rosenzweig and Clark 

1994). Rare species may disappear due to environmental stochasticity, demographic 

stochasticity, and disturbances (Shaffer 1981, Shaffer and Samson 1985, Pimm et al. 

1988). Overall, larger habitats will have lower extinction rates (e.g., Simberloff 1974, 

Schoener and Schoener 1981). 

• Habitat patchiness affects communities because subpopulations of a species may escape 

local extinction in a few patches and recolonize those patches later on (e.g.. Levins 1969, 

Hanski 1982, 1991, 1994, Harrison 1991, Holt 1992). The greater the patchiness, the 

higher the probability that some individuals of a given population escape extinction in an 

entire area (den Boer 1968). This may result in lower extinction rates. On the other 

hand, relative to a single-patched habitat with a larger area, habitat patchiness will result 

in a lower per-patch population size. Hence, each patch's population will have a higher 

probability of extinction due to low population size (see "habitat size" above). This may 

result in overall higher extinction rates. Taken together, the relationship between the 

effect of low population size and the disturbance-colonization effect will determine the 

rate of extinction for a particular population. 

Kolasa and Rollo (1991) showed that the scaling effect and environmental 

heterogeneity are not independent (see also Kotliar and Wiens 1990, Li and Reynolds 

1995). As emphasized by Kotliar and Wiens (1990), different scales (Wiens 1989) should 
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introduce different levels of heterogeneity that may influence the way organisms respond to 

their environment. For example, Morris (1987) suggested that an organism that does not 

respond to a particular heterogeneity presented at one scale may respond to the 

heterogeneity presented at another scale (e.g., show differential habitat use). This concept 

has led many ecologists to accept the idea that ecological processes and patterns are not 

fixed, but rather depend on the scale under study (e.g., Addicott et al. 1987, Kotliar and 

Wiens 1990, Dunning et al. 1992, Wiens et al. 1993). For example, Ricklefs (1987) 

demonstrated that species diversity is affected by different ecological processes at different 

scales. Hence, the distribution of species and communities at a given scale depends on the 

overall processes operating at this scale, and these depend on the habitat heterogeneity (the 

patchiness of different habitats with different sizes) at this scale. 

In addition, biological heterogeneity, such as body masses (e.g.. Brown and 

Nicoletto 1991, Holling 1992) and movement modes (e.g.. With 1994), may play a role in 

the way organisms respond to different scales of environmental heterogeneity (Levin 

1992). For example, Robinson et al. (1992) showed that three small mammal species 

differing in body size (Sigmodon hispidus, 135 g; Microtus ochogaster, 43 g; Peromyscus 

maniculatus, 22 g), experience different persistence times and have different population 

sizes in habitat patches of various sizes. Because communities are assemblages of 

potentially interacting species, the same logic should apply to community strucmre and 

species diversity patterns. That is, the community characteristics of a given spatio-temporal 

scale may depend on the scale and the structure of the environment. 

Overall, scaling effects and environmental and biological heterogeneity should 

create a higher-level complexity that affects ecological systems from single-species 

population dynamics to large-scale species diversity patterns. Indeed, Levin (1976) 

suggested that we may expect newly emergent species-diversity patterns at some scales that 

are not observed and cannot be studied at others. Hence, the understanding of large-scale 
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species diversity patterns and processes cannot be simply deduced from the understanding 

of local-scale patterns and processes. We need to explore large-scale species-diversity 

patterns and processes in the context of their occurrence, given the relevant multi-scale 

processes and the heterogeneity of the environment in question. 

Experimentation is impossible at large scales. Without clear predictions, observed 

data might not be very helpful either. Modeling, therefore, becomes the major tool to 

explore large-scale ecological patterns (see Turner 1989, Turner and Gardner 1991, Judson 

1994, Dunning et al. 1995, Turner et al. 1995). In particular, two directions characterize 

current progress in landscape ecology and large-scale modeling ~ (1) focusing on 

population, community and landscape processes, and (2) using spatially explicit population 

models. 

Recent smdies (e.g., Kotliar and Wiens 1990, Dunning et al. 1992, Wiens et al. 

1993, Forman 1995) have emphasized the importance of applying a process-based 

approach when studying landscape ecology. This is important because processes drive 

observed population and community dynamics. Additionally, as mentioned above, because 

processes are affected by environmental heterogeneity, they add realism to studies of 

landscape patterns. Because the relative importance of a given process may depend on the 

spatial scale, a process-based approach might help to better understand the complexity of 

scaling in ecological structures. 

Spatially explicit population models (SEPM; Dunning et al. 1995) provide a realistic 

way to model heterogeneous landscapes by clearly representing the distribution of both 

physical and biological components. They allow one to deal with the different factors and 

processes affecting organisms given the number of habitats, patchiness, and size of each 

patch's habitat in the landscape. Hence, different ecological consequences can be explored 

and the overall effect of a given landscape matrix can be smdied using SEPM. 

I 
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This dissertation treats issues mentioned above, i.e., exploring community 

structure and species diversity patterns in complex heterogeneous ecological systems. The 

dissertation contains five appendices. Appendices A, B, and C are scientific papers that 

were prepared for submission to ecological journals. Appendices D and E are technical 

documents. 

Appendix A ("A new process-based, object-oriented landscape simulation model 

(SHALOM) exploring the effect of environmental heterogeneity on community structure 

and species diversity patterns") describes a newly developed process-based, population-

level, multi-species, spatially-explicit, object-oriented computer simulation model (Species-

Habitat Arrangement-Landscape-Oriented Model; SHALOM). The model allows us to 

explore the effect of environmental heterogeneity on community structure and species 

diversity patterns at different scales. 

Appendix B ("On the scaling of habitat specificity with body size") explores the 

local-scale population dynamics equation of the model, by solving it for population size at 

equilibrium analytically. The results of this exploration have implications for a few known 

large-scale ecological patterns. 

Appendix C ("Body-size related species diversity pattems: Qualitative predictions 

from an ecologically realistic process based landscape simulation model (SHALOM)") uses 

SHALOM for simulating different single-process and multiple-process interactions in 

different heterogeneous landscapes. It suggests predictions regarding body-size dependent 

species-diversity pattems, and demonstrates the ability of the model to explore 

macroecological questions. 

Appendices D and E give the model user's manual and the model's code, 

respectively. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

Appendix A describes a design and an implementation of a process-based, multi-

species, population-level, spatially-explicit, object-oriented landscape simulation model 

(SHALOM) that allows us to explore and analyze how high-level ecological complexity 

affects species diversity patterns. I use object-oriented programming (C-H-; Booch 1991, 

Martin 1995) to model the different components of the model (classes of objects) together 

with the various ecologically-based procedures. The model relies on ecological realism by 

using allometric relationships (West et al. 1997) with realistic values taken from field data 

(see Peters 1984, Schmidt-Nielsen 1984, Calder 1996). The model also uses energy as a 

common currency to model and compare how species of different sizes use their 

environment. The model's classes of objects include landscape, habitat, patch, cell 

(physical classes), community, species and population (biological classes). 

I model ecological processes at both local and global scales. At a local scale (i.e., 

within a patch), populations grow continuously with body-size dependent birth and death 

rates. This growth may be affected by: 1) a community-level saturation effect (ratio 

between energy consumed by all populations in a patch and the energy offered by that 

patch); 2) a species-habitat match (population differential success resulting from the 

occurrence of a species' individuals in a particular habitat); and 3) demographic 

stochasticity (inverse population-size dependent residuals from deterministic birth and death 

rates). The global-scale processes of the model include fitness-optimizing dispersal (ideal-
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free distribution; Fretwell 1972) and catastrophic stochasticity (disturbance) that can be 

controlled for its probability, intensity, and spatial range. 

The use of allometric relationships and energy as a common currency bridges 

differences between species of different body sizes located in habitats of different 

productivities. Additionally, it allows both intraspecific and interspecific effects to take 

place simultaneously without assuming a specific relationship between the two. Hence, 

SHALOM, with its functions and procedures, opens new opportunities to study combined 

ecosystem, community and population processes. Overall, SHALOM represents a 

synthetic approach that provides ways to explore high-level ecological complexity and 

suggests predictions for future studies of macroecological questions. 

In Appendix B, I find the analytical solution for population size at equilibrium given 

the local-scale population growth of the model. For a population to have a positive 

carrying capacity, its death-rate-to-birth-rate ratio (d/b) should be greater than its match to 

the habitat it occupies. Using coefficient values of eutherian mammals (Calder 1996), 

body-size dependent birth and death rates show that death-rate-to-birth-rate ratio decreases 

with body size. As a result, the larger the species is, the more habitats it can occupy. In 

other words, habitat specificity negatively scales with body size. I discuss this prediction 

in light of two macroecological patterns ~ geographic range vs. body size (e.g.. Brown 

and Maurer 1986) and species abundance vs. geographic range (e.g., Hanski 1982, Brown 

1984). 

The paper presented in Appendix C deals with different simulation runs using 

SHALOM. The structure behind the organization of this paper is to first run simulations 

with a relatively simple design (e.g., a simple landscape structure with a single process) to 

characterize specific single-process effects. I call these effects "signatures". The 

signatures are then used to identify the contribution each process makes to patterns that 

emerged from more complicated designs. Hence, by using this approach I can identify 
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processes that affect emerged patterns alone. I can also identify process interactions that 

are required to produce a particular effect found in a pattern that involves multiple 

processes. 

I simulate a simple 4-patch landscape, each patch having its unique habitat. I 

simulate 26 species that differ only in body size, ranging between 5 to 1585 g. I use 

allometric values of eutherian mammals (Calder 1996) for the simulated species. The 

results show that interspecific competition reduces species diversity in each habitat and in 

the entire landscape. 

Stochasticity depresses mean population sizes, by opening opportunities for species 

to avoid competitive exclusion. Stochasticity also allows different habitats to have different 

communities. These different communities are determined by which large species becomes 

locally extinct at random. 

With both demographic and catastrophic stochasticities, overall species diversity is 

higher than with interspecific competition alone. However, demographic and catastrophic 

stochasticities differ in their effects on species diversity. 

I add dispersal to demographic and catastrophic stochasticities. Dispersing 

individuals move between habitats and reestablish the local populations of their species. 

Thus, dispersal neutralizes the randomness of the assemblages produced by stochasticity. 

I discuss these results with respect to results of previous studies as well as with 

respect to new insights these results introduce. One topic of interest is the implications of 

my results to the field of conservation biology. 

I also simulate a 16-patch landscape, each patch having its unique habitat. In this 

simulation, not all habitats are suitable for all species. The results show that body size and 

species abundance have a log-normal relationship. Additionally, the results show that 

geographic range increases non-linearly with log body size. These pattems are highly 

consistent with those observed in natural systems. However, here they emerge as 
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predictions of a theoretical simulation model. Due to the model's design and the processes 

used for the different runs, I show that these two patterns emerge as a result of the scaling 

of habitat use with body size. 

I use the current results of the two simulations to discuss the future potential of the 

modeling approach I am using in this study. 

I 
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APPENDIX A 

A NEW PROCESS-BASED, OBJECT-ORIENTED LANDSCAPE 

SIMULATION MODEL (SHALOM) EXPLORING THE EFFECT OF 

ENVIRONMENTAL HETEROGENEITY ON COMMUNITY STRUCTURE 

AND SPECIES-DIVERSITY PATTERNS 
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Abstract 

Major progress has been made recently in our understanding of large-scale 

ecological processes and patterns. Here, I describe a spatially explicit, multi-species, 

process-based, object-oriented landscape simulation model (SHALOM) that is built upon 

major lessons from fields such as metapopulation dynamics and landscape ecology. 

Consistent with the current landscape ecology terminology, SHALOM has physical classes 

(landscape, habitat, cell, patch) zmd biological classes (population, species, community). 

Each class has functions and characteristics that are strongly based on ecological realism. 

Processes of SHALOM are modeled on local and global scales. At the local scale, 

populations grow continuously, and are affected by: 1) a community-level saturation effect 

(ratio between energy consumed by all populations in a patch and the energy offered by that 

patch); 2) a species-habitat match (match between a species' niche space and the patch's 

habitat space); and 3) demographic stochasticity (inverse population-size dependent 

residuals from deterministic birth and death rates). The global-scale processes of the model 

include fitness-optimizing migration and catastrophic stochasticity (disturbance) that can be 

controlled for its probability, intensity, and spatial range. The processes of the model use 

allometric relationships and energy as a common currency to bridge differences between 

species of different body sizes located in habitats of different productivities. These 

processes also allow both intraspecific and interspecific effects to take place simultaneously 

without assuming a specific relationship between the two. Hence, SHALOM, with its 

functions and procedures, opens new opportunities to study combined ecosystem, 

community and population processes. For example, the use of energy as a common 

currency allows testing of how different productivity values affect species compositions 

and population sizes in landscapes of different configurations. Overall, the model 

represents a synthetic approach that provides ways to explore high-level ecological 

complexity and suggests predictions for future studies of macroecological questions. 

I 



1. Introduction 

Exploring large-scale ecological patterns and processes is a major current interest in 

ecology (see Shorrocks and Swingland 1990, Bell et al. 1991, Brown 1995, Hansson et 

al. 1995, Rosenzweig 1995). It is commonly recognized that large-scale processes 

strongly influence both population-level phenomena (e.g.. Levin 1974, Dunning et al. 

1992, Johnson et al. 1992, Pulliam et al. 1992, Adren 1994) and especially species 

diversity patterns (e.g.. Brown and Maurer 1989, Brown and Nicoletto 1991, Rosenzweig 

1992, Hanski et al. 1993, Holt 1996a, 1996b, Hanski and Gyllenberg 1997). For 

example, the theory of island biogeography (MacArthur and Wilson 1963, 1967) explains 

species diversity on islands as a function of overall immigration and extinction rates of 

species. Fields such as metapopulation dynamics (e.g.. Levins 1969, 1970, Hanski 1982, 

1994, Gilpin and Hanski 1991, Gotteli 1991, Hanski and Gilpin 1997), landscape ecology 

(Forman and Godron 1986, Turner 1989, Forman 1995, Pickett and Cadenasso 1995), 

and patch dynamics (Pickett and White 1985, Collins and Glenn 1991, Levin et al. 1993, 

Wu and Loucks 1997) focus on the effect of the environment and large-scale processes on 

single-species distributions as well as species-diversity patterns. 

Population-level and species-diversity patterns may depend on the temporal and 

spatial scales at which they are described. For example, the species-area relationship (e.g., 

Arrhenius 1921, Williams 1943) has been shown to subsume four different relationships. 

Each emerges from processes that depend on the spatial scale (from a specific locality to the 

entire world) and the temporal scale (from short-term ecological periods to evolutionary 

time) (see Rosenzweig 1995). Ecological scaling (e.g., differences between local and 

landscape scale) becomes important when different processes affect populations and 

species at different spatio-temporal dimensions (e.g., Ricklefs 1987, Fahrig 1992, Wiens 

et al. 1993). The local scale is restricted to one habitat area, or patch. It may include the 

processes of competition, the match between the species niche and the habitat, and 
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aggregation. The landscape scale includes a relatively large area having many different 

patches (Forman and Godron 1986). Here, processes may include migration and 

extinction. These scales represent two extremes on a continuous axis. Intermediate scales 

may reflect other processes (Holt 1993; and see Dunning et al. 1992 for different landscape 

processes). For example, predation by a generalist predator that occupies a wide range of 

local patches of its prey may represent an intermediate-scale process affecting the prey 

species (Holt 1996b). The relative contribution of each process may also depend on the 

specific characteristics of the species. For example. With (1994) showed that three 

grasshopper species responded differently to the same microlandscape structures. 

In addition to the scaling effect, habitat heterogeneity (see Turner 1987, Kolasa and 

Pickett 1989, Bell et al. 1991, Hansson et al. 1995) also affects a variety of ecological 

aspects, such as species interactions (e.g., Pacala and Roughgarden 1982, Chesson and 

Rosenzweig 1991, Danielson 1991), foraging (e.g., Roese et al. 1991), dispersal (Levin 

1974, Folse et al. 1989, Gardner et al. 1989, Johnson et al. 1992), and disturbance (see 

Pickett and White 1985, Turner 1987). In particular, the number of different habitats 

(hereafter, habitat diversity), the size of each habitat's patch (hereafter, habitat size), and 

the patchy distribution of the different habitats' patches in the landscape (hereafter, habitat 

patchiness) may affect habitat heterogeneity (e.g.. Holt 1992, Loehle and Wein 1994; but 

see Li and Reynolds 1995): 

• Habitat diversity affects conununities because different species may specialize on 

different habitat types. In the presence of new habitats, more species can exist (see Lack 

1971, MacArthur 1972). The presence of new habitats may sdso change the habitat 

selection of a species and may create more opportunities for coexistence (Rosenzweig 

1991). Hence, a larger area with more habitats has more species (e.g., Tonn and 

Magnuson 1982, Fox 1983, Douglas and Lake 1994). 
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• Habitat size affects communities because species may have a higher probability of 

escaping extinction when their populations are larger, and larger habitats support more 

individuals. Population size is the key factor in the vulnerability of a population to local 

extinction (e.g., MacAxthur and Wilson 1963, Richter-Dyn and Goel 1972, Leigh 1981, 

Diamond 1984, Goodman 1987, Soule 1987, Pimm et al. 1988, Rosenzweig and Clark 

1994). Rare species may disappear due to environmental stochasticity, demographic 

stochasticity, and disturbances (Shaffer 1981, Shaffer and Samson 1985, Pimm et al. 

1988). Overall, larger habitats will have lower extinction rates (e.g., Simberloff 1974, 

1976b, Schoener and Schoener 1981). 

• Habitat patchiness affects communities because subpopulations of a species may escape 

local extinction in a few patches and recolonize those patches later on (e.g.. Levins 1969, 

Hanski 1982, 1991, 1994, Harrison 1991, Holt 1992). The greater the patchiness, the 

higher the probability that some individuals of a given population escape extinction in an 

entire area (den Boer 1968). This may result in lower extinction rates. On the other 

hand, relative to a single-patched habitat with a larger area, habitat patchiness will result 

in a lower per-patch population size. Hence, each patch's population will have a higher 

probability of extinction due to low population size (see "habitat size" above). This may 

result in overall higher extinction rates. Taken together, the relationship between the 

effect of low population size and the disturbance-colonization effect will determine the 

rate of extinction for a particular population. 

Kolasa and Rollo (1991) showed that the scaling effect and environmental 

heterogeneity are not independent (see also Kotliar and Wiens 1990, Li and Reynolds 

1995). In turn, as emphasized by Kotliar and Wiens (1990), different scales (Wiens 1989) 

should introduce different levels of heterogeneity that may influence the way organisms 

respond to their environment. For example, Morris (1987) suggested that an organism that 

does not respond to a particular heterogeneity presented at one scale may respond to (e.g.. 

r 
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show differential habitat use) the heterogeneity presented at another scale. This concept has 

led many ecologists to accept the idea that ecological processes and patterns are not fixed, 

but rather depend on the scale under study (e.g., Addicott et al. 1987, Kotliar and Wiens 

1990, Dunning et al. 1992, Wiens et al. 1993). For example, Ricklefs (1987) 

demonstrated that species diversity is affected by different ecological processes at different 

scales. Hence, the distribution of species and communities at a given scale depends on the 

overall processes operating at this scale, and these depend on the habitat heterogeneity (the 

patchiness of different habitats with different sizes) at this scale. 

In addition, biological heterogeneity, such as different body masses (e.g.. Brown 

and Nicoletto 1991, Holling 1992) and different movement modes (e.g.. With 1994), may 

play a role in the way different scales of environmental heterogeneity affect different 

species (Levin 1992). For example, Robinson et al. (1992) showed that three small 

mammal species differing in body size (Sigmodon hispidus, 135 g; Microtus ochogaster, 

43 g; Peromyscus maniculatus, 22 g), experience different persistence times and have 

different population sizes in habitat patches of various sizes. Because communities are 

assemblages of potentially interacting species, the same logic should apply to community 

strucmre and species diversity patterns. That is, the community characteristics of a given 

spatio-temporal scale may depend on the scale and the strucmre of the environment. 

Overall, scaling effects and environmental and biological heterogeneity should 

create a higher-level complexity that affects ecological systems from single-species 

population dynamics to large-scale species diversity patterns. Indeed, Levin (1976) 

suggested that we may expect newly emergent species-diversity patterns on some scales 

that are not observed and cannot be studied on others. Hence, the understanding of large-

scale species diversity patterns and processes cannot be simply deduced from the 

understanding of local-scale patterns and processes. We need to explore large-scale species 
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diversity patterns and processes in the context of their occurrence, given the relevant multi-

scale processes and the heterogeneity of the environment in question. 

Experimentation is impossible at large scales. Without clear predictions, observed 

data might not be very helpful either. Modeling, therefore, becomes the major tool to 

explore large-scale ecological patterns (see Turner 1989, Tumer and Gardner 1991, Judson 

1994, Dunning et al. 1995, Tumer et al. 1995, Uchmanski and Grimm 1996). In 

particular, two directions characterize current progress in landscape ecology and large-scale 

modeling ~ (1) focusing on population, community and landscape processes, and (2) using 

spatially explicit population models. 

Recent studies (e.g., Kotliar and Wiens 1990, Dunning et al. 1992, Wiens et al. 

1993, Forman 1995) have emphasized the importance of applying a process-based 

approach when studying landscape ecology. This is important because processes drive 

observed population and community dynamics. Additionally, as mentioned above, because 

processes are affected by environmental heterogeneity, they add realism to studies of 

landscape patterns. Because the relative importance of a given process may depend on the 

spatial scale, a process-based approach might help to deal with the complexity of scaling in 

ecological structures. 

Spatially explicit population models (SEPM; Dunning et al. 1995) provide a realistic 

way to model heterogeneous landscapes by clearly representing the distribution of both 

physical and biological components. They allow one to deal with the different factors and 

processes affecting organisms given the number of habitats, patchiness, and size of each 

patch's habitat in the landscape. Hence, different ecological consequences can be explored 

and the overall effect of a given landscape matrix can be studied using SEPM. 

Here I describe a process-based, multi-species, object-oriented computer simulation 

model that allows the exploration of the effect of environmental heterogeneity on 

community structure and species diversity patterns at different scales. 

I 
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2. Rationale 

Given the potential of having higher-level complexity when studying large-scale 

patterns, due to an interaction between scaling effects and environmental and biological 

heterogeneity, a realistic model should consider: I) the incorporation of landscape-scale 

processes with local-scale processes, 2) the consideration of scale-dependent processes and 

organisimal characteristics, and 3) the integration of the three habitat factors that may affect 

heterogeneity ~ habitat diversity, habitat size, and habitat patchiness. 

Much knowledge about these three aspects results from previous models of the 

relationship between habitat heterogeneity and community characteristics (see above). 

However, many models of landscape ecology deal with limited subsets of the potential 

complexity. Most models deal with only one or two heterogeneity factors, but not all three 

of them (e.g., Fahrig 1992, Doak et al. 1992). The models usually apply a descriptive 

approach (e.g.. Holt 1992) rather than a process approach. They deal with only one 

community characteristic, usually species diversity (e.g., Hastings 1991), or with one 

ecological process, such as dispersal (e.g., Kareiva 1982). Finally, they usually deal with 

a single species (see Hanski 1991) or two-species community (e.g., Wu and Levin 1994) 

rather than with a more diverse community. In general, the existing models enhance our 

knowledge of either one or few ecological aspects, or explore specific systems that might 

not necessarily be applied to other systems. In other words, they might not have a broad 

generality. 

Ecologists sometimes oppose models that do not explore a specific system and, 

hence, might not be realistic (see Levin et al. 1997). However, as noted by Levins (1966), 

specificity may come at the expense of generality which is required for establishing null 

hypotheses or predictions. Interestingly, the extensive study of general ecological large-

scale patterns (hereafter, macroecology; Brown and Maurer 1989) (e.g.. Brown and 

Maurer 1989, Lawton 1991, Rosenzweig 1992, Hanski et al. 1993, Gaston 1996, 
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Siemann et al. 1996, Hanski and Gyllenberg 1997; and see MacArthur 1972, Brown 1995, 

Rosenzweig 1995, Polis and Winemiller 1996) is treated separately from the study of 

landscape ecology, although they represent two sides of the same coin. Landscape ecology 

deals with the heterogeneity of a landscape and its affected processes; macroecology deals 

with general patterns observed at a large spatio-temporal scale and usually speculates on 

their driving processes. We should try to unify these studies. 

In addition, if indeed observed patterns of species diversity at large scales result 

from some higher-level complexity, then we must not reduce ecological complexity when 

we explore these patterns. We therefore should have the capability to run simulations 

using multiple ecological processes that may operate in different ways at different scales 

possessing different heterogeneities. 

The model I describe incorporates different processes that are widely accepted to 

affect populations and communities at two major scales. The model achieves considerable 

ecological realism, mainly by using a mechanistic approach and allometrically based 

functions. I embedded the model in new software called SHALOM (Species - Habitat 

Arrangement - Landscape Oriented Model). In the following section I will describe the 

design of the model, together with the options given by the software regarding different 

ecological processes and the landscape structure. I will use the term "model" both for the 

theoretical design and for the software. 

I believe that our current ecological knowledge, combined with recently suggested 

modeling approaches and modem computer techniques (e.g., object-oriented programming; 

Martin 1995), challenge us to take a risky but reasonable step toward more comprehensive 

simulation models that permit better understanding of general large-scale processes and 

patterns in ecology. I intend SHALOM to be such a step. 

r 
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3. Model Design 

3.1. General 

I used an object-oriented design (Booch 1991, Blair et al. 1991; Martin 1995) for 

my model, designing the different components of ecological structure (e.g., species, 

habitats) as classes of objects. I coded the model in C++ (Lippman 1993, Oualline 1995, 

Stroustrup 1995). 

Object-oriented programming is a powerful tool for ecological modeling (e.g., 

Folse et al. 1989, Sequeira et al. 1991, Baveco and Lingeman 1992, Chen 1992, Malley 

and Caswell 1993, Ferreira 1995, Laval 1995; and see Judson 1994). It allows one to 

model natural systems realistically because different components of a model can be 

designed and coded as classes of objects. A class is a general template of a particular 

component of a model, treated as an autonomic unit obtaining its own characteristics and 

functions (i.e., encapsulation). Objects are individual instances of that class that have 

specific values. For example, if the Homo sapiens is a class that has some general 

characteristics (e.g., height and hair color) and functions (e.g., occupation), then 'Yaron 

Ziv' may represent an object of the class Homo sapiens being 1.74 m tall, having brown 

hair, and studying for a Ph.D. at the University of Arizona. The characterization of 

particular components as whole units that encapsulate both functions and characteristics is 

similar to the real world. This is the case with population, species, community, cell, 

habitat and patch being classes of objects in the present model. For example, a species can 

be programmed as one unit encapsulating its data (e.g., body size) and its functions (e.g., 

resource consumption) to represent its 'identity'. In addition, the containment option of 

object-oriented programming allows class objects to contain and use the data and the 

functions from related objects of a different class that depend on the first class. 

Containment also helps to create an hierarchical spatial structure: a landscape (the coarse 

grain of the model) contains patches, and each patch contains cells (the fine grain of the 
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model). Patches vary in area, so populations of the same species in different patches may 

have different carrying capacities. The built-in definitions of classes and objects make an 

object-oriented language (e.g., C-H-) a tool ready for relatively easy programming of 

complex relationships (Booch 1991). 

3.2. Realism 

The model strives for ecological realism. First, it is process-based. It explicitly 

defines the processes affecting species, populations and communities. In most cases it 

goes beyond the simple description of a process to characterize it by its mechanics. For 

example, a species' body size and its physical / physiological constraints determine its 

preferred resource(s) (see below). 

Second, SHALOM relies on empirical ecological findings. It avoids arbitrary 

functions and arbitrary value assignments. For example, the carrying capacity of a 

population emerges from comparing the energy consumption of all the populations' 

individuals (i.e., their metabolic rates) with the energy flow supplied by the patch (i.e., 

patch productivity). 

Third, many of the processes' coefficients depend on body size via allometric 

equations. Parameters for these equations come from the empirical literature (see Peters 

1983, Schmidt-Nielsen 1984, Calder 1996). For example, the power coefficient of the 

metabolic-rate function of marrunals is about 0.75 (Kleiber 1961) with about 10% increase 

for field metabolism (Nagy 1987). Hence, it is likely that values for many processes of the 

model are realistic. 

Finally, the model permits different values to be entered manually, allowing for 

user-defined landscapes. 

In the following sections, I provide the details of the model's design. First, I will 

describe the model's classes and their characteristics. Second, I will describe the model's 



31 

processes, both at the local scale and the landscape scale. Finally, I will describe the 

model's mechanics and dynamics 

3.3. Model's classes and their characteristics 

3.3.1. Classes 

I defined seven classes, that represent the biological components (population, 

species, community) and physical components (cell, patch, habitat, landscape) that produce 

an ecological structure, t adopted the current terminology of landscape ecology (e.g., 

Forman and Godron 1986, Turner 1989) for the terms used here. Figure I shows 

graphically the definitions of the physical classes of the model. 

A landscape is the entire area under study. It is a row-by-column matrix (or grid) 

of cells (i.e., a two-dimensional array). For modeling purposes, in an object-oriented 

design, a landscape is an abstract class that serves as the system controller (Martin 1995). 

It controls the list of patches and cells, and it invokes the landscape-scale process, i.e., 

dispersal and catastrophic stochasticity (see "model's processes" below). It is the coarse 

grain of the model. 

A cell is a square (or a raster) in the landscape matrix that serves technically to 

produce patches. It may allow later for producing patches from a coordinate-based map or 

a satellite image consisting of a pixel structure used for Geographical Information Systems 

(Maguire 1991, Haines-Young et al. 1993). This will permit integrating the model with 

currently available landscape-oriented representations. Each cell contains a single habitat 

type. 

A habitat is defined as a place relatively homogeneous for physical and biological 

attributes. All adjacent cells sharing a habitat type create a patch. (The model defines two 

cells of the same habitat that touch only at comers to be different patches.) 



A patch is what organisms see and respond to. Local-scale processes, such as 

population growth and demographic stochasticity (see "model's processes" below), take 

place within each patch's borders. The model assumes that individuals of a species in one 

patch (hereafter, a population) interact among themselves independently of individuals in 

adjacent patches. However, potentially rapid across-landscape movement (dispersal) on a 

continuous time axis of individuals does connect the patches. 

A species is the set of individuals in the landscape that share biological and physical 

characteristics. Individuals of a species may reproduce. However, all breeding occurs 

within a patch's borders. Hence, a species is a metapopulation. 

A community is the set of non-zero populations in a patch. 

3.3.2. Characteristics 

Each class has its own set of characteristics. Table 1 gives the symbols used in the 

text and their meaning. Table 2 lists the class characteristics of the model. 

• The class 'landscape' is an abstract class (i.e., a class with no objects or instances; Martin 

1995). It serves as a system controller. It controls the cell-object list, the habitat-object 

list, the patch-object list, and the species-object list. It ensures that the model's functions 

and their variables behave according to the system's defined processes. Two processes 

are directly controlled by the landscape: 'catastrophic stochasticity' and 'dispersal' (see 

below "model's processes"). The size of the landscape is determined by its number of 

rows and columns and the area of each cell in the row-column matrix. 

• The class 'cell' may have many objects (hereafter, cells). Its position in the landscape is 

defined by its 'row' and 'column' numbers. Each cell has an 'area' and a single 

'habitat'. The model allows for cells with different areas by explicitly inserting a 'width' 

and a 'length' for each cell. 
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• The class 'habitat' may have many objects (hereafter, habitats). It has physical and 

biological characteristics. The physical characteristics are 'temperature', 'precipitation', 

and 'substrate'. I assume that temperature and precipitation play an important role in 

characterizing the physical environment from the point of view of the organisms (e.g., 

Scheiner and Rey-Benayas 1994). At large scales, the combination of temperamre and 

precipitation distinguishes particular ecosystems and biomes (Holdridge 1947, 1967, 

Lieth and Whittaker 1975). Temperature and precipitation are characterized by their long-

term annual mean and standard deviation. These statistics may be linked in a probabilistic 

manner (the higher the standard deviation, the less likely that the mean is met in a given 

year). I assume that the temperature and precipitation characteristics can be combined in a 

bi-uniform distribution to represent a habitat (hereafter, 'habitat space'). 

The biological characteristics of a habitat are the list of 'resources' it offers and the 

'resource-proportion distribution' of each of these resources. Resources are assumed to 

be discrete (i.e., resource #1, resource # 2, etc.). 'Resource-proportion distribution' 

represents the proportion of each resource in the habitat. For example, if two resources 

occur equally in a particular habitat, each has a resource-proportion of 0.5. 

• The class 'patch' may have many objects (hereafter, patches). Each patch contains a list 

of cell objects and a habitat object. The patch takes on all its cells' information and its 

habitat's information. Some of this information produces patch-specific characteristics: 

'energy supply' and 'resource-proportion productivity'. Productivity correlates with 

temperature and precipitation (see Rosenzweig 1968, Lieth and Whittaker 1975). For 

simplicity, the model sets productivity as a linear function of the product temperature (T) 

X precipitation (P) (i.e., Ep = a.P T, where Ep is productivity, and a is the coefficient that 

translates the product P T, into units of productivity) (see for general discussion Leigh 

1965, Lieth 1975, Wright et al. 1993). The temperature and precipitation of a patch are 

set by its habitat type. The area of the patch is the sum of the areas of its cells. Hence, 

I 



34 

'energy supply" is the amount of energy per unit of time for the entire area of the patch. 

'Resource-proportion energy supply' is the amount of energy per unit time offered by 

each resource represented in the patch. The resources and their distribution are set by the 

patch's habitat, and each resource's share of the total comes from multiplying its 

proportion in that habitat by the energy supply available in the patch. 

• The class 'species' may have many objects (hereafter, species). Each species has 'body 

size', 'niche position' (defined by habitat and resource utilization axes; see below), and 

'dispersal coefficient'. Body size plays an important role in the model. Many variables 

and functions depend on body-size. 'Birth rate' and 'death rate' can be body-size 

dependent. For example, for eutherian mammals, birth rate correlates with the power 

coefficient -0.33 (i.e., b «= where M is body size), and death rate correlates with 

the power coefficient -0.56 (i.e., d <x. (Calder 1996). 'Metabolic rate' can also be 

body-size dependent, requiring two coefficients for its allometric power equation (i.e., 

Em = a where Em is metabolic rate of species with body size M, and a and b are 

coefficients). For example, the field metabolic-rate coefficients, a and b, of mammals are 

3.35 and 0.81, respectively (Nagy 1987). (However, the model also allows one to use 

body-size-independent coefficient values for all variables and functions.) 

Habitat utilization and resource utilization usually play important roles in a species' 

niche position. These utilizations resemble the physical and biological characteristics of a 

habitat (see above). Thus the model can compare what is offered by a patch with what is 

required by a species in it. (This comparison takes place in the class 'population' and is 

called 'species-habitat match'.) 

Habitat utilization is defined by the 'temperature' and 'precipitation' requirements. 

For simplicity, these two characteristics determine the species' niche. As in class 

'habitat', the temperature and precipitation requirements of a species are set by their 

'mean' and 'standard deviation'. I assume that the mean represents the value at which a 
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species reproduces best. The standard deviation represents the species' tolerance to 

values that are different from the mean. I assume a tradeoff between maximum 

performance and tolerance: the higher the standard deviation, the worse it does at each 

point in its niche. This tradeoff allows for tolerance-intolerance community organization 

(see Colwell and Fuentes 1975, Rosenzweig 1991, Wilson and Yoshimura 1994). 

Temperature and precipitation are not independent and may not affect organisms directly. 

Instead, they work through several independent factors correlated with these two (e.g., 

water availability and evaporation). I assume that each can be represented by a bi-normal 

distribution according to the 'central limit theorem' (see Durrett 1991). Hence, a species' 

niche is characterized by a binormal space, shaped by the temperature and precipitation's 

mean and standard deviation. (To be practical, I truncated each characteristic's range by 

two standard deviations of each side on the mean. This covers about 90% of the 

distribution.) 

The lists of 'resources' and 'resource-proportion use' set the resource utilization of 

a species. As in class 'habitat', resources are distributed discretely. I assume that 

resources associated with smaller numbers are smaller or easier to consume than 

resources associated with larger numbers. A 'resource-consumption function' may 

determine the list of 'resources' and each 'resource-proportion use'. The 'resource-

consumption function' consists of two functions. One determines the preferred resource 

for the species (hereafter, 'pick-resource utility function'). The other determines its 

proportional use of resources different from the preferred one (hereafter, 'fundamental-

resource utility function'). The use of the terms 'preferred' and 'fundamental' is relevant 

because a species' population might utilize only a subset of its fundamental resources, 

without even utilizing its preferred one; this can arise from interspecific pressures 

(apparent preference; Reynoldson 1983, Abramsky et al. 1990). 
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The 'pick-resource utility function' requires two species-specific coefficients in an 

allometric equation (i.e. Rp{M) = a + I, where Rp{M) is the pick resource of species 

with body size M, a and b are coefficients, and 1 is added to ensure that no resource has a 

value of 0). The 'pick-resource utility function' relies on two main assumptions. First, it 

assumes that species with different body sizes require different resources. This is based 

on a commonly found body size-resource partitioning relationship that may also promote 

species coexistence (e.g., Rosenzweig 1966, Brown 1975, Davidson 1977; and see 

Giller 1984). Second, it assumes that resource preference changes faster for smaller 

species than larger ones. This is based on the fact that many biologically-related 

processes change with body size in an allometric fashion (Peters 1983, Calder 1996). 

The 'fundamental-resource utility function' requires two species-specific 

coefficients and generates an asymmetrical curve. The curve describes the decline in the 

proportional use of the resources away from the preferred one. A body-size dependent 

function describes the decline in the proportional use of resources smaller (left-hand side 

of the curve) than the preferred one (i.e., Rj{M,i) = e'(^ ' (^), where Rj{M,i) is the 

proportional use of a resource with a position / less than the preferred one for a species 

with body size M, and coefficient c). Note that because the position of the preferred 

resource is zero, its proportional use always takes a value of one. A body-size 

independent function describes the decline in the proportional use of resources larger 

(right-hand side of the curve) than the preferred one, with the original coefficient c 

multiplied by another coefficient, d (d > I), to model a faster decline for the larger 

resources (i.e., Rj{i) = e'C'^ ^ '), where Rj{i) is the proportional use of a resource with a 

position i larger than the preferred one, and coefficients c and d). 

The 'fundamental-resource utility function' relies on two main assumptions whose 

roots lie in foraging theory (Stephens and Krebs 1986). First, it zissumes that, when 

possible, organisms tend to consume those resources that allow them to gain the highest 
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net benefit (assumed here to be positively correlated to resource value) within their actual 

range of resources (e.g., Rosenzweig and Sterner 1970). Second, it assumes that some 

physiological / mechanical / energetic constraints limit the ability of an organism to 

consume resources that are too large, causing a relatively steep reduction in the use of 

resources as they grow larger. 

As an alternative, the model allows for fixed resources with a fixed resource-

proportion use. This avoids the 'resource-consumption function' (with its 'pick-resource 

utility function' and 'fundamental-resource utility function'). Therefore, a user can 

decide to assign a fixed 'number of resources', each with a fixed 'resource-proportional 

use'. Alternatively, a user can fix a 'pick resource' value but use the 'fundamental-

resource utility function' to determine the 'resource-proportional use' from the set of 

coefficients (the above c and d). This flexibility is more than just a matter of 

convenience. It allows one to examine how different community types of organization 

(Rosenzweig 1991) affect community structure and species diversity. 

Each species also has a 'dispersal coefficient'. This determines the intensity of 

dispersal when and if it is invoked (see below). The dispersal coefficient is a species-

specific dimensionless value that allows the model to speed up or slow down the 

movement of populations relative to other populations or relative to the same populations 

in other simulation runs. 

A species also has a list of its populations. 

• The class 'population' may have many objects (hereafter, populations). Many of the 

population's characteristics are determined by the 'species' it belongs to. Some of these 

characteristics do not change during a simulation ('body size', 'birth rate', 'death rate', 

'metabolic rate', 'habitat utilization', and 'dispersal coefficient"). (Hence, Table 1 omits 

them.) Other characteristics do change according to the requirements and pressures a 
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particular population faces in each 'patch*. The information from the patch sets such 

changes. 

The population's 'intrinsic rate of increase' (i.e., the maximal growth rate with no 

intra- and interspecific competitors) is calculated by subtracting the species' death rate 

from its habitat-specific birth rate. The habitat-specific birth rate is obtained by 

multiplying the species-habitat match value (see below "model's processes") by the 

species birth rate. 

'Initial population size' is the number of individuals at the beginning of a run. The 

model allows initial population sizes to differ. Thus, one can explore how initial 

conditions may affect the community and landscape (e.g., priority effect; Quinn and 

Robinson 1987, Lawler and Mortin 1993, Shorrocks and Bingley 1994). 'Final 

population size' is the output of a run. 

The list of 'resources' used by a population results from the resources used by its 

species and the resources available in the patch. For example, if a species can use 

resources 3, 4, 5, 6, and 7, and a patch offers resources 6, 7, 8, 9, and 10, then the 

population in that patch uses resources 6 and 7 only. The population's resource-

proportion use is then rescaled accordingly (considering only the resources that are 

actually used), maintaining the ratios of all resources used in the patch. If, in this 

example, resources 6 and 7 have fundamental proportions of 0.1 and 0.3 (i.e. 1:3 ratio), 

then they will be rescaled to have proportions of 0.25 and 0.75 in the population's diet. 

The 'carrying capacity' of a population is its population size at equilibrium in the 

absence of stochasticity. The carrying capacity is calculated by solving the local 

population dynamics (see below, "model's processes") and finding the population size at 

which the derivative equals zero. 

A population is affected by four processes ~ 'population growth', 'species-habitat 

match', 'community-level saturation effect', and 'demographic stochasticity'. 
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3.4. Model's processes 

I simulated ecological processes on two scales, local and landscape (global), similar 

to the general separation made by Whittaker and Levin (1977). Local-scale processes occur 

within each patch, while the landscape-scale processes are those that occur across or 

between patches. This multi-scale hierarchy allows most processes to work inside patches 

and to have a direct impact on population growth. Meanwhile, processes occurring 

between patches can affect population growth indirectly and at different temporal scales. 

Landscape-scale processes may also have additional costs (e.g., moving costs) compared 

to local ones. Table 3 describes the different processes of the model. 

3.4.1. Local-scale processes 

In this section I will describe the processes first, then combine them to produce the 

local population dynamics equation. 

3.4.I.I. Process description 

• Continuous-time population growth (dynamics): 

I used a differential equation for population growth. Although natural populations 

rarely grow continuously, differential equations provide practical advantages. First, 

differential equations tend to smooth non-linear curves. This, in tum, may allow us to 

distinguish between population growth and other processes as causes of stepwise dynamic 

behaviors. Second, differential equations of one dimension do not produce chaotic 

dynamics (May 1974; and see Hassell and May 1990); difference equations can. In 

complex models and with stochastic events, chaotic behavior might cause patterns that are 

difficult to explain and are sensitive to initial conditions (May 1974). In these models, 

reducing additional difficult-to-explain effects is important. 
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The population growth process handles birth rate and death rate independently. 

This separation is realistic (Begon et al. 1986) because birth rate and death rate may be 

limited by different processes, such as a need for protein-rich resources for lactating 

females that are not required by the rest of the population. In contrast, the logistic equation 

{ d N /  d t  =  r  N  { \  - { N I  A T ) ) ,  w h e r e  r  i s  i n t r i n s i c  r a t e  o f  i n c r e a s e ,  N  i s  p o p u l a t i o n  s i z e  a n d  K  

is carrying capacity) does not make this separation. It forces a parameter, r, by subtracting 

death rate from birth rate (i.e., r = b - d). Moreover, the logistic equation might introduce a 

problem when used with spatial heterogeneity. Multiplying an oversaturated population's 

value (i.e., 1 - A^/ AT < 0) by a declining population's value (i.e., r < 0) produces a 

population with a positive growth rate! Thus, landscape ecologists should be careful of 

using a single fixed value to represent dependent birth and death rates. 

To simulate local-scale growth I use: 

where Nj is the size of population j, bi and di are the birth and death rate of species i to 

which population j belongs, and F(fe) and F(j) are the grouped processes affecting birth 

and death separately. 

• Community-level saturation effect, f(s): 

The community-level saturation effect is analogous to the carrying-capacity 

feedback function of the logistic equation. However, the model does not assume an 

arbitrary value for carrying capacity. Instead, carrying capacity comes from calculating the 

equilibrium of a population. This happens at ftill saturation (see below). It represents the 

dhr-
( I )  
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density-dependent pressure a population experiences from all of a patch's populations 

including its own. Hence, it includes both intra- and inter-specific density dependence. 

The community-level saturation effect's mechanics build on the ratio between the 

energy offered by a patch (i.e., energy supply) and the overall energy consumed by all 

populations in a patch. The energy consumed by all populations in the patch is the sum of 

each population's species-specific energy consumption. The species-specific energy 

consumption of a particular population is calculated by multiplying the metabolic rate of the 

species to which the population belongs by the number of individuals of that population. 

Because a patch's energy supply and a species' metabolic rate share units (energy / 

time), the division of these two gives a dimensionless variable (e.g., Vogel 1994, Chamov 

1996) that ranges between 0 (i.e. no individuals at all) and any positive value. At carrying 

capacity, populations use energy for maintenance equal to the energy supplied by the patch. 

The following equation describes the community-level saturation effect on 

population j, f(s)y, given its species i, for one resource: 

where, 

• j is the population for which the effect is calculated; 

• / is a population selected from all S existing populations in a patch; 

• RPU/cl is the resource-proportion use of resource k by population I; 

• Ni is the size of population /, 

• Ef4i is the body-size dependent metabolic rate of species i which population / belongs to; 

• RPPk is the resource-proportion energy supply of resource ^ in a patch. 

{ R P U u N i E ^ i )  
(2a) 
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Note that because eq. 2a describes the community-level saturation effect for one 

resource, the resource-proportion use of resource k by population /, RPUfcl, represents 

only the use of the single resource by each population relative to the other existing 

populations in the patch. Likewise, because only one resource exists, the resource-

proportion energy supply of resource k in the patch, RPUkl, is the energy supply of that 

patch. 

Of course, a patch may offer more than one resource. A population may consume 

all of the patch's resources or only a subset of them, depending on the population's list of 

resources (see above). Each resource's energy in a patch is determined by its proportion 

(resource-proportion energy supply; see above) out of the energy supply in that patch. An 

algorithm sets the relative use of each resource by those species that share it. The 

community-level saturation effect equation treats each resource one at a time and then sums 

all resources. 

The following equation describes the community-level saturation effect on 

population7, given its species /, for K resources: 

Figure 2 shows the density-dependent population dynamics of hypothetical 

populations using the saturation-effect as a feedback function. 

• Species-habitat match, f(m): 

The species-habitat match quantifies how well individuals of a particular population 

are suited to a particular patch, given the population's species and the patch's habitat. The 

function builds on the overlap between the temperature-precipitation binormal curve of the 

i R P U u N i E M i )  
(2b) 
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species (see above) and the temp>erature-precipitation bi-uniform curve of the habitat (see 

above). Specifically, the population's niche space, Di, is given by the following binormal 

distribution equation: 

where, 

• X and y are values of temperature and precipitation at the patch; 

• XiT is the species' temperature requirement's mean; 

• SDiX is the species' temperature requirement's standard deviation; 

• XiP is the species' precipitation requirement's mean; 

• XiP is the species' precipitation requirement's standard deviation; 

• /7 is a covariance between the species temperature and precipitation. 

The patch's habitat space, D2, is given by the following bi-uniform distribution 

equation: 

Z), (3) 

D 2  = 4 S D ^ T ^ S D h p D f  (4) 

where, 

. DjO is the highest distribution value of the population's species niche space; 

• SDhT is the habitat temperature characteristic's standard deviation; 

• SDfiP is the habitat precipitation characteristic's standard deviation. 



44 

The final species-habitat match value for a given population in a particular patch 

(f(m)y) is given by dividing the population's niche space nested within the patch's habitat 

space by the patch's entire habitat space: 

The species-habitat match value represents the fraction of the population's species 

ability expressed in the particular patch given its habitat. A value of 1 represents a perfect 

match, while a value of 0 represents no match at all. In practice, a population can never 

achieve a match of I, because this requires a standard deviation of zero for the habitat's 

temperature and precipitation characteristics. 

I chose the above particular form of calculating species-habitat match because it 

provides two major outcomes that we should expect to see in nature. First, the more 

tolerant a species, the more likely it will match a habitat far away from the species 

population's temperature and precipitation mean values (Fig. 3b). 

Second, the lower the standard deviation of the habitat's precipitation and 

temperature characteristics, the higher the species-habitat match (Fig. 3a). This should be 

true because a habitat's standard deviations are negatively correlated with the probability of 

getting a particular value at a given time. Higher standard deviations represent a lower 

probability of any species finding a given value in a habitat. Ecologically, this should 

represent a measure of predictability: the lower the standard deviations of the habitat, the 

better it is for the populations occurring in that habitat. 

Notice that the way I calculate the species-habitat match above does not affect the 

consequences of the expressed species-habitat match in the local population dynamics 

X f ^ p + 2 S D f ^ p  

(5) 
£>2 { S D f j j - , S D f ^ p  ) 
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equation (see below) directly. In other words, the population dynamics equation uses a 

value for the species-habitat match that can be generated by other functions. When 

possible, the species-habitat match should be generated with empirically derived functions 

that use the natural history of the species and more accurate measurements of how well the 

species does in the available habitats. 

• Demographic stochasticity: 

Demographic stochasticity means any change in population size caused by a chance 

event independent of a biological process. It results from sampling errors. It tends to have 

critical effects when populations sizes are low. For example, the chance of a two-female 

population having no females in the next generation due to the birth of males only (and 

hence extinction) is higher than in a 10-female population. 

I used a simple descriptive equation to model stochastic deviations from the 

deterministic, body-size dependent birth and death rates. The deviations are negatively 

correlated with population size; i.e., the larger the population, the lower the deviations are 

likely to be. Although the equation does not relate to any specific process (e.g., sex ratio 

or encounter rate), its behavior does follow the typical expectations of such stochasticity. 

The equation affects demographic parameters randomly and it is density-dependent (e.g., 

Shaffer 1981, Diamond 1984, Shaffer and Samson 1985, Pimm et al. 1988, Lande 1993). 

At this stage of the model, the demographic stochasticity function merely 

incorporates stochastic effects at the population level. These may affect species diversity in 

different habitat heterogeneities, but that does not explain them. 

The following equation defines the population's stochasticity in birth or death rates, 

Zj, from a species' deterministic birth or death rates, zi: 



Z , = z , ± (  
e j O . S z j )  

~wr~ 
) 
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(6) 

where, 

• £ is a random number sampled from a Gaussian probability distribution with a mean of 0 

and a symmetrical truncation of 2 standard deviations, of one unit each; 

• (0.5 zi) is a scaling term to make each distribution range between zero and twice the 

highest birth or death rate; 

• y is a demographic stochasticity coefficient which allows for changing the 'intensity' of 

the effect; 

• Nj is population size. 

Figure 4 shows different aspects of the demographic stochasticity fiinction to 

demonstrate its consistency with the way demographic stochasticity is thought to affect 

populations. 

3.4.1.2. Local-scale population dynamics equation 

The differential equation by which a given population grows in a patch without the 

effects of dispersal and catastrophic stochasticity is: 

dN: 
= N j b i  {f^ ^ y  (1 - /(„; )+ 1 - N j d ,  {1 + } (7) 

where, f(m)/ and f(s)/ are the species-habitat match effect and the saturation effect, 

respectively, and (1 - f(s)j)+ indicates that the latter term cannot take a value lower than 0 

(see Wiegert 1979). 
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The community-level saturation effect (f(s)y) enters the equation twice. First. I 

subtract the community-level saturation effect from 1 as in the carrying-capacity feedback 

function of the logistic equation (i.e., \ - NIK). The new term models the effect of the 

community saturation on birth. I assume (as in the logistic equation) that birth decreases 

linearly with an increase in community density. Oversamration (i.e., 1 - f(s)y < 0) results in 

no birth. 

Second, I add 1 to the community-level saturation effect to model the effect of the 

community saturation on death. Here also, I assume that death increases linearly with 

increase in community density. 

I also assume that the match between the species and the habitat affects fecundity 

(i.e., birth rate) but not mortality (i.e., death rate). Mathematically, we should get similar 

qualitative results if a species-habitat match affects mortality at a lower value than it affects 

fecundity. Hence, the assumption can be broadly summarized by stating that species-

habitat match has a higher effect on fecundity than mortality. 

In general, because the community-level saturation includes all non-zero 

populations of a given patch, the above population-dynamics equation is similar to the 

Lotka-Volterra additive equation (Lotka 1925, Volterra 1926). Hence, it makes the 

assumptions and produces the outcomes known for the latter. One is that species 

coexistence cannot occur without differences between the populations' resources. 

Coexistence between populations in a given patch depends on resource partitioning (see 

above). 

The local-scale population dynamics equation with its analytical solution and 

outcomes for body-size dependent habitat specificity are found in Ziv (MSa). 

f 
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3.4.2. Global-scale processes 

Dispersal (movement, migration; e.g.. Levin 1974, Andow et al. 1990, Doak et al. 

1992, Johnson et al. 1992, Lavorel et al. 1995, Gustafson and Gardner 1996) and 

disturbance-induced extinction (hereafter, catastrophic stochasticity; Levin and Paine 1974, 

den Boer 1981, Pickett and White 1985, Turner et al. 1989, Gilpin 1990, Mclntyre and 

Lavorel, 1994) are two important processes that determine the distribution and abundance 

of populations and communities at large scales. 

3.4.2.1. Process description 

• Dispersal, f(d): 

Dispersal is the movement of individuals from one patch to another. In the model, 

individuals of a particular population in a given patch migrate to adjacent patches if they can 

gain a higher potential fitness there. The dispersal function builds on the optimization 

principles used for intra-specific density-dependent habitat selection suggested by Fretwell 

and Lucas (1969) and Fretwell (1972) (Ideal Free Distribution). The dispersal process 

assumes that a population's individuals can instantly assess the adjacent population's per 

capita growth rate. 

At each time step, the model calculates the per-capita growth rate of each 

population. Then, it compares that rate with all adjacent populations' per-capita growth 

rate. Individuals move from patches with relative low per-capita growth rate (i.e., low 

fitness potential) to patches with high per-capita growth rate (i.e., higher fitness potential). 

This results in equalizing the per-capita growth rates of populations of the same species 

across patches (Fretwell 1972). 

Using Eq. 7, we can calculate the per-capita movement of population j, given the 

difference between its per-capita growth rate and the per-capita growth rate of an adjacent 

population I, f(d)jr-
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d N :  d N i  

where D/ is the populations' dispersal coefficient. SHALOM invokes the dispersal process 

between each population and adjacent populations of the same species. It assumes that 

individuals do not take into account the instantaneous change after a fraction of its 

population moves to another patch. Hence, within a given time step of the model, dispersal 

occurs according to the growth rate values at the end of the previous time step. In turn, this 

prevents any bias due to a particular order of calculating dispersal with adjacent 

populations. 

Dispersal occurs on a continuous-time scale. Hence, dispersal from a given patch 

to patches that are not adjacent to that patch can happen fast in appropriate conditions (e.g., 

some patches of low potential fimess and a patch of a very high potential fitness). 

However, because individuals need to cross the adjacent patches first, and because each 

population in the different patches experiences population change due to other processes, 

there is an implicit distance effect. This effect can be controlled by changing the species 

dispersal coefficient such that the rate at which individuals of populations of a given species 

move agrees with the user's needs. 

• Catastrophic stochasticity: 

Catastrophic stochasticity, or disturbance-induced extinction, is a density-

independent loss of individuals due to some event (e.g., extreme cold weather or a 

drought) that has a random probability of occurrence. Some environments may have a 

higher probability of being affected by catastrophes than others. Catastrophes may cause 

the disappearance of entire populations of a given community or only their partial 
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disappearance. The same catastrophe may eliminate some species from a patch but only 

reduce others. A catastrophic event may be very local, such as within a single habitat (e.g., 

a falling tree in a forest), or may cover an extensive area and include many different types 

of habitats (see Turner et al. 1989). 

The catastrophic stochasticity of SHALOM relies on random-number generating 

procedures (Press et al. 1995). These allow one to change the probability, intensity and 

range of the density-independent loss of individuals and populations. The user sets the 

following options: 

• The probability function (either uniform or Gaussian) of the catastrophic stochasticity 

distribution. 

• The seeding value of the random number generator. 

• The threshold (a fraction between 0 to 1) below which catastrophic stochasticity is not 

invoked. 

• The lower and the upper limits (a fraction between 0 to 1) for population loss once a 

catastrophic stochasticity is invoked. 

• The probability function (either uniform or Gaussian) of the population loss. 

• The spatial distribution (either a random or a fixed distribution on a cell, or patch, or the 

entire landscape) of the catastrophic stochasticity. 

3.4.2.2. Global-scale population dynamics equation 

The two global-scale processes affect population growth on two different time 

scales. As mentioned above, dispersal is assumed to occur on a continuous-time scale 

similar to the continuous-time scale of the local population dynamics. In fact, dispersal at 

any time step of the model depends on the local-scale per-capita growth rate of each 

population. Defining the local growth of population j in Eq. 7 as F(\)j, the overall 

population growth, including dispersal, becomes: 

j 
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d N j  AP 

dt 
- P'iDj + ) (9) 

/=! 

where, AP is the number of adjacent patches and Nj(.yi(+) indicates that the per-capita 

migration is multiplied by the patch's population size or by the adjacent patch's population 

size depending on the sign of the per-capita movement. A positive per-capita movement 

means that the particular patch's per-capita growth rate is higher than the one adjacent. 

Hence, individuals from the adjacent patch disperse into it. In contrast, a negative per-

capita movement means that individuals should disperse into the adjacent one. 

Catastrophic stochasticity is simulated on a discrete time scale. Once a year (or on 

an interval that amounts to a year), the model invokes catastrophic stochasticity. 

3.5. Model's mechanics 

Figure 5 describes the relationship between the different classes and the position of 

the different processes between the different classes according to the way they are modeled. 

Note the hierarchical structure of the model: the global-scale processes are invoked by the 

class landscape directly, while the local-scale processes are invoked at the patch-population 

level. 

Before each run of the model, the user assigns the following: the species and their 

attributes, the habitats and their attributes, and the habitat arrangement in the landscape. 

Given this information, the model creates the patches, which are what organisms see in the 

real world. Having patches and species in the landscape, populations are created. The 

species-habitat match of a population is calculated. The option of invoking demographic 

stochasticity is set for each population. All populations of a particular patch create the 

patch's community. The community monitors the overall saturation effect in a patch as 
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well as the different community-level indices. At this point, patches, communities, and 

populations are defined, including the local-scale process functions which are nested as 

function members within the class population. 

Once the landscape is completely defined, the model asks for information about the 

large-scale processes. Dispersal may or may not be invoked by the user. Similarly, 

catastrophic stochasticity may or may not be invoked. If catastrophic stochasticity is 

invoked, the model asks for information about its intensity and the range of the density-

independent loss of individuals and populations. 

Following the specification of the initial population size for each population and the 

run time (in years), the model runs a population-growth simulation of the different 

populations in the different patches. 

The Runge-Kutta method (Leffelaar 1993, Press et al. 1995) integrates the small 

steps {dt = 0.001 yr) on a continuous time axis. Without dispersal, at each time step each 

population grows according to the local-scale processes given by Eq. 7. However, if 

populations disperse between patches, each population grows according to the local-scale 

processes and the migration-related movement of individuals given by Eq. 10. 

The model returns the value of population size for each population in the different 

patches every 100 time steps (i.e., 0.1 yr). The information is saved to an output file for 

further analysis. At the end of the run, the model calculates the ratio of each population's 

size to its carrying capacity and returns values of the number of species and two species-

diversity indices: Simpson's diversity index (Simpson 1949) and Fisher's alpha (Fisher et 

al. 1943). 

j 



4. Some questions that can be asked of the model 

SHALOM allows one to test how the anrangement of habitats in a particular 

landscape affects different aspects of community structure and species-diversity patterns. 

For example, a user can model different habitat diversities by including different types of 

habitats; or a user can model different habitat sizes by changing the number of cells of each 

habitat; or a user can model different degrees of patchiness by incorporating different 

habitats in different configurations. In addition, by applying values that do not allow any 

population to persist in some cells or patches, a user can model different shapes of the 

landscape, including habitat fragmentation. 

SHALOM incorporates different ecological processes at different scales, based on 

the rationale that observed large-scale patterns are the products of interactive relationships 

between local and landscape processes. For example, dispersal across patches in the 

landscape affects population sizes within patches, which, in turn, should affect local 

density-dependent processes (e.g., community-level saturation effect). However, to enable 

the user to understand such patterns, SHALOM allows the complexity of the modeled 

landscape to gradually be increased. The user adds different processes / functions / 

modules (e.g., species and habitats) one at a time. This represents a major advantage of the 

current model: landscapes can be studied by comparing predictions of different runs (i.e., 

simulation results) with and without a particular process. This is especially important when 

an ecological structure introduces some higher-level complexity: a nested design may allow 

one to pick up differences that correspond to a particular process. 

The incorporation of several aspects of ecological structure in a single model 

presents another major advantage of SHALOM. It allows one to predict the influence of 

different large-scale ecological issues with one comprehensive model. For example, 

several studies deal with dispersal or movement across a landscape (e.g., Doak et al. 1992, 

Lavorel et al. 1995, Gustafson and Gardner 1996). Others deal with the effect of 
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disturbance on species persistence (see Picket and White 1985, Turner 1987). However, 

SHALOM lets us predict the effect of disturbance on dispersal in landscapes of different 

patterns. Thus, we can study the interactions and relative importance of different processes 

like dispersal and disturbance. 

Additionally, changing dispersal regime and extinction (i.e., catastrophic and 

demographic stochasticity) may help explore how metapopulation dynamics (see Gilpin and 

Hanski 1991) affect single-species distributions as well as patterns of species diversity. 

Reducing the percentage of habitats that can support any population, together with 

subsequent simulations of changing metapopulation structure, may provide a way to assess 

the effect of habitat fragmentation and habitat loss on community structure. Therefore, 

SHALOM may be used as a first-stage policy making tool in conservation. 

SHALOM provides a framework for modeling species with different attributes (or 

identities). For example, we can model species with different body sizes to explore 

questions regarding body-size related species diversity (e.g., geographical ranges and 

species abundance) (e.g., Lawton 1991, Gaston 1996, Hanski and Gyllenberg 1997, Ziv 

in preparation). We can also model species with similar body sizes but different resource 

use and resource range to explore how resource generalist-specialist tradeoffs affect 

community organization (e.g., competitive dominance, tolerance ability, and included 

niches). An exploration of these questions in landscapes with different habitats may help 

us understand the competitive advantage of particular species. 

The existence of productivity (or energy supply for the entire patch) as a variable 

that controls the size of populations may allow us to explore how productivity affects 

different species-diversity patterns (Rosenzweig and Abramsky 1993). For example, we 

can model landscapes with similar simulation designs but with an increase of 10% in the 

productivity of each habitat to detect how increase in productivity affects species richness 



and evenness. We can reduce productivity in landscapes that are similar to those observed 

in nature and predict the effects of desertification on communities. 

5. Key assumptions and limitations 

Two important points must be kept in mind about this model: its assumptions and 

its purpose to suggest predictions. In the following paragraph, I will spell out key 

assumptions of the model and their implications to the model's results. 

With respect to the assumptions of the model, two categories of assumptions exist. 

The first category is represented by those built-in assumptions that cannot be separated 

from the current model. For example, the model assumes a continuous population growth. 

The second category is represented by those assumptions resulting from specific simulation 

designs. For example, a simulation design that does not invoke any stochastic effect 

necessarily assumes that the system is near a dynamic equilibrium. However, the model 

itself does not assume a state near equilibrium because stochasticities are considered by the 

general model design. Here, I review only key assumptions that relate to the first category. 

Results of simulations with multi-patch habitats (i.e., high patchiness) may depend 

on the assumption that two cells, or two sets of cells of the same habitat that touch only at 

comers are considered as different patches. If these two cells (or sets of cells) were 

considered as a single patch, the patchiness of the landscape may be reduced significantly. 

This assumption should have a significant affect on low-density populations. This is 

because high patchiness implies small patches, and small patches imply low population 

sizes. In case of high patchiness we may expect to see higher effects by density-dependent 

processes, such as demographic stochasticity. In turn, a differential effect of a particular 

group of processes (e.g., those density-dependent processes) should affect the predicted 

community structure. The current procedure can be easily modified. 
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Resources of the model, both from the species and the habitat perspective, are 

distributed and defined discretely. They have no variance and are assumed not to overlap. 

Resource distribution in many natural systems violates this assumption (e.g., insect-size 

distribution). The assumption results from my desire to reduce the complexity of the 

model. An overlap between resources may have a significant effect on how and to what 

degree species share resources, and, hence the degree of competition between these 

species. Evolutionarily, my assumption about no overlap between resources implies that 

resources are divided between species in a distinct manner. 

A user of the model can either define the resources used by each species manually, 

or use the resource-consumption function of the model. The resource-consumption 

function introduces a whole set of assumptions. For example, it requires that resources are 

not only distributed discretely, but that they are also part of the same gradient axis (e.g., 

seed size). I also assume that all resources are energetically equal, e.g., a small seed has 

the same energetic content as a large seed. This assumption is clearly inconsistent with 

natural systems. In the model (and probably in nature too), resources are correlated with 

population size. The more energy obtained from a resource consumed by a species, the 

larger the population size of that species. In turn, if, in nature, different species consume 

different resources that differ in their energy load, then, using the current model, we may 

end up with unrealistic predictions of community structure based on the assumption that all 

resources are equal. This assumption can be corrected by assigning different proportions 

for the resources offered by a habitat. The current is model can allow this. 

The community-level saturation effect, or the demand/supply function, has some 

key assumptions that should be taken with caution. First, it assumes that resources are 

depleted in accordance with a type-II functional response. Hence resources are consumed 

without a lag in consumption rate when resources are rare (type-Hi functional response), or 

without a linear increase that is sharply terminated by an asymptote (type-I functional 

I 
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response). Second, the demand/supply function assumes that both resource renewal and 

resource consumption are instantaneous. A violation of these assumptions may result in a 

non-logistic growth of a population (see below). In addition, the community-level 

saturation effect assumes that the energy intake of a species is directly proportional to its 

metabolic rate. Hence, it assumes no interference competition or differential efficiency in 

resource consumption. 

The model assumes that the local-scale population dynamics is represented by 

continuous logistic growth. Continuous growth does prevent some complications that may 

occur with discrete growth, such as chaotic behavior, which is difficult to distinguish from 

stochastic effects. However, non-linearities in logistic growth can happen (and do happen 

in nature) when thresholds exist. For example, type-I functional response (see above) of a 

demand/supply function may instantaneously stop population growth when the population 

reaches a certain value below which additional resources will not result in additional energy 

intake. Similarly, if resources are not renewed instantaneously, populations will not 

respond to change in their density because resources may not be available for growth. 

Each of these non-linearities may change the predictions of the model, especially with 

respect to change of population size and species composition through time. For example, a 

lag in a renewal of a particular resource consumed by a dominant species, may provide an 

opportunity for a subordinate species to persist because its resources are renewed faster. 

Although species interactions should be important for structuring communities (see 

Giller 1984), the model assumes that only interspecific competition plays a role in the 

current simulation design. It ignores predation, mutualism, and commensalism. Hence, 

the model should not be applied to communities that are primarily structured by mutualism 

(e.g., tropical systems). I plan to add food-web structure to the model in the future. This 

will allow me to overcome the problem of not having predation as an ecological force. 



I assume that species niches are characterized by a normal-frequency distribution so 

that species' respond symmetrically to deviations from the optimal. I also assume that the 

match between a species and a habitat affects fecundity but not mortality. Mathematically, 

we should get similar qualitative results if a species-habitat match affects mortality at a 

lower value than it affects fecundity. Hence, the assumption can be broadly summarized 

by stating that species-habitat match has a higher effect on fecundity than mortality. This 

assumption has an important effect on the prediction that habitat specificity scales with 

body size (Ziv MSa). If species-habitat match has a higher effect on mortality than 

fecundity, then a completely opposite prediction emerges. The assumption that species-

habitat match has a higher effect on fecundity than mortality should be explored intensively 

in the near future. 

All of the above assumptions represent potential limitations of this model. It is 

therefore important, as for any other model, to understand its generality and the systems to 

which it may be applied. For example, exploring communities that are mainly strucmred 

by mutualistic relationships with the current model, which assumes that competition is the 

major species interaction, may result in unrealistic predictions. 

As for any other general model, the current model can provide qualitative 

predictions only. It does not try to provide precise values for a particular system. But it 

does make baseline predictions about complex ecological structures, as well as emergent 

effects from interacting processes that would have not been expected otherwise. This is not 

a real fault because no model can prove anything. It must pass the test of experimentation 

or careful observations before it is applied to real ecological systems. 
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6. Concluding remarks 

The main goal of this paper has been to describe a new modeling approach to the 

study of large-scale ecology. This approach incorporates several well-accepted processes, 

affecting local populations within and across patches, with the option of using realistic 

parameter values taken from field studies. In addition, this approach uses energy as a 

common currency to bridge intra- and interspecific effects. To deal with the high-level 

complexity of ecological systems, the model allows one to simulate each process at a time 

and then add them together to explore the emerged effects of these processes on species 

composition and species diversity patterns (Ziv MSb). The advantage of this approach is 

that it allows us to explore species diversity patterns under a relatively realistic set of 

conditions without losing those effects that are relevant only when a high-level complexity 

exists. 

In general, the multi-species, process-based, spatially-explicit simulation model 

described here may have major importance in exploring the high complexity of 

macroecological scales. It may provide us with testable predictions that are largely missing 

when we come to explore large-scale processes and patterns. The real significance of this 

model will be known after its predictions are tested and further explored with appropriate 

observations. 
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Table I: Symbols used in the text and their meaning. Units are given in parentheses. 

a A coefficient (dimensionless, or units depend on the multiplied variables) 

AP Number of adjacent patches (dimensionless) 

b A coefficient (dimensionless, or units depend on the multiplied variables) 

b Birth rate (1 / time; e.g., I / yr) 

c A coefficient (dimensionless) 

d A coefficient (dimensionless) 

d Death rate (1 / time; e.g., I / yr) 

D Dispersal coefficient (dimensionless) 

Di A population's species niche space (dimensionless) 

D2 a patch's habitat space (dimensionless) 

Em Metabolic rate (energy / time; e.g., Kcal / day) 

Ep Productivity (energy / time * area^; e.g., Kcal / yr * m^) 

f(cl) Dispersal (dimensionless) 

f(m) Species-habitat match (dimensionless) 

f(s) Community-level saturation effect (dimensionless) 

F Grouped processes (dimensionless) 

h A habitat type (dimensionless) 

i  Position of a particular resource from the pick resource (dimensionless); 

or. a species (dimensionless) 

j  A population (dimensionless) 

k A resource (dimensionless) 

K Carrying capacity (number of individuals); 

or, number of resources (dimensionless) 

I A population (dimensionless) 

M Body size (mass; e.g., gr) 

N Population size (number of individuals) 

p Covariance (dimensionless) 

P Precipitation (volume; mm) 

r Intrinsic rate of increase (1 / time; e.g., 1 / yr) 

Rf Proportional use of a resource (dimensionless) 

Rp Pick (preferred) resource (dimensionless) 

RPP Resource-proportion energy supply (energy / time; e.g., Kcal / yr) 
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RPU Resource-proportion use (dimensioniess) 

S Number of species (dimensioniess) 

SD Standard deviation (units depend on the variable it represents) 

t  Time (e.g., yr) 

T Temperature (degrees; C°) 

X A variable representing a value of temperature (degrees; C°) 

X Mean (units depend on the variable it represents) 

y A variable representing a value of precipitation (volume; mm) 

z Rate (1 / time; e.g., 1 / yr) 

Z Stochastic rate (1 / time; e.g., 1 / yr) 

e Random number sampled from a Gaussian probability distribution 

(dimensioniess) 

7 Demographic stochasticity coefficient (dimensioniess) 
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Table 2: Class characteristics and functions. 

General comments: (I) Characteristics derived from other characteristics within a 

given class are not included; e.g., the species' intrinsic rate of increase is a simple 

subtraction of the species' death rate from the species' birth rate and therefore is 

not included in the characteristics list. In contrast, the population's intrinsic rate 

of increase is calculated from the contained species' intrinsic rate of increase and 

the species-habitat match, and, hence, is included in the list. 

(2) When objects of a class are contained in another class (e.g., 'populations' in 

'species'), all characteristics and functions of those objects are known to the 

containing class. Hence, a given species knows the information of all its 

population objects. 

(3) Some characteristics of different classes are identical to allow for matching 

between classes (e.g., the precipitation and temperature characteristics of a habitat 

are matched with the precipitation and temperature characteristics of a species to 

calculate the species-habitat match of a population which belongs to the species 

occurring in the patch's habitat). 

Class Name Role Type Comments 

Landscape Number of rows 

Number of columns 

List of cells 

List of habitats 

List of patches 

List of species 

Catastrophic 

Characteristic Integer 

Characteristic Integer 

Characteristic Character array List of objects. 

Characteristic Character array List of objects. 

Characteristic Character array List of objects. 

Characteristic Character array List of objects. 

stochasticity (CS): 

CS threshold 

Function 

Characteristic Real 

(See Table 2) 

Probability of 

getting hit by CS. 

Population loss: 

Lower limit Characteristic Real Minimum % of 

population loss. 

Maximum % of Upper limit Characteristic Real 
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Class Name Role Type Comments 

Scale of 

occurrence: 

Lower limit Characteristic Real 

Upper limit Characteristic Real 

Dispersal Function 

population loss. 

Minimum 

number of cells. 

Maximum 

number of cells. 

(See Table 2) 

Cell Row 

Column 

Width 

Length 

Habitat 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Integer 

Integer 

Integer 

Integer 

Character Contained object. 

Habitat Name 

Precipitation: 

mean 

standard deviation 

Temperature: 

Mean 

Standard deviation 

Substrate 

Productivity 

Resources 

Resource-proportion 

distribution 

Characteristic Character 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Integer 

Real 

Integer 

Real 

Integer 

Real 

Integer 

Characteristic Real array 

Patch Name 

List of cells 

Characteristic 

Characteristic 

Character 

Character array Contained list of 

objects. 
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Class Name Role Type Comments 

Habitat 

Area 

Characteristic Character 

Characteristic Integer 

Energy supply Characteristic Real 

Resource-proportion 

energy supply Characteristic Real array 

Community Characteristic Character 

Contained object 

taken from its 

cells. 

Taken from its 

list of cells. 

Taken from its 

cells and habitat. 

Contained object. 

Species Name 

Body size 

Birth rate 

Death rate 

Metabolic rate 

Characteristic 

Characteristic 

Characteristic 

Coefficient a 

Coefficient b 

Niche position: 

Habitat utilization: 

Precipitation: 

Mean 

Standard 

deviation 

Temperature: 

Mean 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Characteristic 

Character 

Integer 

Real 

Characteristic Real 

Characteristic Real 

Real 

Real 

Integer 

Real 

Integer 

May depend on 

body size. 

May depend on 

body size. 

May depend on 

body size; 

Use coefficients 

a and b. 
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Class Name Role Type Comments 

Standard 

deviation Characteristic 

Resource utilization: 

Resources Characteristic 

Resource-

proportion use Characteristic 

Resource 

consumption: Function 

Coeff. a Characteristic 

Coeff. b Characteristic 

Coeff. c Characteristic 

Coeff. d Characteristic 

Dispersal coefficient Characteristic 

List of populations Characteristic 

Real 

Integer 

Real array 

Real 

Real 

Real 

Real 

Real 

May depend on 

resource 

consumption. 

May depend on 

resource 

consumption. 

May depend on 

body size. 

Coefficients a 

and b determine 

the peak 

resource. 

Coefficient c and 

d determine the 

resource 

proportion use. 

Character array Contained list of 

objects. 

Population Name 

Species name 

Patch name 

Characteristic Character 

Characteristic Character 

Characteristic Character 

Taken from its 

species' name and 

its patch's name. 

The species it 

belongs 

The patch it 
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Class Name Role Type Comments 

Intrinsic rate of 

increase Characteristic Real 

Initial population size Characteristic Real 

Final population size Characteristic Real 

Resources Characteristic Integer 

Resource-

proportion use Characteristic Real array 

Carrying capacity Characteristic Real 

occupies. 

Taken from its 

species' birth and 

death rates and its 

species-habitat 

match. 

Output. 

Taken from its 

species' resource 

proportion use 

and its patch's 

resource-

proportion 

energy supply. 

Taken from its 

species' resource 

proportion use 

and its patch's 

resource-

proportion 

energy supply. 

Taken from its 

species' birth 

and death rates, 

its patch's 

resource-

proportion 

energy supply 
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Class Name Role Type Comments 

Population growth 

Species-habitat 

match 

Community-level 

saturation effect 

Demographic 

stochasticity: 

Gamma 

Function 

Function 

Function 

Function 

Characteristic Real 

and its species-

habitat match. 

(See Table 2) 

(See Table 2) 

(See Table 2) 

(See Table 2) 

Community Name 

Patch name 

List of populations 

Number of non

zero populations 

Fisher's alpha for 

diversity 

Simpson's index for 

diversity 

Characteristics 

Characteristic 

Characteristic 

Character Taken from the 

patch's name 

Character The patch it 

occupies. 

Character array Contained list of 

objects. 

Characteristic Integer 

Characteristic Real 

Characteristic Real 

Output. 

Output. 

Output. 



79 

Table 3: Model's processes. 

Process Symbol Mechanics 

LOCAL: 

Population growth dNj/dt Growing populations on a continuos time. 

Equation: Nj bi {F(b)} - Nj di {F(d)} 

Community-level saturation effect f(s) Ratio between the energy consumed 

(metabolic rate) by all populations in a 

patch and the energy (energy supply) 

offered by that patch. 

K s (RPUkl Ni EMi) 
Equation: S S 

IC=I 1=1 Rpp^ 

Species-habitat match f(m) Match between the species niche space 

and the patch's habitat space given their 

precipitation and temperature attributes. 

XhT+2SDhT XhP+2SDhP 
Equation: J jDi(XiT, SDiT, XsP, SDsP, p) 

XhT-2 SDhT XhP-2 SDhP 

D2(SDhT> SDhP) 

Demographic stochasticity Inverse population-size dependent 

residuals from deterministic birth and 

death rates. 

e (0.5 zj) 
Equation: zj ± ( ) 

y N i  
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Process Symbol Mechanics 

GLOBAL: 

Dispersal f(ci) 

Eqution 

Catastrophic stochasticity 

The movement of individuals between 

patches according to an Ideal Free 

Distribution. 

dNj dNi 
Di [( ] - ( )] 

dt Nj dt Ni 

The population-size independent loss of 

individuals or populations due to random 

disturbances. 

Procedure: Random-number generating procedure 

that allows for changing the probability, 

the intensity and the range of the 

stochastic effects. 
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Figure legends 

Figure I: The physical classes of the model. The small squares in the landscape matrix are 

cells. Each cell is characterized by a single habitat, given by the number inside 

each cell. All adjacent cells sharing a similar habitat create a patch (patches in the 

figure surrounded by a thick line). 

Figure 2: Logistic growth using the samration-effect feedback function of 6 populations 

that have different body sizes and energy supplies. 

Figure 3: A one-dimensional representation of the species-habitat match. (Species-habitat 

match is calculated by dividing the population's niche space nested within the 

patch's habitat space by the patch's entire habitat space.) A species' niche space 

is shown by a normal curve while a habitat space is shown by a uniform curve. 

A. The species-habitat match of the population belonging to the shown species in 

a patch of habitat A is higher than that species' population in patch of habitat B, 

because, relatively, more area of the species' niche space is nested within habitat 

A. B. A population of species C, a more tolerant species, has a higher species-

habitat match with a patch of a habitat far away from the species mean value. 

Figure 4: Different aspects of the demographic stochasticity function. A. Higher 

population sizes have lower stochastic residuals from their deterministic rate. 

Additionally, the higher the population size, the more points are closer to the 

deterministic, long-tem expected rate. B. Different mns generating stochastic 

birth and death rates do not co-vary. The range of the stochastic birth and death 

rates' values is similar for populations of the same size. The higher the 
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deterministic rate (for example, here, birth rate is higher than death rate), the 

larger the range of the stochastic values (see text). 

Figure 5: The class-relationship diagram of the model. Notice that, consistent with the 

multi-scale design of the model, the global-scale processes are positioned 

between the landscape Eind the patch classes, while the local-scale processes are 

positioned at the population-community level. 
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FIGURE 1 

The physical classes of the model 
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FIGURE 5 
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Large-scale patterns and processes affecting species diversity have received a great 

deal of attention in recent years (see Ricklefs and Schluter 1993, Brown 1995, Rosenzweig 

1995). In particular, body-size related species-diversity patterns (e.g., Hutchinson 1959, 

Damuth 1987, Nee et al. 1991, Holling 1992, Blackburn et al. 1993, Siemann et al. 1996) 

have been studied repeatedly as a vs^ay to understand general rules of community ecology. 

For example. Brown and Maurer (1986, 1989) investigated the relationship between 

geographical range and body size. In this paper, I present, for the first time, a theoretical 

framework for a relationship between habitat specificity and body size. As I will discuss, 

this relationship has further consequences for other species diversity patterns. The large 

spatial scale and diverse species that this relationship involves tie it to two ecological areas: 

landscape ecology (Forman and Godron 1986, Turner 1989, Hansson et al. 1995, Pickett 

and Cadenasso 1995) and allometry (Peters 1983, Schmidt-Nielsen 1984, Calder 1996). 

Landscape ecology teaches us that on a large scale, the configuration of the physical 

environment heavily affects the arrangement and distribution of species. This is because a 

species is not one homogeneous population, but rather a collection of sub-populations, 

each behaving with its own dynamics in a local environment (see Hanski and Gilpin 1997). 

As a result, the ability of a particular species to respond to a large area, which is actually a 

mixmre of habitats, depends on how well this species performs in (or matches to) the set of 

existing habitats. From a species standpoint, local processes within each habitat (e.g., 

competition with other species' populations on habitat-specific shared resources) may result 

in different fitnesses in different habitats. Hence, when we deal with a large-scale pattern 

of species diversity, we must take into account the occurrence of different habitats in the 

landscape (Fahrig and Paloheimo 1988). This suggests that we should have an explicit 

consideration of how well different species do in each habitat in the heterogeneous structure 

of a landscape (i.e., the match between each species and each habitat). 



91 

Allometry is the relationship between body size and various biologically related 

variables, such as home range and metabolic rate (Peters 1983, Schmidt-Nielsen 1984, 

Calder 1996). Allometry has two powerful features that make it attractive for use in 

ecological studies. First, ecologists can deal with processes and functions performed by 

species of different body sizes in an unbiased fashion by taking into account the ways 

different species respond to a particular variable (West et al. 1997). Second, allometric 

relationships usually explain a very large proportion of the observed variance (in many 

cases even higher than 90%). Therefore, although allometric relationships are not cause-

and-effect, it suggests that, at least indirectly, body size is a major factor in ecological 

processes and patterns. 

We know allometric constants for many taxa, especially vertebrates. When we deal 

with a pattern such as the increase of geographical range with body size, allometric 

relationships should be essential for describing differences between species. In addition, 

allometry may help us focus on general rules rather than particular cases. 

In this paper, I include an explicit consideration of landscape heterogeneity and 

allometric relationships in a modified logistic equation to explore the relationship between 

body size and habitat specificity. First, I present the analytical solution of the equation; 

then calculate the carrying capacity of species with different body sizes and different 

species-habitat matches. This will show the relationships of body size to habitat specificity 

and to geographical range as predicted simply by allometric relationships. In addition to 

these relationships, the equations of this paper may offer new directions and open 

opportunities for ecologists to investigate different body-size patterns with a variety of 

more realistic parameter values. 

We start with the ordinary logistic equation of population growth: 



dt '  '  K: 
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( I )  

where, Nj is the size of population i, n is population i's intrinsic rate of increase (r = b - d, 

where b and d are birth and death rate, respectively), and Kj is population i's carrying 

capacity. To allow us to deal with a population's growth in a multi-species community, we 

can change the Ni and Ki of the feedback function (i.e., I - Ni / Kj) to N and K, 

representing total number of individuals and community carrying capacity, respectively. 

Because modeling a sink population (r < 0) in an overcrowded habitat ((1 - N / K) 

< 0) may artificially result in an increasing population (i.e., because two negatives are 

multiplied), we must separate r into its original components — birth and death rates. Birth 

and death rates may be body-size dependent (Peters 1983, Calder 1996). Foreutherian 

mammals, birth rate approximately correlates with body size to the power of -0.33 (i.e., b 

oc m-0.33^ where M is body size; Calder 1996), while death rate approximately correlates 

with body size to the power of -0.56 (i.e., d «= Calder 1996). These coefficient 

values are the best (to my knowledge) that are available. However even these values were 

obtained from different studies using different models. For example, the value for the birth 

rate is age independent while the value for the death rate is age dependent. I ran a 

regression test on age-dependent birth rate data available in Laird (1966). The regression's 

slope is -0.26 (n=l2, r=0.8, p=0.001), which suggests that the above coefficient (-0.33) is 

conservative. Hence, any general allometric relationship derived from the above 

coefficients should be at worst an underestimation of the pattern. (The above coefficient 

values for the birth and death are also characterized by confidence intervals. However, 

because birth and death rates are significantly correlated with body size, the qualitative 

results shown later should hold with or without including confidence intervals.) 
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Separating birth and death rates requires that the carrying-capacity feedback 

function be modified as well. For the birth component, i.e., b N (I - N / K), a constraint 

needs to be set such that births cannot have negative values. Hence, the carrying-capacity 

feedback function is set to zero whenever the total number of individuals exceeds carrying 

capacity. (Note that because of the subsequent change in the death component, an 

increased density would always result with a decrease in overall growth rate.) The death 

component should also be changed because death rate should increase, not decrease, with 

saturation (i.e., having more individuals). Assuming a linear change in death rate with 

saturation, the saturation term for the death component then becomes: 1 + N / K. 

To represent explicidy the effect of different habitats on the species, I include a term 

in the equation that indicates how well a species performs in a particular habitat (hereafter, 

species-habitat match, or fm)- The species-habitat match takes values between 0 and 1. 

The value 0 indicates no match at all (i.e., a population of that species in that habitat cannot 

persist), while 1 indicates a perfect match (i.e., a population of that species in that habitat 

can experience its maximal growth). 

The species-habitat match may be calculated empirically if the major factors limiting 

particular organisms in real-system habitats are known. However, in this paper, I will use 

an arbitrary set of species-habitat matches representing a wide range of values. This is 

possible because whether a species-habitat match is calculated in a sophisticated way, taken 

from an empirical measurement, or assumed, it enters into the population growth equation 

as a single value. (The equations mentioned in this paper together with others are used in a 

process-based, multi-species, object-oriented landscape simulation model called 

SHALOM©; Ziv (MSa). In this model, the species-habitat match is calculated by a 

function built on the overlap between a temperature-precipitation binormal niche space of a 

species and a temperature-precipitation bi-uniform habitat space of the habitat of which the 

species occupies. The number obtained represents how well individuals of a particular 

f 
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population are suited to a particular habitat, given the population's species and the patch's 

habitat.) Therefore, as long as it has a value between 0 and I and accurately represents the 

system under study, the way the species-habitat match is calculated does not affect the 

outcomes of the model. For the rest of this paper, I assume that the species mentioned here 

perceive habitat quality in a similar way, hence having shared preferences (Rosenzweig 

With these two changes - using birth and death rates and including a species-habitat 

match to affect birth - Eq. 1 becomes; 

Eq. 2 is better than Eq. I but still has two major disadvantages. First, it requires a 

value for the carrying capacity, K. Second, it does not allow for the introduction of 

interspecific effects, such as a joint effect obtained by having several species that have 

different body sizes. To overcome these weaknesses, I introduce an expression (hereafter, 

demand/supply function, or fs) that uses allometric relationships and relies on a common 

currency: energy. Although I do not explore the effects of interspecific competition and 

changing energy supply here, I introduce the extended form of the new expression which 

allows one to treat multiple species simultaneously to demonstrate the powerfiil potential of 

the use of allometry and energy. This is consistent with the purpose of this paper in 

highlighting the importance of allometric relationships and habitat-specific quality in 

studying large-scale patterns in heterogeneous environments. 

In general, instead of taking the ratio between population size and carrying capacity, 

the demand/supply function takes the ratio between the energy used by populations of 

different species and the energy available in the habitat. We can estimate energy per time 

1991). 

a 
(2) 
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unit used by an animal for maintenance and activity from its field metabolic rate (e.g., Kcal 

/ day). Metabolic rate is body-size dependent. The energy consumed by a particular 

species is its per-capita metabolic rate multiplied by its population size (see also Brown and 

Maurer 1986). The total energy consumed by all species (populations) in a community per 

unit time is the sum of all species' metabolic rates. The energy available in a habitat per 

unit time (hereafter, energy supply; e.g., Kcal / yr) is given by the habitat's productivity 

(e.g., Kcal / yr * m^) multiplied by the area of that habitat (Wright et al. 1993). The 

following demand/supply equation gives the ratio between the two energy rates: 

where k and R are a resource and number of resources, respectively, j and S are a species 

and number of species, respectively, RUkj is the proportion of population j's diet that is 

resource k, EmJ is the metabolic rate of species j given its body size M, Pk is the 

proportional productivity of resource k, and A is area. The use of multiple resources 

allows for the inclusion of resource partitioning as a mechanism of coexistence between 

species (e.g., MacArthur 1965, Schoener 1974). 

Substituting Eq. 3 for the N / K ratio in Eq. 2, the population growth equation 

becomes: 

(3) 

dN^ R  s  { R U N J  )  

(4) 
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We can solve Eq. 4 analytically for population size at equilibrium with no 

interspecific competitors, or at carrying capacity. The carrying capacity of a population i in 

a patch, Ki is: 

The denominator of Eq. 5 always has a positive value. This means that whether or 

not a particular population has a positive carrying capacity depends on the numerator. A 

population has a positive carrying capacity if and only if (bj / di) /m > 1- Putting it 

differently, di / bi must be greater than /m- In other words, for a population to have a 

positive carrying capacity, its death rate-to-birth rate ratio should be greater than its match 

to the habitat it occupies. Note that although negative carrying capacity is practically 

illogical, it can still theoretically represents how sink the population is. In other words, the 

more negative the carrying capacity, the higher the immigration birth needed to rescue the 

population from extinction. 

Interestingly, real values of body-size dependent birth and death rates show that 

death-rate-to-birth-rate ratio decreases with body size. Table 1 demonstrates this for 

eutherian mammals. Therefore, the threshold of the match between a species and a habitat 

below which a population cannot deterministically persist is lower for larger species. 

Hence, smaller mammals must match their habitats more precisely in order to survive in 

them (Figure 1). 

This result has an important implication regarding the distribution of species of 

different body sizes in habitats of different qualities: larger species should be able to persist 

(5) 
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(as a source population) in a higher diversity of habitat types. Smaller species should be 

habitat specialists, while larger species should be habitat generalists. To demonstrate this 

point, I calculated the carrying capacities of different body-sized species in a variety of 

habitats having different species-habitat matches. I used a fixed species-habitat match of a 

given habitat for all species, implying that species do not differ in the ecological needs that 

determine their match with the habitat. 

Figure 2 shows the carrying capacities of different species in different habitats. 

Larger species occupy a larger set of habitats (i.e., habitat specificity negatively scales with 

body size). Within each species, sub-populations have a higher carrying capacity in 

habitats with a higher species-habitat match. The distribution of carrying capacities of the 

different species in a particular habitat changes from a right-skewed unimodal curve to a 

monotonically increasing one. This change depends on the quality of the habitat, 

represented by the species-habitat match. In general. Figure 2 is consistent with what we 

see in nature: although smaller species are not present in all habitats, they are more 

abundant than large ones in those habitats that both occupy. Altogether, these results 

suggest that larger species should be more abundant than smaller species in lower-quality 

habitats, while smaller species should be more abundant in higher-quality habitats. This 

shows that species of different body sizes may have different optimal habitats according to 

the way body size affects different parameters, such as demographic and metabolic rates. 

The above result regarding body-size dependent habitat specificity can be easily 

expanded to the geographical scale. Consider a random, a center-to-edge decrease in 

habitat quality, or even a uniform distribution of habitats in a landscape. Larger species 

should have wider geographical ranges due to their ability to persist in a greater diversity of 

habitats. For the same reason, larger species should occupy more sites than smaller 

species. 

i 
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Patterns of geographical range of species have received a great deal of attention with 

respect to species abundance (Hanski 1982, Brown 1984, Maurer 1990, Lawton 1991, 

Hanski et al. 1993, Venier and Fahrig 1996, Hanski and Gyllenberg 1997). Two 

biologically related hypotheses explain the positive correlation between geographical range 

and species abundance: metapopulation dynamics (Hanski 1982) and resource tolerance 

(Brown 1984). The metapopulation-dynamics hypothesis states that populations of higher 

abundances are more likely to escape extinction on the one hand and to recolonize vacant 

patches on the other hand, which, in turn, would promote higher persistence in patches at 

the periphery where patchiness tends to occur. The present results do not support this 

hypothesis because neither stochastic extinction nor migration processes were included in 

the above calculations of the carrying capacities. Furthermore, the fact that larger species 

have lower population sizes (e.g., Lawton 1991) as well as wider geographical ranges 

(Brown and Maurer 1986) is inconsistent with the explanation that a large geographical 

range is caused by a high species abundance. Therefore, although species abundance is 

positively correlated with geographical range, they do not necessarily represent a cause-

and-effect relationship. 

The resource-tolerance hypothesis states that "those species that can tolerate 

conditions and acquire sufficient resources so as to attain high densities in some places, 

should also be able to occur (albeit often at lower densities) in many other sites over a 

relatively large area" (Brown 1984). In the present work, the implicit similarity of the 

different species' ecological needs does not support the resource-tolerance hypothesis. 

However, similar to the resource-tolerance hypothesis, the present finding suggests that 

higher species abundance may come from a third process related to the one determining the 

distribution of species in a landscape, such as the relationship between body size and 

habitat specificity. One possibility is that species abundance is positively correlated with 

the intensity of competition. In a center-to-edge arrangement, where the quality of habitats 

f 
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decreases further from the center, more species are expected to occur in the center due to 

the presence of more small species in high-quality habitats. However, at the edge fewer 

species can persist, which may allow for higher population sizes for these species. In this 

case, species abundance is obtained from the distribution of species and not vice versa. 

This conclusion supports Brown's (1984) conclusion that on a larger spatial scale, the 

suitability of environmental conditions plays an important role in determining the 

distributions of species and, in turn, their abundances (see also Venier and Fahrig 1996). 

The results of this paper do not imply that the relationship between body size and 

habitat specificity represents an evolutionary process or trend. The values for the allometric 

birth, death, and metabolic rates already take into account the evolutionary processes that 

shaped these values. Therefore, the results represent the ecological pattern we expect to see 

given the body-size relationships. Additionally, these results do not imply that larger 

species should occupy a higher diversity of habitats because of some intrinsic factors (e.g., 

physiology) that affect their particular birth and death rate values. It is equally possible that 

extrinsic pressures, such as a higher probability of survival of species with a higher birth 

rate-to-death rate ratio, shape the observed allometric relationships. Hence, processes such 

as stochastic extinction and migration may still play a role in shaping the observed values. 

For example. Brown and Maurer (1986) concluded that larger species should have larger 

geographic ranges to compensate for their low local densities. The purpose of this 

discussion is not to invoke any evolutionary scenario, but rather to emphasize that we 

should distinguish between the pattern observed and the cause for that pattern. 

I have shown that larger species should be able to tolerate a larger set of habitats, 

including habitats that cannot be used by smaller species. Furthermore, larger species 

should have a relative advantage in lower-quality habitats, while smaller species should 

have an advantage in the highest-quality habitats. Regardless of body size, as expected, 

species should be more abundant in the highest-quality habitats. A geographic implication 
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of the scaling of habitat specificity with body size is that larger species should have wider 

geographical ranges. With respect to the geographic range - abundance relationship, the 

results presented here do not support the metapopulation-dynamics hypothesis, because 

neither migration nor extinction were used in the current model. Although the current 

results also do not support the resource-tolerance hypothesis explicitly, they do agree with 

the idea that the geographic-range - abundance relationship should depend on the 

occurrence of a third factor or process to occur. 

The prediction that habitat specificity scales with body size relies on the assumption 

that all modeled species (apparently eutherian mammals) do not differ in the ecological 

needs that determine their match with the habitat (i.e., that all species perceive habitat 

quality in similar terms). In reality, different species may be affected by different factors in 

similar habitats. Hence, the scaling of habitat specificity with body size should be taken as 

a general predicted trend characterized by a high variability of the observed data. 

Additionally, we should expect different taxa within the general trend to be different from 

each other. For example, given major ecological differences between bats, small rodents 

and shrews, large differences would be expected between the habitat specificity of similar-

sized species belonging to different taxa (for example, the high mobility of bats relative to 

the other two groups may allow them to have more generalized habitat use, since they can 

move between habitats to exploit their specific resources). Similarly, we should expect to 

find high similarity in the scaling of habitat specificity with body size among closely-related 

species and species belonging to the same ecological guild. However, the many significant 

allometric relationships found for eutherian mammals suggest that the allometric 

relationship predicted here may hold too. In general and importantly, the between and 

within-taxa variability in the body-size dependent habitat specificity requires careful 

observational studies to test the sensitivity of the general pattern to differences between 

taxa. 
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The use of allometry as well as energy in the equations above opens opportunities 

to explore potential factors or processes affecting the distribution - abundance relationship. 

These equations may allow us to link different patterns of species diversity, as well as to 

explore different aspects of community structure in a more realistic way. Considering body 

size as an important direct or indirect factor of biological processes and the high correlation 

of body size with different aspects of biology, the above equations may provide an 

opportunity to explore general rules of community ecology. This is especially important 

when realizing that experimentation is impossible at large scales and that many predictions 

for observational studies are absent. Having general predictions of community structure at 

large scales may also provide some first-stage decision-making tools for conservation. 
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1: Body-size-dependent birth and death rates of eutherian mammals. Birth rate is 

calculated as: bi = Death rate is calculated as: di = Note that, as 

expected, birth-rate minus death-rate decreases with body size. However, the 

death-rate-to-birth-rate ratio also decreases with body size. 

Body size (g)  bj di bj - dj dj / bi 

10 0.468 0.275 0.193 0.588 

100 0.218 0.075 0.143 0.344 

200 0.174 0.051 0.123 0.293 

300 0.152 0.041 O . l l l  0.270 

400 0.138 0.034 0.104 0.246 

500 0.128 0.030 0.098 0.234 

600 0.121 0.027 0.094 0.223 

700 0.115 0.025 0.090 0.217 

800 0.110 0.023 0.087 0.209 

900 0.105 0.022 0.082 0.210 

1000 0.102 0.020 0.082 0.196 

2000 0.081 0.014 0.067 0.173 

10000 0.047 0.005 0.041 0.106 

20000 0.038 0.004 0.034 0.105 
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Figure legends 

Figure 1: The effect of the species-habitat match on the persistence of populations, a. The 

value of the numerator term (bf * fm / dj - 1) increases with body size. The 

different lines represent habitats with different species-habitat matches. The 

higher the match, the better a population does with respect to the value of the 

numerator term, which in turn should be reflected by a higher population size. 

Values of the numerator term that are higher than zero indicate that the 

population has a positive carrying capacity in a habitat with the particular 

species-habitat match. Each arrow in the graph indicates the minimal body size 

needed to have a ratio of death-rate-to-birth-rate higher than the particular 

species-habitat match, b. The minimal species-habitat match needed for a 

population to persist in a habitat decreases with body size. The larger the 

species, the lower the species-habitat match it needs to persist. 

Figure 2: The larger the species, the more habitats it can occupy. Smaller species can 

persist only in the better quality habitats (i.e., higher species-habitat matches) 

while larger species can also persist in the lower quality habitats. Carrying 

capacities were calculated using a fixed energy supply of 10000 Kcal/yr per 

habitat. Metabolic rate, Em. was calculated with the equation: Em = 

where M is body size (see text). 

f 
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FIGURE 2 
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APPENDIX C 

BODY-SIZE RELATED SPECIES-DIVERSITY PATTERNS: 

QUALITATIVE PREDICTIONS FROM AN ECOLOGICALLY REALISTIC 

PROCESS-BASED LANDSCAPE SIMULATION MODEL (SHALOM) 
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ABSTRACT 

Large-scale ecological patterns emerge from multiple biological processes that 

interact on several scales and are affected by the heterogeneity of the environment. I 

designed and implemented a process-based, multi-species, population-level, spatially-

explicit, object-oriented landscape simulation model that allows us to explore and analyze 

how high-level ecological complexity affects species diversity patterns (called SHALOM). 

The model relies on ecological realism by using ailometric relationships with realistic values 

taken from field data. The model also uses energy as a common currency to model and 

compare how species of different sizes use their environment. The model's components 

(classes of objects) include landscape, habitat, patch, cell, community, species and 

population. The model's processes include continuous-time population growth, saturation 

effect, species-habitat match, demographic stochasticity (local-scale processes), dispersal 

and catastrophic stochasticity (landscape-scale processes). I simulated a simple 4-patch 

landscape, each patch having its unique habitat. I simulated 26 species that differ only in 

body size, ranging between 5 to 1585 g. I used ailometric values of eutherian mammals for 

the simulated species. The results show that interspecific competition reduces species 

diversity in each habitat and in the entire landscape. Stochasticity depresses mean 

population sizes, by opening opportunities for species to avoid competitive exclusion. 

Stochasticity also allows different habitats to have different communities. These different 

communities are determined by which large species becomes locally extinct at random. 

With both demographic and catastrophic stochasticities, overall species diversity is higher 

than with interspecific competition alone. However, demographic and catastrophic 

stochasticities differ in their effects on species diversity. I use the effects by each 

stochasticity as their "signatures" on community structure. Dispersing individuals move 

between habitats and reestablish the local populations of their species. Thus, dispersal 

neutralizes the randomness of the assemblages produced by stochasticity. I discuss these 

S 
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results with respect to results of previous studies as well as with respect to the new insights 

these results introduce. I also simulated a 16-patch landscape, each patch having its unique 

habitat. In this simulation, not all habitats were suitable for all species. The results show 

that body size and species abundance have a log-normal relationship. Additionally, the 

results show that geographic range increases non-linearly with log body size. These 

patterns are highly consistent with those observed in natural systems. However, here they 

emerge as predictions of a theoretical simulation model. Due to the model's design and the 

processes used for the different runs, I show that these two patterns emerge as a result of 

the scaling of habitat use with body size. 



113 

INTRODUCTION 

Large-scale ecological patterns have received a great deal of attention in recent years 

(see Ricklefs and Schluter 1993, Brown 1995, Rosenzweig 1995). Many of these patterns 

deal with animal body size (e.g., Hutchinson and MacArthur 1959, May 1988, Holling 

1992, Blackburn et al. 1993). (For here on I will use body size to imply animal body 

mass.) For example, many studies investigate the relationship between body size and 

abundance (e.g.. Brown and Maurer 1989, Damuth 1991, Nee et al. 1991, Nee and 

Lawton 1996, Siemann et al. 1996). Other studies explore the relationship between 

geographic range and body size (e.g., Lawton and Brown 1986, Damuth 1987, Brown and 

Maurer 1987, 1989). The rationale behind focusing on body size lies on the fact that body 

size affects, both directly and indirectly, major biological parameters that result in 

statistically significant allometric relationships (see Peters 1983, Schmidt-Nielsen 1984, 

Calder 1996). In addition, allometric relationships have been suggested to emerge from 

basic principles of biology (West et al. 1997). 

The study of body-size patterns often suffers from three major weaknesses. First, 

patterns of body size are usually based on masses of data collected without a hypothetical 

framework. Second, although body size may affect different ecological patterns 

simultaneously, studies of body size focus on one pattern at a time in isolation of the 

others. Finally, in spite of the increased evidence for the contribution of landscape 

heterogeneity and the discontinuity of the environmental physical structure to observed 

ecological patterns, studies on body size patterns rarely incorporate an explicit 

consideration of habitat heterogeneity. 

In this paper I describe a different approach to the study of body-size related 

species-diversity patterns that overcomes the above weaknesses. I have designed a 

process-based, population-level, multi-species, spatially-explicit, object-oriented simulation 

model that uses basic allometric relationships in conjunction with fundamental ecological 

( 
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processes to model communities of different body-sized animals. I have used it to predict 

body-size related species-diversity patterns that emerge from considering complex 

ecological structures (i.e., multiple-process interactions in heterogeneous landscapes). 

Some of these patterns have already been studied in nature, and, hence, they can serve to 

evaluate how well the model performs. Other patterns are new. 

First, I will briefly describe the design of the simulation model (Species-Habitat 

Arrangement-Landscape-Oriented-Model; hereafter SHALOM; see Ziv MSa). 

Second, I will use a very simple simulation design to explore how interspecific 

competition, demographic and catastrophic stochasticities, and dispersal can affect species 

composition and diversity. To do so, I will first explore the predicted patterns from 

communities not affected by any of the above processes (i.e., in which competition is 

strictly intraspecific). Then, I will introduce interspecific competition. Thereafter, I will 

separately add demographic stochasticity and catastrophic stochasticity to interspecific 

competition to explore how each of these change the predicted patterns. The single-process 

effects will be used to identify specific "signatures" distinguishing between the two, I will 

use these signatures to point out the changes revealed when demographic stochasticity and 

catastrophic stochasticity are combined with interspecific competition. Finally, I will allow 

dispersal to connect all habitats (patches). 

Third, I will use a more complex (but still relatively simple) simulation design to 

see whether we can predict the known body size-species abundance and the body size-

geographic range patterns with the current model. Based on a previous finding (Ziv MSb), 

I will explain these patterns as a function of the way habitat specificity scales with body 

size. 
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MODEL DESIGN 

General: 

I used object-oriented programming (C++; Booch 1991, Blair et al. 1991; Martin 

1995) for my model, designing the different components of ecological structure (e.g., 

species, habitats) as classes of objects. Hence, the model benefits from the ability of 

object-oriented programming to model namral systems in a relatively realistic way (e.g., 

Folse et al. 1989, Ferreira 1995) through built-in definitions of classes and objects and use 

of containment and inheritance to connect different class objects. 

The model strives for ecological realism in several ways; 

• It is process-based. It explicitly defines the processes affecting species, populations and 

communities. In most cases it goes beyond the simple description of a process to 

characterize it by its mechanics. 

• It combines small pieces of empirical ecological knowledge. It avoids arbitrary functions 

and arbitrary value assignments. For example, the carrying capacity of a population 

emerges from equalizing the energy consumption rate of all populations' individuals with 

the energy flow rate supplied by the patch (see below). 

• Many of the processes' coefficients depend on body size through allometric equations. 

Parameters for these equations come from the empirical literamre (see Peters 1983, 

Schmidt-Nielsen 1984, Calder 1996). 

In the following sections, I provide briefly the details of the model's design. For a 

more detailed description see Ziv MSa. 

Classes and their characteristics: 

I defined seven classes that represent biological components (population, species, 

community) and physical components (cell, patch, habitat, landscape) that produce an 
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ecological structure. I adopted the current terminology of landscape ecology for the terms 

used here (e.g., Forman and Godron 1986, Turner 1989). 

• The class 'landscape' is the entire area under study. It is a grid of cells (i.e., a two-

dimensional array). It is also an abstract class that serves as the system controller (Martin 

1995). It controls the cell-object list, the habitat-object list, the patch-object list, and the 

species-object list. It ensures that the model's functions and their variables behave 

according to the system's defined needs. Two processes are directly controlled by the 

landscape: catastrophic stochasticity and dispersal. The size of the landscape is 

determined by its number of rows and columns and the area of each cell in the row-

column matrix. 

• The class 'cell' is a square in the landscape matrix that serves technically to produce 

patches. It may have many objects, or cells. Its position in the landscape is defined by 

its row and column numbers. Each cell has an area and contains a single habitat type. 

• The class 'habitat' is defined as a place relatively homogeneous for physical and 

biological characteristics. It may have many objects, or habitats. Its physical 

characteristics are temperature and precipitation. I assume that temperamre and 

precipitation play an important role in characterizing the physical environment from the 

point of view of the organisms (e.g., Scheiner and Rey-Benayas 1994). At large scales, 

the combination of temperature and precipitation distinguishes particular ecosystems and 

biomes (Holdridge 1947, 1967, Lieth and Whittaker 1975). Temperature and 

precipitation are characterized by their long-term annual mean and standard deviation, 

linked in a probabilistic manner (the higher the standard deviation, the less likely that the 

mean is met in a given year). I assume that the temperature and precipitation 

characteristics can be combined in a bi-uniform distribution to represent a habitat 

(hereafter, the habitat space). 
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The biological characteristics of a habitat are the list of resources it offers and the 

proportion of each of these resources out of the total productivity of the habitat. 

The adjacent cells sharing a habitat type form a patch. The model defines two cells 

of the same habitat that touch only at comers to be different patches. 

The class 'patch' is what organisms see and respond to. It may have many objects, or 

patches. Each patch contains a list of cells and a habitat. The patch takes on all its cells' 

information and its habitat's information. Some of this information produces patch-

specific characteristics: productivity, energy supply and resource-proportion energy 

supply (see below). Productivity correlates with temperature and precipitation (see 

Rosenzweig 1968, Lieth and Whittaker 1975). For simplicity, the model sets 

productivity as a linear function of the product temperature x precipitation (see for general 

discussion Leigh 1965, Lieth 1975, Wright et al. 1993). The area of the patch is the sum 

of the areas of its cells. Energy supply is the amount of energy per unit time for the entire 

area of the patch. Resource-proportion energy supply is the amount of energy per unit 

time offered by each resource represented in the patch. 

Local-scale processes, such as population growth and demographic stochasticity, 

take place within each patch's borders. The model assumes that individuals of a species 

in one patch interact among themselves independently of individuals in adjacent patches. 

(However, movement of individuals between patches [dispersal] does connect them.) 

The class 'species' is the set of individuals in the landscape that share biological and 

physical characteristics. It may have many objects, or species. Each species has body 

size (assumed to be average size of adult), habitat utilization, resource utilization, and a 

dispersal coefficient. Body size plays an important role in the model. Birth rate and 

death rate can be body-size dependent (e.g., for eutherian mammals, birth rate correlates 

with body size with the power coefficient -0.33, and death rate correlates with body size 

with the power coefficient -0.56; Calder 1996). Metabolic rate is also body-size 
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dependent, requiring two coefficients for its allometric power equation (i.e., Em — a Aft*, 

where Em is the metabolic rate of species with body size M, and a and b are coefficients; 

e.g., the field metabolic-rate coefficients, a and b, of mammals are 3.35 and 0.81, 

respectively; Nagy 1987). 

Habitat utilization and resource utilization resemble the physical and biological 

characteristics of a habitat. Thus the model compares what is offered by a patch with 

what is required by a species in it. (This comparison takes place in the class population 

and is called the species-habitat match.) Habitat utilization is defined by the temperature 

and precipitation requirements. In the model, these two characteristics determine the 

species' niche. As in class habitat, the temperature and precipitation requirements of a 

species are set by their mean and standard deviation. For simplicity, I assume that the 

mean represents the value at which a species can reproduce best. The standard deviation 

represents the species' tolerance to values that are different from the mean. I also assume 

a tradeoff between maximum performance and tolerance: the higher the standard 

deviation, the worse the species does at each point in its niche. This tradeoff allows for 

tolerance-intolerance community organization (see Colwell and Fuentes 1975, 

Rosenzweig 1991, Wilson and Yoshimura 1994). Temperature and precipitation are 

represented by a binormal distribution according to the 'central limit theorem' (see Durrett 

1991). Hence, a species' niche is characterized by a binormal space, shaped by the 

temperature and precipitation mean and standard deviation. (For practicality, I truncated 

each characteristic's range at two standard deviations on each side of the mean. This 

covers about 90% of the distribution.) 

The lists of resources and resource-proportion use set the resource utilization of a 

species. As in class habitat, resources are distributed discretely. The resource-

proportion use is the fraction of the use of each resource relative to the species total 
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resource use (e.g., if a species consumes resources 1, 2, and 3 in a ratio of 1:2; 1, then its 

resource-proportion use for these resources is 0.25, 0.5, and 0.25, respectively). 

Each species has a dispersal coefficient, which determines the intensity of dispersal 

when and if such is invoked. The dispersal coefficient is a species-specific 

dimensionless value that allows the model to speed up or to slow down the movement of 

populations relative to other populations or relative to the same populations in other 

simulation runs. 

A species also contains a list of its populations, which are the patch-specific groups 

of individuals in different patches belonging to a particular species. All breeding occurs 

within a patch's borders. Hence, a species is a metapopulation. 

The class 'population' may have many objects, or populations. Many of the population's 

characteristics are determined by the species to which it belongs. Some of these 

characteristics do not change during a simulation (body size, birth rate, death rate, 

metabolic rate, habitat utilization, and dispersal coefficient). Other characteristics do 

change according to the requirements and pressures a particular population faces in each 

patch. The population's intrinsic rate of increase is calculated by subtracting the species' 

death rate from its habitat-specific birth rate. The 'carrying capacity' of a population is its 

population size at equilibrium in the absence of stochasticity. The carrying capacity is 

calculated by solving the local population dynamics (see below) for the population size at 

which the derivative equals zero. 

Four processes affect a population ~ population growth, species-habitat match, 

community-level saturation effect, and demographic stochasticity (see below). 

The class 'community' is the set of non-zero populations in a patch. 
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Model's processes: 

I simulated ecological processes on two scales — local and landscape (global) — 

similar to the general separation made by Whittaker and Levin (1977). Local-scale 

processes occur within each patch, while the landscape-scale processes are those that occur 

across or between patches. This multi-scale hierarchy allows most processes to have a 

direct impact on population growth inside patches. Meanwhile, processes occurring 

between patches can affect population growth indirecdy and at different temporal scales. 

Landscape-scale processes may also have additional costs (e.g., moving costs) compared 

to local ones. 

Local-scale processes 

• Population growth: I used a differential equation for population growth, assuming 

overlapping generations. I separated the birth rate from the death rate in the equation to 

avoid an artifactual population increase in a declining population occurring in an 

oversaturated patch. This separation is realistic (Begon et al. 1986) because birth rate and 

death rate may be limited by different processes, such as a need for protein-rich resources 

for lactating females that are not required by the rest of the population. 

• Community-level samration effect: The community-level saturation effect is a feedback 

function that represents the density-dependent pressure a population experiences from all 

of a patch's populations including its own (i.e., both intra- and interspecific density 

dependence). Its mechanics build on the ratio between the energy supplied by a patch 

and the overall energy consumed by all populations in a patch. The energy consumed by 

all populations in the patch is the sum of each population's species-specific energy 

consumption. A population's species-specific energy consumption is calculated by 

multiplying the metabolic rate of the species to which the population belongs by the 

number of individuals of that population. Because a patch's energy supply and a species' 



metabolic rate share units (energy / time), the division of these two gives a dimensionless 

variable (e.g., Vogel 1994, Chamov 1996) that ranges between 0 (no individuals at all) 

and any positive value. At carrying capacity, populations use energy for maintenance 

equal to the energy supplied by the patch. 

The community-level saturation effect permits the use of multiple resources. A 

population may consume all of the patch's resources or only a subset of them, depending 

on the population's list of resources. Each resource's energy in a patch is determined by 

its proportion of the energy supply in that patch. An algorithm sets the relative use of 

each resource by those species that share it. The community-level samration effect 

equation treats each resource one at a time and then sums all resources. 

• Species-habitat match: The species-habitat match quantifies how well individuals of a 

particular population are suited to a particular patch, given the population's species and 

the patch's habitat. The function builds on the overlap between the temperature-

precipitation binormal curve of the species (see above) and the temperature-precipitation 

bi-uniform curve of the habitat (see above). A species-habitat match value of 1 represents 

a perfect match, while a value of 0 represents no match at all. 

I chose this form of species-habitat match because it provides two major outcomes 

that we should expect to see in nature. First, the more tolerant a species, the more likely 

it will match a habitat far away from the species population's temperature and 

precipitation mean values. Second, the lower the standard deviation of the habitat's 

precipitation and temperature characteristics, the higher the species-habitat match. This 

should be true because a habitat's standard deviations are negatively correlated with the 

probability of getting a particular value at a given time. Higher standard deviations 

represent a lower probability of any species finding a given value in a habitat. 

Ecologically, this should represent a measure of predictability: the lower the standard 

deviations of the habitat, the better it is for the populations occurring in that habitat. 
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Notice that the species-habitat match can be generated by procedures different than 

the theoretical one described above. For example, if one knows the factors determining 

the species match with a set of existing habitats, one can use this information to derive 

species-habitat match values for the system. 

• Demographic stochasticity: Demographic stochasticity means any change in population 

size caused by a chance event independent of a biologically-enhanced process. It has 

stronger effects when population sizes are low. For example, the chance of a two-female 

population leaving no females in the next generation due to the birth of males only is 

higher than in a 10-female population. 

I used a simple descriptive equation to model stochastic deviations from the 

deterministic, body-size dependent birth and death rates. If demographic stochasticity is 

invoked at every time step, a rate (either birth or death rate) is determined by adding a 

stochastic error to the deterministic rate. The stochastic error is a random number 

sampled from a Gaussian probability distribution with a mean of 0 and a symmetrical 

truncation of 2 standard deviations, with a value of one each. An adjustment is made 

such that the final rate of population change never falls below zero. This adjustment also 

allows smaller species with higher birth rates to escape extinction faster (e.g., Pimm and 

Gilpin 1989). Additional adjustment is made such that the deviations are negatively 

correlated with population size, i.e., are density dependent. 

Although this procedure for generating demographic stochasticity does not relate to 

any specific process (e.g., sex ratio or encounter rate), its behavior does follow 

expectation, since it affects demographic parameters randomly and it is density-dependent 

(e.g., Shaffer 1981, Diamond 1984, Shaffer and Samson 1985, Pimm et al. 1988, Lande 

1993). 
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Local-scale population growth equation: The differential equation by which a given 

population grows in a patch without the effects of dispersal and catastrophic stochasticity 

(i.e., global-scale processes) is: 

dN: 
=  N j b ,  {/(„); (1 - /(,„• } - N j d i  {1 + /(,),.} (I) 

where Nj is the size of population j, bi and di are the birth rate and death rate of species / 

to which population j belongs, f(m)/ f(s)/ are the species-habitat match effect and the 

saturation effect, respectively, and (1 - f(s)7)+ indicates that the latter term cannot take a 

value lower than 0 (see Wiegert 1979). 

The community-level saturation effect (f(s)y) enters the equation twice. First, I 

subtract the community-level saturation effect from 1 as in the carrying-capacity-

feedback-function of the logistic equation (i.e., 1 - NIK). I assume (as in the logistic 

equation) that birth decreases linearly with increase in community density, i.e., total 

number of individuals of all species. Oversaturation (i.e., 1 - f(s)y < 0) results in no 

birth. 

Second, I add I to the community-level saturation effect to model the effect of the 

community saturation on death. Here also, I assume that death increases linearly with 

increase in community density. 

I also assume that the match between the species and the habitat affects fecundity 

(i.e., birth rate) but not mortality (i.e., death rate). Mathematically, we should get similar 

qualitative results if a species-habitat match affects mortality at a lower value than it 

affects fecundity. Hence, the assumption can be broadly summarized by stating that 

species-habitat match has a higher effect on fecundity than mortality. 
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In general, because the community-level saturation includes all non-zero 

populations of a given patch, the above population-dynamics equation is similar to the 

Lotka-Volterra additive equation (Lotka 1925, Volterra 1926). Hence, it makes the 

assumptions and produces the outcomes known for the latter. One is that species 

coexistence cannot occur without differences between the populations' resources. 

Therefore, coexistence between populations in a given patch depends on resource 

partitioning. 

An advantage of the present local-scale population growth equation is that it does 

not assume any arbitrary value for carrying capacity. Instead, carrying capacity is the 

single-population size (i.e., with no competitors) given the population's metabolic 

requirement (maintenance) and the available resources in the patch. 

The local-scale population dynamics equation with its analytical solution and 

outcomes for body-size dependent habitat specificity are found in Ziv MSb. 

Global-scale processes 

• Dispersal (e.g.. Levin 1974, Andow et al. 1990, Doak et al. 1992, Johnson et al. 1992, 

Lavorel et al. 1995, Gustafson and Gardner 1996): In the current model, individuals of a 

particular population in a given patch are assumed to migrate to adjacent patches if they 

can gain a higher potential fimess there. The dispersal function builds on the optimization 

principles used for intraspecific density-dependent habitat selection suggested by Fretwell 

and Lucas (1969) and Fretwell (1972) (ideal free distribution). At each time step, the 

model calculates the per-capita growth rate of each population. Then, it compares it with 

all adjacent populations' per-capita growth rate of the same species, assuming that a 

population's individuals can instantly assess the adjacent population's per-capita growth 

rate. Individuals leave patches with relative low per-capita growth rate (i.e., low fitness 

potential) to patches with high per-capita growth rate (i.e., higher fitness potential). This 

I 
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results in equalizing the per-capita growth rates of populations of the same species across 

patches (Fretwell 1972). Dispersal is a population-level variable, thus represented by the 

movement of a fraction of the population. 

Dispersal occurs on a continuous-time scale. Hence, dispersal from a given patch 

to patches that are not adjacent to that patch can happen rapidly in appropriate conditions 

(e.g., between some patches of low potential fitness and a patch of very high potential 

fitness). However, because individuals need to cross the adjacent patches first, and 

because each population in the different patches experiences population change due to 

other processes too, there is an implicit distance effect. This effect can be controlled by 

changing the species dispersal coefficient such that the rate at which fractions of 

populations of a given species move agrees with the particular simulation design. 

• Catastrophic stochasticity (Levin and Paine 1974, den Boer 1981, Pickett and White 

1985, Turner et al. 1989, Gilpin 1990, Mclntyre and Lavorel, 1994): Catastrophic 

stochasticity, or disturbance-induced extinction, is a density-independent loss of 

individuals due to some event (e.g., extreme cold weather or a drought) that has a 

random probability of occurrence. For instance, if a catastrophic event causes a 20% loss 

of individuals in a particular habitat, all populations are reduced by this percentage 

regardless of their initial population size. Some environments may have a higher 

probability of being affected by catastrophes than others. Catastrophes may cause the 

disappearance of entire populations of a given community or only their partial 

disappearance. The same catastrophe may eliminate some species from a patch but only 

reduce others. A catastrophic event may be very local, such as within a single patch 

(e.g., a falling tree in a forest), or may cover an extensive area and include many different 

types of habitats (see Turner et al. 1989). 
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Catastrophic stochasticity in SHALOM relies on random-number generating 

procedures (Press et al. 1995). These allow one to change the probability, intensity and 

range of the density-independent loss of individuals and populations. 

• Global-scale population growth equation: The two global-scale processes affect 

population growth on two different time scales. As mentioned above, dispersal occurs 

on a continuous time scale similar to the continuous-time scale of the local population 

dynamics. Defining the local growth of population j in Eq. 1 as F(i)y, the overall 

population growth, including dispersal, becomes: 

where AP is the number of adjacent patches and Nj{-)/l{+) indicates that the per-capita 

migration is multiplied by the patch's population size or by the adjacent patch's 

population size depending on the sign of the per-capita movement. A positive per-capita 

movement means that individuals from the adjacent patch disperse into it. In contrast, a 

negative per-capita movement means that individuals should disperse into the adjacent 

one. 

Catastrophic stochasticity is simulated on a discrete time scale. Once a year (or 

every interval that amounts a year), the model invokes catastrophic stochasticity. 

dNj 

1=1 

AP 
(2) 

dt 
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SIMULATIONS 

The effects of competition, demographic and catastrophic stochasticities. and dispersal on 

community structure in a heterogeneous landscape: 

How do different processes known to affect communities at a local scale affect 

communities and species-diversity patterns at a spatially heterogeneous landscape scale? 

Many studies explore different processes affecting communities in heterogeneous 

landscapes. However, these studies treat a particular process separately from others (e.g., 

Kareiva 1982, Pacala 1982, Andow et al. 1990, Danielson 1991, Dunning et al. 1992, 

Holt 1992, Lindenmayer and Possingham 1996). How the interaction of multiple 

processes affects community structure is rarely explored, except in the context of 

metapopulation dynamics. The interaction of multiple processes represents a realistic 

situation of the way by which ecological communities are shaped. For example, 

competition may structure a particular community, but the presence of existing dominant 

species in it may depend on the absence of certain species due to other processes, such as 

demographic stochasticity or dispersal. In the following sections, I will describe a 

simulation design that allows me to model several species of different body size in a very 

simple heterogeneous landscape without losing track of the species diversity in each patch 

or in the entire landscape. As you will see later, this simulation, though simple, yields 

some complicated predictions. The predictions presented involve species composition 

(i.e., the particular species existing in each habitat or in the entire landscape) and species 

diversity (i.e., the number and the relative abundance of the existing species). 

Simulation design 

I simulated a landscape with 2x2 cells, each having its own unique habitat type 

(total of four habitats). I assigned an area of 100 m^ to each cell. (Note that in this 

simulation, patch and habitat are synonyms.) 



128 

All habitats shared the same mean annual precipitation and temperature: 250 mm 

and 25°C. Such values represent semi-arid environments, such as the ecotone between the 

Mediterranean and the desert regions in Israel (Ziv, unpublished data). Having the same 

mean precipitation and temperature, all patches have the same productivity. Hence, there is 

no possibility that productivity can indirectly affect the results. However, habitats did 

differ in their standard deviation of precipitation and temperature. Standard deviations for 

the precipitation in habitat 1, 2, 3, and 4 were 5, 10, 15, and 20, respectively. Standard 

deviations for the temperature in habitat I, 2, 3, and 4 were 0.05, 0.1, 0.15, and 0.2, 

respectively. Each habitat offered 28 different resources to allow for competitive 

coexistence between the modeled species (see below). For simplicity, ail resources had an 

equal resource-proportion distribution. 

I simulated a total of 26 species. Species differed in only one characteristic, body 

size. Body size ranged between 5 and 1585 g, corresponding to log values of body size 

ranging between 0.7 and 3.2. Mean and standard deviation values of annual precipitation 

and temperature requirements for all the species were similar; 250 mm ± 100 and 25°C ± 

10. The lower the standard deviation of a particular habitat, the higher the corresponding 

species-habitat match, and hence, the better it is for the species (see above). Additionally, 

the similar assignment of the species' mean precipitation and temperamre values implies 

that species have a shared-preferences habitat selection (Rosenzweig 1991), that is, all 

species enjoy higher fitness in similar habitats. I assigned a unique preferred resource to 

each species and gave it a resource-proportion use of 0.5. Each species could consume 

two other resources, one on each side of the preferred one; each of these had a resource-

proportion use of 0.25 (e.g., species I is able to consume resources 1, 2, and 3 with a 

resource-proportion use of 0.25:0.5:0.25, species 2 is able to consume resources 2, 3, and 

4 with a resource-proportion use of 0.25:0.5:0.25, and so on). From preliminary 

simulations I found that this resource allocation was enough to produce a competitive 
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relationship with resource partitioning on one hand, without assuming any complex 

resource-use function on the other hand. 

I used the allometric coefficients for the birth rate (b), death rate (d), and field 

metabolic rate (E) of eutherian mammals (i.e., b »= d E «: 

where M is body size; Calder 1996). 

The combination of 26 species and 4 patches created 104 populations. As 

mentioned above, each set of populations in a given patch, or community, is treated 

separately by the local-scale processes. The global-scale processes influence the extinction 

(catastrophic stochasticity) and the movement (dispersal) of populations across patches. 

I gave the system a 10% chance of suffering catastrophic stochasticity in a year. 

When catastrophic stochasticity occurs, it can affect up to 50% of the landscape with up to 

50% loss of population sizes in those patches affected. These values were chosen after 

experimenting with many simulation designs. These values are enough to affect population 

and species distribution (smaller values may not have any effect, and, hence, may not be 

realistic). Yet, the values are not high enough to drive all populations to extinction. 

Other than these first-level assignments of values for cells, habitats, and species, no 

other assignments were made for second-level procedures such as habitat-specific 

population abundance, etc. Therefore, any large-scale body-size dependent patterns that 

emerge, will result only from the basic mles described here. 

I ran 10 simulation runs for each simulation design that involved any kind of 

stochasticity. I let each simulation to run for 5000 yrs. In the results, I will show a typical 

pattern emerging from one of the runs. However, where a statistical value is reported, it 

takes into account all 10 simulation runs. 
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Results 

• Carrying capacities: 

All habitats were suitable for all species. That is, without any population-reducing 

processes (e.g., interspecific competition and demographic stochasticity), all populations 

in all habitats maintained a persistent population size. (I changeed this condition in the 

simulation design introduced later to explore how different-quality habitats, including 

those that were unsuitable for some species, affect species diversity patterns in 

heterogeneous landscapes.) Figure 1 shows the carrying capacities of the different 

populations in the different habitats as well as the species abundance in the entire 

landscape. Because all populations could persist in all habitats, and because no process 

other than intraspecific competition affected population growth, the same population-size 

pattern emerged in all the habitats as well as the species-diversity pattern in the entire 

landscape (i.e., the sum of all population sizes of each species). The only difference 

between habitats was that carrying capacities of populations of the same species were 

lower in habitats that had higher variability. Higher variability depressed carrying 

capacity because higher variability in the model correlated to lower species-habitat match. 

• The effect of interspecific competition: 

How does interspecific competition affect body-size distribution in heterogeneous 

landscapes? In the present simulation design, it was assumed that resource partitioning 

occurred such that the most preferred resource was different for each species. Because of 

the overlap in resource use, each resource was consumed by three species (except the 

smallest and largest species; see above). This shared consumption could lead to 

competitive exclusion. (Imagine species I, 2 and 3 consuming different preferred 

resources b, c, and d, respectively. However, 1 and 3 also consume some of resource b. 
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If species 1 and 3 maintain their abundances, say by being the only consumers of 

resources a and e, they can depress the abundance of species 2 to local extinction.) 

When resources were shared equally by species of different body sizes, the larger 

species outcompeted the other. This outcome resulted from the lower death rates of 

larger species. Regardless of the specific mechanism, this larger-species competitive 

advantage was consistent with competitive outcomes observed in many real systems 

(e.g., Kotler and Brown 1988). 

Due to the role of resource partitioning in the model as a deterministic process that 

did not change between habitats, the same species composition existed in all habitats as 

well as for the entire landscape (Figure 2). With interspecific competition, some 

populations were outcompeted, leaving a discontinuous distribution of body size. The 

absence of particular species depended on an "intra-trophic level cascading effect"; the 

largest species depressed the second largest species' population size due to the largest 

species having a competitive advantage (see above). Although the second largest species 

had the competitive advantage over the third largest species, the still-existing small effect 

of the third largest species on the second largest species was enough to depress the 

former further to local extinction. Because, in the present model, species shared 

resources only with the species closest in body size, the third largest species, which did 

not share resources with the largest one, was saved from the potentially dominating effect 

by the second largest species because the latter became extinct. The process repeated 

with the fourth, fifth and sixth largest species, and so on. Because all interactions 

between all species were taking place simultaneously, the overall effect on the different 

species sometimes resulted in an absence of a species of a particular body size in-between 

two coexisting species, each having close body sizes. The two species coexisted because 

the larger could consume its most preferred resource better, as well as having a 

competitive advantage, while the smaller benefited from the other resource that was no 
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longer used by the species smaller than it that went extinct. In the end, 12 species 

coexisted in the landscape. 

Adding demographic stochasticity to interspecific competition: 

Demographic stochasticity, or the sampling effects that may promote local 

extinctions of small populations, should exist no matter what other processes affect 

population growth (Shaffer 1981, Diamond 1984, Shaffer and Samson 1985, Pimm et 

al. 1988, Lande 1993). 

With demographic stochasticity, different patterns appeared in the different habitats 

(Figure 3). Populations of larger species were more likely to become extinct because 

they had smaller populations. However, the particular population that ended up extinct 

was determined randomly. Once these extinctions took place, the community 

composition in each patch was determined competitively by those large species' 

populations that have escaped extinction. Because demographic stochasticity reduced 

species diversity in each habitat, population size of the survivors, on average, was higher 

than with interspecific competition alone; the same resources were divided between fewer 

species. However, more species existed in the entire landscape because of the 

randomness of some extinctions in the different habitats. Hence, at the landscape scale, 

demographic stochasticity increased species diversity (see also Chesson and Case 1986). 

Overall, on average, 17.2 ± 1.87 species existed in the landscape. 

Adding catastrophic stochasticity to interspecific competition: 

Catastrophic stochasticities, or disturbances, have been shown to be common in 

natural systems (see Pickett and White 1985, Turner 1987). Furthermore, catastrophes 

might enhance coexistence between species of the same trophic level by reducing 
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population sizes below the community carrying capacity so that resources are no longer 

limiting (e.g.. Levin and Paine 1974, Chesson and Case 1986). 

Figure 4 shows typical species compositions in different habitats as well as in the 

entire landscape when catastrophic stochasticity was invoked together with interspecific 

competition. As with demographic stochasticity, catastrophic stochasticity decreased 

diversities in each habitat, but increased diversity for the entire landscape. 

The outcome of catastrophic stochasticity differed from that of demographic 

stochasticity in two major ways. First, in each habitat, with catastrophic stochasticity, 

the discontinuities of body sizes were smaller and some very similar-sized species 

coexisted. Second, all the largest species disappeared because of the catastrophic 

stochasticity. These differences are explainable. The local extinction of a particular large 

species due to demographic stochasticity promoted a higher chance for survival for other 

large species. (Populations were independent with respect to demographic stochasticity; 

hence, after one population became extinct, other populations enjoyed more available 

resources). But catastrophic stochasticity affected all species simultaneously. Therefore, 

a catastrophic event was likely to exterminate all larger species because they all had 

relatively small population sizes. Compared to the result for demographic stochasticity 

alone, on average, catastrophic stochasticity resulted in 3 fewer species (14.3 ± 1.5) in 

the landscape. 

• Combining catastrophic and demographic stochasticity: 

Several studies dealing with stochastic effects (e.g., Shaffer 1981, Pimm et al. 

1988, Lande 1993) have suggested that demographic and catastrophic stochasticities 

might work together in natural systems, driving species to extinction. Catastrophic 

stochasticity reduces population sizes to low values and demographic stochasticity further 

decreases them to the vanishing point. 
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The patterns emerging from combining the two stochasticities (Figure 5) did reflect 

their joint effect. First, owing to demographic stochasticity, the discontinuities of body 

sizes were large with no similar body-sized species coexisting. Second, the largest 

species still disappeared owing to catastrophic stochasticity. Knowing the specific 

outcome of either effect alone allowed me to pick up the "signature" of each one when 

both were invoked. 

At the landscape scale, the joint effect of the stochasticities reduced species diversity 

to a lower value than the one expected for each of them alone. Interestingly, with both 

demographic and catastrophic stochasticity, species diversity at the landscape scale was 

similar to the one with competition alone (11.4 ± 2.32). 

• The effect of dispersal with stochastic effects and interspecific competition: 

Dispersal of individuals in the landscape is probably the most studied process in 

landscape ecology (e.g.. Levin 1974, Johnson et al. 1982, Kareiva 1982, 1983, 

Shigesada and Roughgarden 1982, Wiens 1992, Lima and Zollner 1996). Dispersal has 

consistently been shown to have major effects on single-species distributions as well as 

on multi-species community structures. In the current simulation study, dispersal from 

habitat to habitat depended on the ideal free distribution (Fretwell 1972). 

Without dispersal, habitat-specific stochastic effects determined species 

compositions because individuals of different species could not recolonize a habitat. 

With dispersal (Figure 6), colonists could restore local populations of their species. 

When the species was competitively subordinate, a permanent recovery was unlikely. 

However, the recovery of a competitively dominant population had a significant effect on 

community composition. If dispersal was frequent enough, dominant species could 

establish their populations in all patches, and, on average, overcame the stochastic effects 

that tended to produce locally different patterns. 
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Knowing the outcomes (i.e., signatures) of the different processes (competition, 

catastrophic stochasticity, and demographic stochasticity) as well as the joint outcome of 

demographic and catastrophic stochasticity, we can now characterize the signature of the 

different processes, including dispersal, on the pattems shown in Figure 6. As before, 

demographic and catastrophic stochasticities were responsible for larger discontinuities of 

body sizes and for the disappearance of the largest species from the landscape (the local 

extinction of the largest species from all the patches deprived them of all colonists that 

could restore them). The opportunity created for the dominant species by dispersal to 

recolonize patches in case they became extinct by a local stochastic event resulted in all 

habitats having the same species. At the landscape scale, the presence of dispersal 

together with demographic and catastrophic stochasticities and interspecific competition, 

produced the lowest species diversity (5 ± 0.82). 

Two general pattems: body size vs. abundance and bodv size vs. geographic range: 

The relationship between body size and species abundance has received a great deal 

of attention recently (e.g.. Brown and Maurer 1989, Damuth 1991, Nee et al. 1991, Nee 

and Lawton 1996, Siemann et al. 1996). Body size and species abundance show a log-

normal relationship (Brown and Maurer 1989, Siemann et al. 1996); small and large 

species have lower abundance while intermediate-sized species have higher abundance. 

Are the results of my model consistent with this pattern? Additionally, if the results are 

consistent with it, does the model suggest an explanation for it? 

To exclude any influence from the different processes of the model (interspecific 

competition, demographic and catastrophic stochasticities, and dispersal), I explored the 

question with carrying capacities only. I relied on the basic principle if the pattern could be 

found with simple, basic rules, we may not need to seek more complicated explanations for 

it. 
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Using the simulation results, I also explored the relationship between species of 

different body size and their geographic ranges (e.g., Lawton and Brown 1986, Damuth 

1987, Brown and Maurer 1987, 1989). A few studies have attempted to deal with this 

relationship (see Lawton 1991). The most influential study is by Brown and Maurer 

(1986) who predicted, through energetic considerations, that larger species should have 

wider geographic ranges (but see Lawton and Brown 1986). 

Due to the very large scale at which the two patterns — body size vs. species 

abundance and body size vs. geographic range — are observed, I simulated more complex 

landscapes to allow incorporating a higher diversity of habitats with different habitat 

qualities. 

Simulation design 

I simulated a landscape with four by four cells, each having its own unique habitat 

(total of 16 habitats). I assigned an area of 10,000 m^ to each of the 16 patches. The 

patches were distributed randomly in the landscape. I ran each set of simulations 10 times 

with different random distribution of habitats. 

All habitats shared the same mean annual precipitation and temperature: 250 mm 

and 30°C, respectively. Habitats differed in their standard deviations of precipitation and 

temperature. Standard deviations for the precipitation ranged between 5 to 50 with an 

interval of 3. Standard deviations of temperature ranged between 0.5 and 5.0 with an 

interval of 0.3. To allow for potential coexistence between the 10 species modeled in the 

landscape, each habitat offered 12 different resources. For simplicity, all resources had an 

equal resource-proportion distribution. 

I simulated 10 species. Species differed in only one characteristic, body size. 

Body size ranged between 2 and 3981 g, corresponding to log values of body size ranging 

between 0.36 and 3.6. Habitat requirements for all the species were the same: 250 mm ± 
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25 (annual precipitation) and 30°C ± 2.6 (temperature). As in the previous simulation 

design, I assigned each species a unique preferred resource, having a resource-proportion 

use of 0.5. It also had the ability to consume two other resources, one on each side of the 

preferred one, and each with a resource-proportion use of 0.25. 

I used the allometric coefficients for the birth rate, death rate, and metabolic rate of 

eutherian mammals (see Calder 1996), as described above. 

The combination of 10 species and 16 patches created 160 populations. 

Results 

Figure 7 shows the carrying capacities of the different populations of the 10 species 

in eight different habitats (I included only eight habitats to present the patterns clearly). In a 

previous paper (Ziv MSb) I showed that, with equation 1 and with allometric relationships 

used for this paper, larger species should occupy more habitats. This relationship 

characterized Figure 7. The distribution of carrying capacities changed between habitats, 

from a right-skewed unimodal curve to a monotonically increasing one. In other words, no 

single particular pattern characterized all species' population distributions. 

The patch-specific population-abundance distribution could be used to calculate the 

average species abundance in the landscape by dividing the total species abundance by the 

number of habitats it occupied (Figure 8). Larger species had lower abundance because 

their populations were smaller everywhere. Smaller species had a lower abundance 

because they occupied only a fraction of the available habitats in the landscape. In turn, the 

log-normal relationship of body size and abundance resulted from the existence of different 

qualities of habitats in a heterogeneous landscape; it is simply an averaging pattern 

expressed at large scales. The pattern of Figure 8 agrees with the known pattern of the log-

normal body-size-abundance relationship. But here, this log-normal relationship is a 

prediction from a process-based model; it is not merely an observed phenomenon. 



138 

The conclusion that the log-normal relationship between body size and abundance 

resultsed from the existence of a mixture of different habitat qualities (some suitable and 

some unsuitable habitats for all species) in a heterogeneous landscape is also supported by 

the previous simulation. If ail populations in all patches could persist, the log-normal 

relationship would disappear (see the landscape graph in Figure 1). The decreasing line of 

the log-normal curve for the small species does not exist in Figure 1 because smaller 

species no longer used only a small fraction of the landscape but rather used the entire 

landscape, just as larger species did. 

Figure 9 shows the geographic ranges of the different species in the model. The 

larger the species, the wider its geographic range. I fitted a semi-logarithmic curve to the 

data, resulting in an explained variance of about 99%. This curve is consistent with the 

patterns observed by Brown and Maurer (1989). Additionally, as in Brown and Maurer, 

intermediate-sized species show higher variability in the size of the geographic range they 

occupy. 

DISCUSSION 

I have described a new approach to the study of complex ecological systems. It 

involves spatial heterogeneity and multiple-process interactions to predict body-size related 

species diversity patterns. Does the new approach contribute to our understanding of large-

scale ecological processes and patterns? The simulation designs, and hence the results of 

this smdy, allow me to point confidently at specific patterns (which I call signamres) that 

characterize specific processes. Once the signatures are known, we found them also in 

complex interactions (e.g., the combination of demographic and catastrophic stochasticities 

with interspecific competition). We can then compare the joint effects of multiple processes 
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with the single-process effects. The overall effects were not simply additive, but rather 

included effects that resulted from the interaction between different processes. 

By itself, interspecific competition reduces potential species diversity in each habitat 

and in the entire landscape. This is not a new result; a perfectly deterministic environment 

implies stability, and stability reduces variability and promotes similarity (see May 1974, 

May 1981). However, this result serves as a basis for comparison with the more complex 

interactions that also involve interspecific competition. 

Stochasticity depresses mean population sizes. Hence, it opens opportunity for 

species to avoid competitive exclusion. Also, stochasticity allows different habitats to 

support different communities. These different communities are determined by which large 

species becomes locally extinct at random. The local extinction of a large species shifts the 

maximum body size of the competitively organized community. With both demographic 

and catastrophic stochasticities, species diversity is higher than with interspecific 

competition alone. 

The effect of demographic stochasticity on species composition differs from that of 

catastrophic stochasticity. With demographic stochasticity, discontinuities of body sizes 

are larger and no species of very similar body size coexist. With catastrophic stochasticity, 

all the largest species disappear. Combined, each of the two stochasticities affects species 

composition in the different habitats and in the landscape. Hence, such communities have 

large discontinuities of body size and none of the largest species. 

Dispersing individuals move between habitats and reestablish the local populations 

of their species. Thus, dispersal neutralizes the randomness of the assemblages produced 

by stochasticity. As a result, each habitat tends towards the same set of species. However, 

even with dispersal, stochasticity eliminates the largest species and produces large 

discontinuities in the body size distribution. Loss of randomness in the assemblages means 

that, at the landscape scale, dispersal reduces species diversity. 
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The simulation results show that body size and species abundance will have a log-

normal relationship. Additionally, the results show that geographic range will increase 

non-linearily with log body size. These patterns are consistent with those observed in 

natural systems studied to date (e.g.. Brown and Maurer 1989, Siemann et al. 1996), 

allowing us to gain confidence in the model results. The simulation results also allow us to 

explain these patterns using the underlying processes of the model. Both patterns emerge 

from the existence of habitat heterogeneity with some habitats being more suitable and other 

being less suitable for certain species. Larger species occupy more habitats, and, within a 

particular habitat, larger species have lower abundances. In the body size-abundance log-

normal relationship, larger species have lower abundance because their populations have 

lower sizes everywhere. Smaller species have a lower abundance because they occupy 

only a fraction of the habitats in the landscape. These results suggest that neither dispersal 

nor any stochasticity represents necessary conditions to produce the body size-abundance 

pattern, because neither of them was invoked during the simulation runs. 

The novel predictions about species composition and species diversity demonstrate 

the usefulness of the current model. The ability to characterize specific signatures of 

different processes and then analyze the joint effect of multiple processes by tracking these 

signatures should help us to understand natural systems better. 

Common modeling approaches deal with a single or a two-species community and 

with one or two processes only. When other processes are studied, usually a different set 

of simulations is constructed without building on the processes studied earlier. Because the 

current model makes predictions from interactions between multiple processes, its 

predictions may contradict those of other models. For example, metapopulation dynamics 

(see Hanski and Gilpin 1997) tells us that stochastic events reduce species diversity by 

increasing the probability of extinction, and that dispersal saves some species from global 

extinction. Hence, we might conclude that stochasticity is bad and dispersal is good for 

( 
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species diversity. However, from the current model, when interacting species are affected 

by catastrophic and demographic stochasticity and can move from one habitat to another in 

a heterogeneous landscape, dispersal and stochasticity have different effects. Both types of 

stochasticity increase the overall species diversity by wiping out low-density large species, 

while dispersal decreases the overall species diversity by homogenizing the set of species 

that succeed in different habitats. 

Another example of the contribution of this model to understand multiple-process 

interaction involves conservation biology. Conservation biologists commonly argue for the 

existence of wildlife corridors (see Hudson 1991). However, the current model suggests 

that corridors, by encouraging dispersal between reserves, may interfere with conservation 

of a rare species. Dispersal may result in higher negative effect of demographic 

stochasticity. Small populations may become even smaller after dispersal, making them 

more vulnerable to random sampling effects that promote extinction. Theoretical works 

(see Kunin and Gaston 1997) suggest that we should distinguish between species that are 

naturally rare and species that are naturally common but become rare due to human impact. 

We may expect that through evolutionary time the former group has developed certain 

mechanisms to deal with rarity. However, the naturally common species that become rare 

due to human impact may drastically suffer if dispersal between reserves makes their local 

populations even smaller. 

The modeling approach I suggest here seems to promote better understanding of the 

effect of multiple processes interacting in a heterogeneous landscape on species diversity 

patterns. The results are consistent with observed patterns. They also produce reasonable 

predictions for the interaction of multiple processes in heterogeneous landscapes. 

However, these results are merely predictions. The model cannot replace any field study to 

test whether or not these predictions are realistic and what the natural conditions that are 

likely to affect them are. Given the high-level complexity existing in ecological structures. 
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the current approach would allow us to suggest testable predictions for future observational 

and experimental studies understanding the effect of multiple processes operating at 

heterogeneous landscapes on species diversity patterns. 
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FIGUEIE LEGENDS 

Figure 1: Carrying capacities of species as a function of their body size in the different 

patches (habitats) and in the entire landscape. 

Figure 2; Sizes of all populations in the different patches (habitats) and in the entire 

landscape with interspecific competition. Interspecific competition 

deterministically affects all populations the same way. Identical pattern emerge 

for each patch and for the entire landscape. 

Figure 3: Typical sizes of all populations in the different patches (habitats) and in the entire 

landscape with interspecific competition and demographic stochasticity. The 

community structure in each patch is determined by those large populations that 

escaped extinction. Once a random extinction of a large population takes place, 

the community is well structured according to competitive interactions. 

Demographic stochasticity increases species diversity at the landscape scale. 

Figure 4: Typical sizes of all populations in the different patches (habitats) and in the entire 

landscape with interspecific competition and catastrophic stochasticity. In each 

patch, the discontinuities of body sizes are smaller with some closely body sized 

populations coexisting than with demographic stochasticity. Catastrophic 

stochasticity causes the disappearance of the largest populations. Catastrophic 

stochasticity increases species diversity at the landscape scale. 

Figure 5: Typical sizes of all populations in the different patches (habitats) and in the entire 

landscape with interspecific competition and both demographic and catastrophic 

stochasticity. The patterns emerging from combining the two stochasticities 
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reflect the joint effect of these two. First, the discontinuities of body sizes are 

relatively large as obtained from the way demographic stochasticity affects 

community structure. Second, the largest populations disappear as obtained 

from the way catastrophic stochasticity affects community structure. 

Figure 6: Typical sizes of all populations in the different patches (habitats) and in the entire 

landscape with interspecific competition, both demographic and catastrophic 

stochasticity and dispersal. Dispersal allows dominant populations that became 

extinct from a particular patch due to a chance event (any stochasticity) to 

recolonize that patch and increase in numbers. As a result, the dominant species 

in the landscape reestablish their populations in all patches and, on average, 

overcome the stochastic effects that might locally produce different patterns. 

Figure 7: The larger the species the more habitats it can occupy (see also Ziv MSb). The 

distribution of carrying capacities changes between habitats, changing from a 

right-skewed unimodal curve to a monotonically increasing one, depending on 

the quality (species-habitat match) of the habitat. 

Figure 8: Average number of species individuals for the occupied patches only (closed 

circles) and average number of species individuals for all patches (open circles). 

The curves were calculated by dividing the total species abundance given for the 

sum of a species populations in the different patches (see Figure 7) by the 

number of patches it occupies or all patches in the landscape, respectively. The 

two curved highly consistent with the observed pattern in natural systems. 
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Figure 9: The larger the species, the wider its geographic range (represented by the 

percentage of its occupancy relative to the entire landscape). 
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FIGURE 7 
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FIGURE 8 
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FIGURE 9 
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User's Manual 

S H A L O M  

{Species - Habitat Arrangement - Landscape Oriented Model) 

An object-oriented, process-based, multi-species, landscape simulation model 

for exploring the effect of habitat arrangement and connectivity 

on community structure and species-diversity patterns 

For Power Macintosh 
For UNIX 

Yaron Ziv 

Department of Ecology and Evolutionary Biology 

Bio-Sciences West Bid. 

The University of Arizona 

Tucson, AZ 85721 

USA 

Copyright © Yaron Ziv, January 1996 

All rights reserved 
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I. Introduction 

The application (program) SHALOM has been written to allow for exploring 

population/metapopulation dynamics in a relatively complex heterogeneous landscape. 

More specifically, it allows one to create a landscape with a particular habitat arrangement, 

either an arbitrary one for a purely theoretical question or one obtained from a picture / map 

based habitat arrangement. The habitat arrangement values are manually entered into the 

computer following the application's specifications, and, therefore, requires some 

knowledge about the system under study before starting to work with the application. In 

case of a theoretical question, it is important to define the question carefully and to be aware 

of the assumptions behind the different procedures / algorithms / routines of the model. 

SHALOM builds on the idea that the higher-level complexity obtained from natural 

ecological community structure results from emerging properties that cannot be solely 

studied entirely by separating each process and/or species/community characteristic. 

However, due to the way SHALOM is built, with its ecological processes converted to 

computer routines, it is easy to change each process' coefficient values and functional 

relationship in order to trace back and analyze the reason for a revealed pattern (i.e., model 

result) or any residual from an original pattern. Hence, SHALOM main goal is to generate 

qualitative predictions as to how a particular habitat arrangement in a landscape affects 

aspects of community structure and species-diversity patterns. However, care must be 

taken with interpreting its quantitative results. 

The major principle of SHALOM is ecological realism. This has been approached 

from several different directions. First, it is a process-based model. It explicitly states and 

defines the processes affecting species, populations and communities. Additionally, an 

attempt has been made to go beyond a simple description by characterizing processes by 

their mechanics. For example, the most primarily preferred resource consumed by a 

species (hereafter, a peak resource) assumes a body mass - resource partitioning 

relationship and is determined by a set of functions that take into account the body mass of 

the species, the ability of the species to consume resources that are easy to be consumed, 

the tendency of the species to focus on resources that are more beneficial, and the 

physical/physiological constraints of consuming other resources. Second, the ecological 

basis of the model relies heavily the ecological information that has accumulated over past 

years. So, no one complex mathematical equation is used, rather the computer routines are 

an integration of many ecological mechanisms. All the process and the ecologically-

oriented routines used for the model are based on existing studies (see below). In cases 
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where the model's defaults and settings seem not to be in line with the system under study, 

or when more accurate information is known about the species or the landscape, options 

are given to input different data. Finally, many of the processes' coefficients are body-

mass dependent. The information about a specific value can be taken from the literature. 

For example, the metabolic-rate coefficient for mammals is known to be around 0.75 with 

about 10% increase for field metabolism. Hence, the final values for many processes 

depend on what is known from field data. In turn, the qualitative outcomes of the model 

are likely to be realistic. 

SHALOM applies a common terminology that is currently used in those fields dealing 

with large-scale community ecology, such as 'Landscape Ecology' and 'Metapopulation 

Dynamics'. The following is the terminology used in the model with a description of each 

class as well as with the description of the hierarchical data entry. A landscape is the entire 

area under study, composed by a row-by-column matrix of cells. A cell is a square in the 

landscape matrix that serves technically to produce patches from a coordinate-based map or 

a satellite picmre. Each cell is characterized by a single habitat, which is defined as a 

relatively homogeneous place characterized by some physical and biological attributes. Ail 

adjacent cells sharing the same habitat create a patch. Hence, a patch is the entire isolated 

area that is characterized by a habitat type. (Two segregations of cells characterized by the 

same habitat, but entirely isolated from each other, create two distinct patches regardless of 

the fact that they are characterized by the same habitat.) A species is the entire group of 

individuals that share the same biological and physical characteristics. A population is the 

group of individuals of a given species occurring in a particular patch. All non-zero 

populations in a patch create a communitv. 

In general, the data entry is done hierarchically. First, the information about the species 

is prompted for ('Species Identification Process'). This includes the information of the 

number of species to be modeled as well as information for each species. For each species, 

values of its characteristics are prompted for (e.g., body mass, temperature and 

precipitation needs, dispersal coefficient) as well as whether or not some processes should 

be invoked (e.g., resource-consumption, demographic stochasticity). Second, the 

information about the habitats is prompted for ('Habitat Identification Process'). This 

includes information of the number of habitats to be modeled as well as information for 

each habitat. For each habitat, values of its characteristics are prompted for (e.g., 

temperature and precipitation characteristics, substrate, resource spectrum). Third, the 

information about each cell, following the cell configuration, is prompted for ('Cell 
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Identification Process: Habitat Arrangement"). At this stage, the number of rows and 

columns of the landscape matrix are inputted as well as the size of each cell that is created 

by the matrix (i.e., no. of cells = no. of rows X no. of columns). A single habitat type 

needs to be associated with each cell. Given the known information about the species, 

habitat(s), and cell-habitat association, SHALOM now establishes the list of patches and 

their populations ('Patch Establishment') Each patch inherits the information of its cells 

and habitats, and each population inherits the information of the species it belongs to. At 

this point, the local-scale processes (those processes that operate for each population in 

each patch independent of the other patches, such as community-level saturation effect and 

species-habitat match) are implemented and ready to run during the population dynamics 

simulation. 

The final stage of the data entry includes the landscape-scale processes: catastrophic 

stochasticity (disturbance regime) and migration (dispersal). Disturbances can occur at 

different scales ranging from a single cell to the entire landscape. It is fully controlled and 

traceable. 

When all processes at all scales are implemented, the population-dynamics simulation 

can take place according to the initial size of each population and the entered number of 

generations. Information about each community is given immediately after the simulation 

is completed (e.g., Simpson's index and Fisher's alpha indices) and other information, 

both regarding the input and the output, can be given on request. Different stages of the 

data entry can be repeated. 

This manual is designed to give a little information of the different variables in the order 

by which the user encounters them. Some information is given regarding the type, 

interaction, and the possible (and the reasonable) range of expected values. To get the best 

information as to how to use the application as well as to understand the different 

functions/procedures/algorithms with their underlying assumptions, it is highly 

recommended to use this manual in conjunction with the detailed manuscript: "The effect of 

environmental heterogeneity on species diversity: A new process-based, object-oriented 

landscape simulation model (SHALOM)" (Ziv MS). 
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I I .  Deta i l s  About  'Running  the  Appl i ca t ion '  Sec t ion  ( I I I )  
1. Variable names and variables in equations are both given in single quotes, e.g., 'body 

mass'. 

2. All variables are given in the Table of Variables' (IV) with their type, lower and upper 

limits, recommended values (if available), and additional comments where needed. The 

variables are numbered in 'Running the Application' section (IH) which is in 

accordance with the order they are encountered by the user when running the 

application. 

3. All announcements, statements, questions, etc. that the application prints are written in 

Italics. 

4. Whenever an answer (yes or no) or a value is expected, the program prompts: "Enter 

either 'y' or 'n'!" or "Enter a value!", respectively. 

5. Whenever a few options are given (e.g.. Enter either 'y' or 'n'!), the different options 

are reviewed in a conditional manner. The terms If and Else if describe the 

alternatives given. Once the letter or the value referring to the If option is selected the 

application skips the corresponding Else if option and vice verse. In some cases If 

and Else if options are nested within other If and Else if options. 

6. The 'Running the Application' section does not describe the local loops that ensure that 

the correct variable type is entered or that the value is within the allowed range. 
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I I I .  Running  the  Appl i ca t ion  

1. The application starts with the following announcement: 

S N A L O  M  

(Species - Habitat Arrangement - Landscape Oriented Model) 

THE EFFECT OF HABTTAT ARRANGEMENT 

ON COMMUNITY STRUCTURE AND SPECIES COMPOSITION 

Yaron Ziv 

Dept. of Ecology and Evolutionary Biology 

University of Arizona 

Copyright (c) Yaron Ziv 1996 

All Rights Reserved 

4- Note: the application is registered with a copyright. No part of this application and / 

or manual may be reproduced or copied or otherwise without the written 

permission of the author. 

2. The first stage of the data entry is the 'Species Identification Process'. 

2.1. The application writes: 

SPECIES IDENTIFICATION PROCESS: 

2.2. This is followed by the question: 

How many species in this run? 

Enter a value! The 'number of species' is of type integer and is limited^ (see Table 

of Variables' (IV)). The application repeats the species identification process as 
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many times as 'number of species'. The name of each species is given 

automatically starting with the first species called: '1'. 

2.3. The application inquires information about each species individually. 

2.3.1. The application writes: 

The information for species x is: 

where x is the species in focus. 

2.3.2. This is followed by inquiring information about the 'body mass' of 

the species in focus: 

Body mass (gr.): 

Enter a value! The 'body mass' is of type integer and is limited^ (see 'Table of 

Variables' (IV)). 

2.3.3. The application needs to get or to calculate the birth rate, the death rate, and 

the metabolic rate of the species in focus. Birth rate is the average number of 

births per unit time. Death rate is the average number of deaths per unit time. 

Metabolic rate is the energy units used by an organism for maintenance per unit 

time. 

The application asks: 

Would you like to assign mammalian-like body-mass dependent 

coefficients for the birth and the death rates and for the metabolic 

rate equation of species x? (y / n): 

where x is the species in focus. 

Enter either 'y' or 'n'! 

If 'y' is entered, the application assigns values for the birth and the death rate as 

well as for the metabolic rate automatically, given the values of the 'mammalian 

birth rate coefficient'^, the 'mammalian death rate coefficient'^, and the 

'mammalian metabolic rate coefficient_a'5 and 'mammalian metabolic rate 

coefficient_b'^ known to the application. 
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The application calculates the 'birth rate' and the "death rate' with the equation: 
'birth rate' = coefficient')^ 

'death rate' = death rate coefficient')^ where M is the body mass of the 

species in focus. 

The application also calculates the 'metabolic rate' with the equation: 

'metabolic rate' = ('mammalian metabolic rate coefficient_a') * 

metabolic rate coefFicient_b'), where M is the body mass of the species in focus. 

The application returns the values of the 'birth rate' and the 'death rate' following 

by the value of the 'intrinsic rate of increase (r[max])' which is the subtraction of 

the 'death rate' from the 'birth rate'. 

The application returns the value of the 'metabolic rate'. 

Else if 'n' was entered earlier, the application asks: 

Birth rate (average number of births per unit of time): 

Enter a value! The 'birth rate' is of type real and is limited'^ (see 'Table of 

Variables' (IV)). 

The application asks: 

Death rate (average number of deaths per unit of time): 

Enter a value! The 'death rate' is of type real and is limited^ (see 'Table of 

Variables' (FV)). 

The application returns the value of the 'intrinsic rate of increase (r[max])' which 

is the subtraction of the death rate from the birth rate. 

The application asks: 

Metabolic rate coefficient a: 

Enter a value! The 'metabolic rate coefficient_a' is of type real and is limited^ 

(see 'Table of Variables' (FV)). 
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The application asks: 

Metabolic rate coefficient b: 

Enter a value! The 'metabolic rate coefficient_b' is of type real and is limited^® 

(see 'Table of Variables' (IV)). 

The application calculates the metabolic rate with the equation: 

'metabolic rate' = ('metabolic rate_a') * rate_b')^ where M is the body 

mass of the species in focus. 

The application returns the value of the 'metabolic rate'. 

2.3.4. The application inquires information about the species' precipitation and 

temperature requirements (mean and standard deviation (SD)). 

The application asks: 

Precipitation requirement {mm.) - mean: 

Enter a value! The 'species precipitation's mean' is of type integer and is 

limitedll (see 'Table of Variables' (FV)). 

The application asks: 

Precipitation requirement (mm.) - SD: 

Enter a value! The 'species precipitation's standard deviation' is of type real and 

is limitedl2 (see 'Table of Variables' (IV)). 

+ Note: The 'precipitation's standard deviation' affects the later species-habitat 

match calculation (see above) by causing a higher species-habitat match 

with higher standard deviations. In other words, all other things being 

equal, a species with a higher standard deviation will have a higher 

species-habitat match, which, in turn, will affect the chances of their 

populations to persist or of having a relatively high carrying capacity. 

This procedure is consistent with the idea of habitat tolerance: species 

with a higher standard deviation and a higher species-habitat match pay 

a lower price for moving away from its most preferred habitat type. 

I 
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The application asks: 

Temperature requirement (mm.) - mean: 

Enter a value! The 'species temperature's mean' is of type integer and is 

limited!^ (see 'Table of Variables' (IV)). 

The application asks: 

Temperature requirement (mm.) - SD: 

Enter a value! The 'species temperature's standard deviation' is of type real and 

is limitedl''^ (see 'Table of Variables' (IV)). 

+ Note: The 'temperature's standard deviation' affects the later species-habitat 

match calculation (see above) by causing a higher species-habitat match 

with higher standard deviations. In other words, all other things being 

equal, a species with a higher standard deviation will have a higher 

species-habitat match, which, in turn, will affect the chances of their 

populations to persist or of having a relatively high carrying capacity. 

This procedure is consistent with the idea of habitat tolerance: species 

with a higher standard deviation and a higher species-habitat match pay 

a lower price for moving away from its most preferred habitat type. 

The application writes: 

* Habitat tolerance (a reduction in a species' fitness due to lower 

standard deviations of its temperature and precipitation 

characteristics): 

IMPLICIT TO THE WAY 'SPECIES-HABITAT MATCH' IS CALCULATED 

LATER. 

.5. The application inquires information about the resources used by the species. 

The application asks: 

Resource type - coarse: 

Enter a value! The 'resource type - coarse' is of type integer and is limited^^ 

(see 'Table of Variables' (FV)). 
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The 'resource type - coarse' refers to the position of the species in a food web, 

which is a function that is not currently incorporated in the current program (a 

value of 1 is recommended). 

The application asks: 

Resource type - fine: 

* Would you like to assign a body-mass dependent resource 

consumption for species x (i.e. the most primarily preferred 

resource by the species given its body mass and the use of other 

resources away from the most primarily preferred one)? (y / n, 

or r for review): 

where x is the species in focus. 

Enter either 'r', 'y', or 'n'! The 'resource type - fine' refers to resources 

consumed by the guild of species simulated in a given run and can be viewed as 

similar resources of different sizes (e.g., seed size for granivores) or different 

resources that differ in a sequential change (e.g., different groups of insects for 

insectivores). For simplicity, it is assumed that resources change in a discrete 

fashion. 

If 'r' is entered, the application gives a review on the resource-consumption 

procedure. 

The application writes: 



173 

The resource-consumption procedure is composed by two 

functions: 

1. Peak-resource utility function: a power function determining 

the peak resource for a species given its body mass and two 

species-specific coefficients: OR = a * M^b + I 

Where, M is body mass, a and b are the species-specific 

coefficients and I is added to ensure that I is the smallest 

resource. 

2. Fundamental-resource utility function: a function determining 

the relative use of the other resources consumed by a species, 

given its body mass and a species-specific coefficient: 

RDi = e^-[c * i * log(M)J 

Where, M is body mass, c is the species-specific coefficient and i 

is the position of the resource away from the pick resource. The 

equation describes the left-hand side of the curve. 

The right-hand side of the curve is independent of body mass 

and the value of the coefficient (c) is multiplied by another 

coefficient (d). 

* Would you like to assign a body-mass dependent resource 

consumption for species x? (y / n): 

where x is the species in focus. 

Enter either 'y', or 'n'! 

If (Else if) • y' is entered, the application asks: 

* Would you like to use a fixed peak resource for the species [II,, 

or to get one from using the peak-resource utility function [2j?: 

Enter either '1' or '2'! 

I f l  '  i s  e n t e r e d ,  t h e  a p p l i c a t i o n  a s k s :  

# Peak resource for species x is: 

where, x is the species in focus. 

i 
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Enter a value! The 'peak resource' is of type integer and is limitedl^ 

(see "Table of Variables' (IV)). 

Else if '2 ' is entered, the application asks: 

# The peak-resource utility function's coefficients: 

* Coefficient a: 

Enter a value! The 'resource coefficient a' is of type real and is 

limitedl^ (see 'Table of Variables' (IV)). 

The application asks: 

* Coefficient b: 

Enter a value! The 'resource coefficient b' is of type real and is 

limitedl^ (see 'Table of Variables' (IV)). 

The application calculates the 'peak resource' from the coefficients and 

the species' body mass with the equation: 

'peak resource' = ('resource coefficient a') * M( coefficient b") ^ j 

where M is the body mass of the species in focus. 

The application returns the value of the calculated 'peak resource'. 

At this point, the application knows the value for the 'peak resource' and needs 

to calculate the relative use of the other resources consumed by the species. 

The application asks: 

# The fundamental-resource utility function's coefficients: 

* Coefficient c: 

Enter a value! The 'resource coefficient c' is of type real and is limitedl^ (see 

'Table of Variables' (IV)). 

The application asks: 

* Coefficient d: 

Enter a value! The 'resource coefficient d' is of type real and is limited^® (see 

'Table of Variables' (FV)). 
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The application calculates the 'consumption value' for each resource away from 

the 'peak resource' with the equation: 
'resource consumption'! = coefficient c' * i * Iog{M)]^ where M is body 

mass of the species in focus and i is the position of the resource away from the 

'peak resource'. This equation describes the left-hand side of the curve. The 

right-hand side of the curve is independent of body mass and the value of the 

'resource coefficient c' is multiplied by the 'resource coefficient d'. 

The application rescales the original values of resource consumption such that all 

sum to I. 

The application returns the resource-consumption values for the resources 

consumed by the species, both the rescaled (first) and the original (second; in 

parentheses) ones. 

For example: for 'body mass' = 20 g, 'resource coefficient a' = .5, 'resource 

coefficient b' = .5, 'resource coefficient c' = .5, and 'resource coefficient d' = 3. 

the 'peak resource' is: 3, and the application returns: 

Here is the adjusted distribution given the body mass (20) of 

species x: 

Resource type I — > 0.134968 (0.272251) 

Resource type 2 — > 0.258669 (0.521777) 

Resource type 3 - — > 0.495747 ( I )  

Resource type 4 — > 0.110616 (0.22313) 

where x is the species in focus. 

Else if 'n' is entered, the application asks: 

* How many different resources is the species able to consume 

(the highest resource that appears in its diet including the 

smaller ones) that are not actually consumed by the species? 

Enter a value! The 'species number of resources' is of type integer and is 

limited^l (see 'Table of Variables' (IV)). 
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4- Remember: the 'species number of resources' should include also those 

resources that are not consumed if they are smaller than the 

consumed resources. 

For example, if a species consumes resource 2, 3, and 4 but not 

resource 1, you should enter '4' as the 'species number of 

resources'. 

The application writes: 

* Enter a value of I or 0 for each resource type that is consumed 

or not consumed by species x, respectively. The program will 

automatically standardize the values for modeling purposes. 

where x is the species in focus. 

The application continues: 

A default option will give you the following resource 

distribution: 

Resource type 1 —> I 

Resource type 2 —> I 

Resource type 3 —> I 

- > I 

Resource type n —> I 

where n is the 'species number of resources' entered earlier. 

This is followed by the question: 

* Would you like to use your own proportion distribution? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application asks to input a value of either 0 or I to 

each of the resources as its 'resource consumption': 

Resource type m — > 

where m is a resource type. 
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Enter either '0' or T! 'Resource consumption' is of type integer and 

takes either 0 or 1^2 (see 'Table of Variables' (IV)). This procedure 

repeats as many times as 'species number of resources'. 

Else if 'n' is entered, the application assigns the default value for each 

'resource consumption'. 

The application rescales the original values of resource consumption such that all 

sum to 1. 

The application returns the resource-consumption values for the resources 

consumed by the species, both the rescaled (first) and the original (second; in 

parentheses) ones. 

For example, for 'body mass' = 20 g, and resources 2 and 4 consumed, the 

application returns: 

Here is the adjusted distribution given the body mass (20) of species 

x: 

Resource type I — >  0 ( 0 )  

Resource type 2 — >  0.5 ( 1 )  

Resource type 3 —  >  0 ( 0 )  

Resource type 4 — >  0.5 ( / )  

where x is the species in focus. 

.3.6. The application inquires information about the dispersal coefficient of the 

species. 

The 'dispersal coefficient' determines the rate by which individuals move from 

one patch to another. 

The application asks; 

Dispersal coefficient: 

Enter a value! The 'dispersal coefficient' is of type real and is limited^^ (see 

'Table of Variables' (IV)). 
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+ Note: The higher the value of 'dispersal coefficient' the faster individuals 

move from one patch to another. 

2.3.7. The application inquires information about the threshold density of the species. 

The threshold density of a species is the density such that below it the species' 

population no longer exists. 

The application writes: 

Threshold density: 0.1 (By default). 

This is followed by the warning: 

Warning: threshold density by no means represents Minimum Viable Population! 

4:*4:4:* ***4;******************** *********************** ********** 

+ Note: Minimum Viable Population (MVP) comes to identify a population size 

(or density) below which the population is doomed to become extinct, 

both due to deterministic and stochastic effects. MVP represents a 

probabilistic function and, as far as ecologists agree upon, is 

environment area body-mass clade and practically everything -

dependent. MVP should be, if at all, obtained from the simulation runs 

as an output. 

2.3.8. The application inquires information about demographic stochasticity. 

Demographic stochasticity is the higher chance of a smaller population to become 

extinct. It is the inversely density-dependent residuals from independently 

deterministic birth and death rates. For example, if an annual species with a 

population of 2 males and 2 females, the females give birth to 2 males, the 

population is doomed to become extinct due to the absence of females in the next 

generation! 

The application asks: 

Would you like to enforce demographic stochasticity on the species' 
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birth and death rates? (y / n, or r for review): 

Enter either 'r', 'y', or 'n'! 

If r' is entered, the application gives a review on the demographic stochasticity 

function. The application writes; 

The demographic stochasticity function is: 

Rate_e = Birth_d + (e * (Rate_d / 2) / (gama * N)) 

where: 

'Rate_e' is the newly obtained birth or death rate. 

'Rate_d' is either the deterministic birth or the deterministic death 

rate. It is separately done for both of them. There is no auto

correlation between the two. 

'e' is a random number generated from a Gaussian distributed random 

number sequence. 

The term: 'e * (Rate_d / 2}' comes to rescale the range of possible 

values that the rate can get. 

After reseating it ranges between 0 and 2 * Rate_d 

Gamma is a coefficient that allows for changing the magnitude by 

which death rate and birth rate range, i.e., it allows for modeling 

different intensities of demographic stochasticity. 

Would you like to enforce demographic stochasticity? (y / n): 

Enter either 'y' or 'n'! 

If (Else if) 'y' is entered, the application writes: 

Gamma = 

Enter a value! 'Gamma' is of type real and is limited^ (see 'Table of Variables' 

(IV)). 

+ Note: The higher the value of 'Gamma' the lower the effect of demographic 

stochasticity. 
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Else if 'n' is entered, the application does not enforce demographic stochasticity 

for the populations of that species at any time. 

2.3.9. The application calculates the three-dimensional niche position of the 

species given its precipitation and temperature requirements' values. 

2.4. The application allows for reviewing the species' identification. The application 

asks: 

Would you like to see the species' identification? (y / n): 

Enter 'y' or 'n'! 

If 'y' is entered, the application returns the information of all species, one species 

after the other. 

For example: the information of a given species might appear as: 

Species' name: 3 

Body mass: 25 

Birth rate: 0.15 

Death rate: 0.08 

Intrinsic rate of increase (r[maxj): 0.07 

Metabolic rate: 11.18 

Precipitation: 250 +/- 10 

Temperature: 32 +/- 1.5 

Resource type - coarse: 1 

Resource type - fine: 

Resource type 1 —> 0.134968 (0.272251) 

Resource type 2 —> 0.258669 (0.521777) 

Resource type 3 —> 0.495747 (1) 

Resource type 4 —> 0.110616 (0.22313) 

Dispersal coefficient: 2 

Threshold density: 0.1 

Demographic stochasticity: NO 

Else if 'n' is entered, the application does not return any information. 
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2.5. The application allows for changing the species' identification. The application 

asks: 

Would you like to change one of the species' attribute's value? (y / n): 

Enter either 'y' or 'n'! 

If y is entered. The application asks: 

Which species? 

Enter the name of the species that needs change. The application repeats steps 

2.3.1. through 2.3.9. 

The application asks: 

Would you like to change another species' attribute's value? (y / n): 

Enter either 'y' or 'n'. 

If y' is entered, the application repeats the above steps of 2.5., with the 

option of changing another species' attributes. 

Else if 'n' is entered, the application quits the 'Species Identification 

Process'. 

Else if 'n' is entered, the application quits the 'Species Identification Process'. 

3. The second stage of the data entry is the 'Habitat Identification Process'. 

3.1. The application writes: 

HABITAT IDENTIFICATION PROCESS: 

3.2. This is followed by the question: 

How many habitats in this run? 
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Enter a value! The 'number of habitats' is of type integer and is limited^^ (see 

Table of Variables' (TV)). The application repeats the habitat identification process 

as many times as 'number of habitats'. The name of each habitat is given 

automatically starting with the first habitat called: '1'. 

3.3. The application inquires information about each habitat individually. 

3.3.1. The application returns: 

The information for habitat x is: 

where x is the habitat in focus. 

3.3.2. The application inquires information about the habitat's precipitation 

and temperature characteristics (mean and standard deviation (SD)). 

The application zisks: 

Precipitation (mm.) - mean: 

Enter a value! The 'habitat precipitation's mean' is of type integer and is 

limited^^ (see 'Table of Variables' (IV)). 

The application asks: 

Precipitation (mm.) - SD: 

Enter a value! The 'habitat precipitation's standard deviation' is of type real and 

is limited^'^ (see 'Table of Variables' (IV)). 

+ Note; The 'precipitation's standard deviation' affects the later species-habitat 

match calculation (see above) by causing a higher species-habitat match 

with lower standard deviations. In other words, all other things being 

equal, a habitat with a lower standard deviation will cause to a higher 

species-habitat match, which, in turn, will affect the chances of 

populations inhibiting that habitat to persist or of having a relatively 

high carrying capacity. This procedure is consistent with the idea of 

habitat tolerance: a habitat with a higher standard deviation and a lower 

species-habitat match forces populations to pay more for moving away 

from their most preferred habitat type. 

f 
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The application asks: 

Temperature (mm.) - mean: 

Enter a value! The 'habitat temperature's mean' is of type integer and is 

limited^S (see 'Table of Variables' (IV)). 

The application asks: 

Temperature (mm.) - SD: 

Enter a value! The 'habitat temperature's standard deviation" is of type real and 

is limited^^ (see 'Table of Variables' (FV)). 

+ Note: The 'precipitation's standard deviation' affects the later species-habitat 

match calculation (see above) by causing a higher species-habitat match 

with lower standard deviations. In other words, all other things being 

equal, a habitat with a lower standard deviation will cause to a higher 

species-habitat match, which, in turn, will affect the chances of 

populations inhibiting that habitat to persist or of having a relatively 

high carrying capacity. This procedure is consistent with the idea of 

habitat tolerance: a habitat with a higher standard deviation and a lower 

species-habitat match forces populations to pay more for moving away 

from their most preferred habitat type. 

3.3.3. The application inquires information about the habitat's substrate. 

The application asks: 

Substrate: 

Enter a value! The 'habitat's substrate' is of type integer and is limited^® (see 

"Table of Variables' (IV)). 

3.3.4. The application inquires information about the habitat's resource distribution. 

The application asks: 

Resource proportion distribution: 
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* How many different resources does the habitat offer (the highest 

resource existing in the habitat including smaller ones that do 

not actually offer any item}? 

Enter a value! The 'habitat's number of resources' is of type integer and is 

limited^l (see 'Table of Variables' (FV)). 

The application asks: 

* Enter the proportion each resource type contributes to the entire 

productivity in habitat x. Use values from 0 to I. ff the sum of 

your entries is higher or lower than I, the program will 

standardize it automatically. 

where x is the species in focus. 

The application continues: 

A default option will give you the following proportion 

distribution: 

Resource type 1 —> I 

Resource type 2 —> / 

Resource type 3 —> I 

- - > 1 
Resource type n —> I 

where n is the 'habitat's number of resources' entered earlier. 

This is followed by the question: 

* Would you like to use your own proportion distribution? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application asks to input a value for each of the resources: 

Resource type m — > 

where m is a resource type. 

Enter a value! The 'resource production' is of type integer and it is limited^^ 

(see 'Table of Variables' (IV)). This procedure repeats as many times as 

'habitat's number of resources'. 
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Else if n' is entered, the application assigns the default value for each resource 

production. 

The application rescales the original values of resource production such that all 

sum to I. 

The application returns the resource-production values for the resources, both the 

rescaled (first) and the original (second; in parentheses) ones. 

For example, for resources 2 and 4 offered, the application returns: 

Sorry, but your numbers don't sum to I. 

Here is the adjusted proportion distribution: 

Resource type I —> 0 (0) 

Resource type 2 —> 0.5 (I) 

Resource type 3 —> 0 (0) 

Resource type 4 —> 0.5 (I) 

It now sums to I. 

3.4. The application allows for reviewing the habitats' identification. The application 

asks: 

Would you like to see the habitats' identification? (y / n): 

Enter 'y' or 'n'! 

If 'y' is entered, the application returns the information of all habitats, one habitat 

after the other. 

For example: the information of a given habitat might appear as: 

Habitat's name: 3 

Precipitation: 250 +/- 10 

Temperature: 32 +/- 1.5 

Substrate: I 

Resource proportion distribution: 

Resource type I — > 0.134968 (0.27225!) 

Resource type 2 —> 0.258669 (0.521777) 
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Resource type 3 —> 0.495747 (1) 

Resource type 4 —> 0.II0616 (0.22313) 

Else if 'n' is entered, the application does not return any information. 

3.5. The application allows for changing the habitats' identification. The application 

asks: 

Would you like to change one of the habitat attribute's value? (y / n): 

Enter either 'y' or 'n'! 

Ify' is entered. The application asks: 

Which habitat? 

Enter the name of the species that needs change. The application repeats steps 

3.3.1. through 3.3.4. 

The application asks: 

Would you like to change another habitat attribute's value? (y / n): 

Enter either 'y' or 'n'. 

If'y' is entered, the application repeats the above steps of 3.5., with the 

option of changing another habitat's attributes. 

Else if 'n' is entered, the application quits the 'Habitat Identification 

Process'. 

Else if 'n' is entered, the application quits the "Habitat Identification Process'. 

4. The third stage of the data entry is the 'Cell Identification Process: Habitat 

Arrangement'. 

I 
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4.1. The application writes: 

CELL IDENTIFICATION PROCESS: 

HABITAT ARRANGEMENT 

4.2. This is followed by the question: 

How many rows in the matrix? 

Enter a value! The 'number of rows' is of type integer and is limited^^ (see 'Table 

of Variables' (IV)). 

The application asks: 

How many columns in the matrix? 

Enter a value! The 'number of columns' is of type integer and is limited^*^ (see 

'Table of Variables' (FV)). 

The application asks: 

Would you like to fix cell size? 

Enter either 'y', or 'n'! 

If'y' is entered, the application asks to input a value for the fixed size: 

What size would you like each cell to be? 

Enter a value! The 'cell's fixed size' is of type integer and is limited^^ (see 'Table 

of Variables' (IV)). 

Else if 'n' is entered, the application does not ask for any value and asks the size 

of each cell every time it inquires information about each individual cell (see 

below). 

4.3. The application inquires information about each cell individually. 

4.3.1. The application returns: 

Cell [ij[jj: 

where i and j are the row and the column of the cell in focus, respectively. 
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This is followed by the question: 

Cell's habitat type: 

Enter the name of the habitat to be associated with this cell! You cannot enter a 

habitat that has not been previously defined for the system. 

If y' was entered when the application asked about fixing the cell's size (4.2.), 

then the fixed size is now associated automatically with this cell. 

Else if 'n' was entered when the application asked about fixing the cell's size 

(4.2.), then each cell can have different size. The application asks: 

Cell's width: 

Enter a value! The "cell's width' is of type integer and is limited^^ (see 'Table 

of Variables' (P/)). 

The application asks: 

Cell's length: 

Enter a value! The 'cell's length' is of type integer and is limited^'^ (see 'Table 

of Variables' (IV)). 

The application calculates the 'cell's size' by multiplying the 'cell's width' by the 

'cell's length'. 

4.4. The application allows for reviewing the cells' identification. The application asks: 

Would you like to see the cells' identification? {y / n): 

Enter 'y' or 'n'! 

If 'y' is entered, the application returns the information of all cells, one habitat after 

the other. 

For example: the information of a given cell might appear as: 

Cell flJ[2J 

Cell's size: 12 

The cell's habitat type and characteristics are: 
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Habitat's name: 3 

Precipitation: 250 +/- 10 

Temperature: 32 +/- 1.5 

Substrate: I 

Resource proportion distribution: 

Resource type I —> 0.134968 (0.272251) 

Resource type 2 —> 0.258669 (0.521777) 

Resource type 3 —> 0.495747 (I) 

Resource type 4 —> 0.110616 (0.22313) 

Else if 'n' is entered, the application does not return any information. 

The application returns the cell arrangement by habitats. 

For example: for a landscape with 4 rows and 7 columns and with 3 habitats, the 

cell arrangement might look: 

Here is the cell arrangement by habitats: 

0 1 2 3 4 5 6 

0 [11 in [I] [11 [II [21 [21 

1 [II [II [II [II [I] [21 [21 

2 [31 [31 [31 [31 [31 [31 [31 

3 [31 [31 [31 [3] [31 [31 [31 

4.5. The application allows for changing the cells' identification. The application asks: 

Would you like to change one or a few cells? (y / n): 

Enter either 'y' or 'n'! 

If y' is entered, the application asks: 

Cell's row? 

Enter a value for the 'cell's row'. 

The application asks: 

Cell's column? 

Enter a value for the 'cell's column'. 
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The application repeats step 4.3.1. 

The application asks: 

Would you like to change another cell? (y / n): 

Enter either 'y' or 'n'. 

If y' is entered, the application repeats the above steps of 4.5., with the 

option of changing another cell. 

Else if' n" is entered, the application quits the 'Cell Identification Process: 

Habitat Arrangement'. 

Else if' n' is entered, the application quits the 'Cell Identification Process: Habitat 

Arrangement'. 

5. The application is now ready to establish the different patches of the landscape from 

the cell-habitat arrangement, and to create patch-specific populations for die different 

species occurring in the landscape. 

5.1. The application writes: 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

Congratulations! !! 

The program is now ready to create patches and populations!!! 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

5.2. This is followed by creating each patch with its populations, one at a time. The 

name of each patch is given automatically starting with the first patch called: ' 1'. 

For each patch the application returns its information, including its 'patch name', its 

'patch's habitat name', a list of all cells contained by the patch, its 'patch's size', its 

'patch's productivity', and its 'patch's resource productivity' given the different 

resources offered by the habitat characterizing the patch. 



191 

For example: the information of a given patch appear as: 

Patch 2 -

Its habitat type: 2. 

Contains the following cells: 

cms] 
C[0J[6] 

C[IJ[5J 

C[l}[6] 

Its size is: 12 

Its productivity per cell = precipitation * temperature = 10 

Its total productivity = 120 

Its resource productivity: 

Resource I > 40 

Resource 2 > 0 

Resource 3 > 40 

Resource 4 > 40 

A. The application creates the patch-specific populations for each patch, one 

population at a time, given the specific values of the patch, its habitat, and the 

specific values of the species. 

The name of each population is given automatically starting with the first 

population called: '1', with all populations called by numbers on one sequence of 

numbers. 

For example: if a landscape has three patches and three species originally, then 

the populations are called 1 to 9, where populations 1, 2, 3 belong to patch 1, 

populations 4, 5, 6 belong to patch 2, and populations 7, 8, 9 belong to patch 3. 

The application calculates the 'population's species-habitat match' value for the 

new population, given the three-dimensional niche position calculated earlier for 

the species (see above 2.3.9.) and the three-dimension volume obtained from the 

patch's habitat precipitation and temperature characteristics. 
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The application calculates the 'population's intrinsic rate of increase', and the 

'population's carrying capacity' (i.e., the population size, when population is 

alone with no competitors). 

The application returns the information about the population, including the 

information about the species which the population belongs to. 

For example: the information of a given population might appear as: 

Population 5 is of species 2 in patch 2. 

Its species characteristics are: 

Species' name: 2 

Body mass: 20 

Birth rate: 0.12 

Death rate: 0.08 

Intrinsic rate of increase (r[maxj): 0.04 

Metabolic rate: 11.34 

Precipitation: 240 +/- 10 

Temperature: 30 +/- 1.5 

Resource type - coarse: I 

Resource type - fine: 

Resource type I —> 0.134968 (0.272251) 

Resource type 2 —> 0.258669 (0.521777) 

Resource type 3 —> 0.495747 (I) 

Resource type 4 —> 0.1I06I6 (0.22313) 

Dispersal coefficient: 2.5 

Threshold density: 0.1 

Demographic stochasticity: YES 

Its species-habitat match is: 0.56 

Its population intrinsic rate of increase(Pop(r[max])) value is: 

0.0224 

Its carrying capacity (the population alone with no competitors): 

78.931 
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5.3. The application creates a community for the set of populations in a given patch. 

The name of the community is identical to the name of its patch. 

5.4. The application finds the neighboring patches of each patch and returns this 

information. 

For example: 

Patch I's neighbvr patches are: 2. 

Patch 2's neighbor patches are: I, 3. 

Patch 3's neighbor patches are: 2. 

6. The application allows for reviewing the list of cells and the list of patches in the 

landscape. 

The application asks: 

Would you like to see the landscape's cell list? (y / n): 

Enter either 'y' or 'n'! 

If y' is entered, the application returns the entire list of cells contained in the 

landscape matrix. 

Else if • n' is entered, the application does not return any list. 

The application asks: 

Would you like to see the landscape's patch list? (y / n): 

Enter either 'y' or 'n'! 

If 'y' is entered, the application returns the entire list of patches contained in the 

landscape matrix. 

Else if 'n' is entered, the application does not return any list. 

f 
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7. The fourth and the last stage of the data entry is the 'Landscape-Scale Processes'. 

(The first three stages of the data entry are: 'Species Identification Process' (2.), 

'Habitat Identification Process' (3.), and 'Cell Identification Process: Habitat 

Arrangement' (4.).) 

7.1. The appHcation inquires information regarding whether or not dispersal is invoked 

during the population dynamics simulation. With no dispersal, each patch is 

completely isolated from the other patches and the population dynamics in the 

landscape occurs only locally within each patch's borders. In other words, the 

population dynamics in one patch does not affect the population dynamics of any 

other patch. Ecologically, sink species cannot persist and the 'rescue' and the 

'mass' effects cannot be observed. 

The application writes: 

SETTING DISPERSAL (immigration, moving) 

This is followed by the question: 

Would you like to allow dispersal between populations in adjacent 

patches? (y / n, or r for review): 

Enter either 'r', 'y', or 'n'! 

If 'r' is entered, the application gives a review on the dispersal procedure. The 

application writes: 
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The dispersal function is: m * (d'Ni - d'Nj) * Ni/j 

where: 

'm' is the dispersal rate of the species which the population belongs to. 

d'Ni and d'Nj are the local growth rates of populations i and j, 

respectively. 

Ni/j is the population size of i or j, depending on where individuals are 

moving from. 

Dispersal takes place between populations occurring in adjacent 

patches. 

It is invoked for all populations of all species. 

The function assumes that individuals of populations of a particular 

species tend to equalize their per capita growth rate according to the 

concept of Ideal Free Distribution (Fretwell and Lucas 1969, Fretwell 

1972). 

Note: the interspecific effect is already taken care of in the 'saturation 

routine' as one of the functions regulating the local population growth! 

Would you like to allow dispersal between populations in adjacent 

patches? (y / n): 

Enter either 'y' or 'n'! 

If (Else if) 'y' is entered, the application allows for inter-patch dispersal during 

the population dynamics simulation runs. 

Else if n' is entered, the application does not allow for inter-patch dispersal 

during the population dynamics simulation runs. 

7.2. The application inquires information regarding catastrophic stochasticity. The 

catastrophic stochasticity procedure is a highly-controlled disturbance regime. It is 

enforced by random-number generators that produce different effects of different 

degrees of population loss at different scales. 
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The application writes: 

SETTING CATASTROPHIC STOCHASTICITY REGIME 

This is followed by the question: 

Would you like to force catastrophic stochasticity (random 

disturbance regime) in the landscape? (y / n, or r for review): 

Enter either 'r', 'y', or 'n'! 

IfV is entered, the application gives a review on the catastrophic stochasticity 

procedure. The application writes: 

The catastrophic stochasticity algorithm is a multi-step random 

number generating procedure that allows you to decide: 

1. The probability function (either uniform or Gaussian) of the 

disturbance distribution. 

2. The seeding value of the random number generator. 

3. The threshold (a fraction between 0 to I) such that below it 

a disturbance is not invoked. 

4. The lower and the upper limits (0-1) for population loss once 

a disturbance is invoked. 

5. The probability function (either uniform or Gaussian) of the 

population loss. 

6. The option of setting the disturbance distribution in space randomly 

or manually (a frequent non-random spatial effect). 

Would you like to force catastrophic stochasticity (random 

disturbance regime) in the landscape? (y / n): 

Enter either 'y' or 'n'! 

If (Else if) 'y' is entered, the application starts to inquire information about the 

different sub-procedures of the catastrophic stochasticity. 

f 
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The application asks; 

1. Types of catastrophic stochasticity distribution available in the 

model: 

[ I ]  U n i f o r m  p r o b a b i l i t y  d i s t r i b u t i o n  ( e q u a l  d e v i a t e s  o f  r a n d o m  

numbers). 

[2J Gaussian probability distribution (normal deviates of random 

numbers). 

Type best represents the stochasticity regime of the current 

landscape: 

Enter either '1' or '2'! 

If r is entered the application produces random numbers from a uniform 

probability distribution. With no information about the probability 

distribution, the uniform probability should serve as the default. 

Else if '2' is entered the application produces random numbers from a 

normal probability distribution. 

The application asks: 

2. Randomly set the seeding value of the random number's sequence? 

(y /  n): 

Enter either 'y' or 'n'! 

If y' is entered, the application asks: 

Value to seed the random number's sequence (an integer): 

Enter a value! The 'seed' is of type integer and is limited^^ (see 'Table of 

Variables' (IV)). 

Else if 'n' is entered, the application assigns an integer from its internal 

clock using the built-in time function. 
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The appHcation inquires information regarding the frequency of the catastrophic 

stochasticity: 

3. Catastrophic stochasticity threshold (a value between 0 and I 

such that below it stochasticity is not invoked): 

Enter a value! The 'catastrophic stochasticity threshold' is of type real and is 

limited^^ (see 'Table of Variables' (IV)). 

+ Note: The 'catastrophic stochasticity threshold' comes to limit and control the 

frequency of the catastrophic stochasticity regime. 

For example: if 0 is entered, stochasticity is invoked every time the 

function is called because any value produced by the random-number 

generator will always be higher than zero. In contrast, if 1 is entered, 

stochasticity can never be invoked because any value produced by the 

random-number generator will never be higher than one. However, if, for 

example, 0.6 is entered, the catastrophic stochasticity is not invoked for all 

values lower than 0.6, which, in turn, means that only 40% of the time the 

catastrophic stochasticity is expected to be invoked with a uniform 

probability distribution (but, be aware that 40% represents only an 

expectation due to the use of a random probability distribution). 

In case of entering a value of 0.6, the application returns: 

With a uniform probability distribution you have 40% chance 

of getting hit by stochasticity in a given year. 

The application inquires information about the intensity of the population, loss 

given an occurrence of catastrophic stochasticity: 

4. When stochasticity occurs, would you like to define a lower 

and/or an upper limit for the population loss due to this 

stochasticity? {a lower limit gives a fraction of population loss that 

always exceeds it, and an upper limit gives a fraction of population 
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loss that can never exceed it. 'n' defines the limits between 0 and I.) 

(y / "J.

Enter either 'y' or 'n'! 

I f '  y '  i s  entered, the application inquires information about the lower and 

the upper limit values. 

The application asks: 

Lower limit (0-1): 

Enter a value! The 'population loss lower limit' is of type real and is 

limited^® (see 'Table of Variables' (IV)). 

The application asks: 

Upper limit (0-1): 

Enter a value! The 'population loss upper limit' is of type real and is 

limited'^l (see 'Table of Variables' (IV)). 

+ Note: The population loss is determined by another random-number 

sequence and is independent of the random number sequence 

determining the frequency of the catastrophic stochasticity. 

For example: if a value of 0.2 is entered for the lower limit and a 

value of 0.5 is entered for the upper limit, only between 20% and 

50% of the population can be lost. 

Else If 'n' is entered, the application assigns a value of 0 for the lower 

limit and a value of 1 for the upper limit. 

The application asks: 

5. What probability distribution would you like to assign for 

determining the population loss due to stochasticity? 

[ I ]  U n i f o r m  d e v i a t e s  o f  r a n d o m  n u m b e r s  ( e q u a l  p r o b a b i l i t y  

distribution). 
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[2J Gaussian deviates of random numbers (normal probability 

distribution). 

Choice: 

Enter either '1' or '2'! 

If 1 ' is entered the application produces random numbers from a uniform 

probability distribution. With no information about the probability 

distribution, the uniform distribution should serve as the default. 

Else if '2' is entered the application produces random numbers from a 

normal probability distribution. 

The application inquires information about the range (cell(s), patch(es), landscape) 

at which the catastrophic stochasticity takes place: 

6. Would you like to define the scale of the catastrophic stochasticity 

manually (m), or you want this to be done randomly by the 

program's random number generator (r)? 

Enter either'm' or 'r'! 

If'm' is entered the application asks questions about the range to be 

assigned (i.e., specific cells, specific patches or the entire landscape) 

including specifications of the ceils (e.g., cells [I][2], [1][3], [I][4]) or the 

patches (e.g., patches 2 and 3). This information is saved and used every 

time stochasticity is invoked. 

Else if 'r' is entered the application randomly assigns different target cells 

for the population loss due to a catastrophic stochasticity every time 

stochasticity is invoked. The option of determining the range of the 

number of target cells is given with upper and lower limits. 

+ Note: The target cells are determined by a central random-walk (or a 

partial random walk) procedure. The first cell is determined 
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completely randomly. The second cell is determined as a random 

cell adjacent to the first one. The next cell is determined as a 

random cell adjacent to the two already existing cells, starting 

from the initial cell, and so on. Hence, each time a random 

assignment for the target cells is invoked, a single area is 

produced, with the possibility of having different shapes and 

cells. 

Else if 'n' is entered, the application does not allow for catastrophic stochasticities 

to take place. 

8. The application allows for getting information about the cell list and patch list. 

8.1. The application asks: 

Would you like to see the landscape's cell list? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application returns the list of cells 'known' for the landscape. 

At this point all cells of the landscape ('number of rows' X 'number of columns') 

should be included in the list. 

Else if 'n' is entered, the application does not return any list. 

8.2. The application asks: 

Would you like to see the landscape's patch list? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application remms the list of patches 'known' for the 

landscape. At this point all patches of the landscape should be included in the list. 

Else if 'n' is entered, the application does not return any list. 
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9. The application reached the 'Population Growth' stage. This is the most important 

stage of the application and is what the application was written for. Given the species 

characteristic values with the required local-scale processes (2.), the habitat 

characteristic values (3.), the cell-habitat arrangement (4.), and the required 

landscape-scale processes (7.), the application runs the continuous-time population 

growth for all populations in all patches given the multi-scale processes affecting each 

population. 

9.1. The application writes: 

POPULATION GROWTH 

9.2. This is followed by the question: 

Would you like to run a pop growth algorithm on all populations? 

( y  / "J.
Enter either 'y', or 'n'! 

If 'y' is entered, the application asks: 

Would you like an equal initial population abundance? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application asks for one value to be used as the initial 

population size for all populations: 

Initial population abundance for all populations: 

Enter a value! The 'global initial population size' is of type integer and is 

limited''^^ (see 'Table of Variables' (TV)). 

Else if 'n' is entered, the application asks for a value for each population 

to be used as the initial population size. The application repeats this 

procedure as many times as the number of populations (i.e., number of 

patches X 'number of species'): 

Initial population abundance for population j: 
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where j is the population in focus. 

Enter a value! The 'initial population size' is of type integer and is 

limited^^ (see 'Table of Variables' (IV)). 

The application asks: 

How many years would you like to run: 

Enter a value! The 'run time' is of type integer and is limited''^ (see 'Table of 

Variables' (IV)). 

The application invokes the population growth procedure and runs it for the number 

of years required. 

The application calculates Fisher's alpha and Simpson's index as indices of species 

diversity after the simulation run is completed. 

The application returns the communities' information after the simulation run is 

completed. 

For example: for three species occurring in three patches (altogether nine 

populations), with an initial population size of 2 for all populations, and a 'run 

time' of 1, the application output might appear as: 

TIME Pa/Po Pa/Po Pa/Po Pa/Po Pa/Po Pa/Po Pa/Po Pa/Po Pa/Po 

I / I 2 / I 3 / I 4 / 2  5 / 2  6 / 2  7 / 3  8 / 3  9 / 3  

0 2 2 2 2 2 2 2 2 2 

O.I 2.05 2.02 1.9 2.13 2.15 1.03 1.3 1.2 2.5 

0.2 2.1 2.08 1.8 2.25 2.45 0.95 1.02 0.9 2.S 

0.3 2.15 2.11 1.7 2.54 2.98 0.85 0.97 0.6 3.34 

0.4 2.23 2.14 1.55 2.8 3.24 0.74 0.83 0.43 4.2 

0.5 2.36 2.18 1 . 1  2.93 3.47 0.39 0.43 0.21 5.6 

0.6 2.65 2.2 0.92 3.23 3.67 0.13 0.31 0.12 6.5 

0.7 2.85 2.32 0.78 3.54 4.5 0.00 0.15 0.00 9.31 

0.8 2.91 2.8 0.6 3.55 4.9 0.00 0.00 0.00 11.5 

0.9 2.91 3.12 0.41 3.55 4.98 0.00 0.00 0.00 15.26 
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1.0 2.91 3.14 0.3 3.55 4.99 0.00 0.00 0.00 17. 

Community # of species Simpson's Index Fisher's alpha 

1 3 0.3552 2.3859 

2 2 0.4497 0.7978 

3 I 1.0000 0.2324 

where Pa means 'patch' and Po means 'population'. 

+ Note: Simpson's Index (SI) is calculated using the following equation; 

SI = I[((ni * ni) - ni) I ((N * N) - N)] 
i=I 

where P is the number of populations in the community, ni is the size of 

population i, and N is the total number of individuals in the community. 

Fisher's alpha (a) is obtained from a numerical solution given the 

following equation: 
P = a ln(N / a) 

where P is the number of populations in the community, and N is the 

total number of individuals in the community. 

Remember: While Simpson's Index does not assume any population-

abundance distribution. Fisher's alpha assumes a log-normal 

population-abundance distribution. However, Simpson's Index 

requires the information of each population's abundance, while 

Fisher's alpha requires only the total number of individuals in the 

community. 

The application asks: 

Would you like to run another pop growth? (y / n): 

Enter either 'y', or 'n'l 

If y' is entered, the application repeats the steps of 9.2. 

Else if 'n' is entered, the application does not run another simulation. 

f 
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Else if 'n' is entered, the application does not run any simulation. 

9.3. The application allows for getting information on the last simulation run. The 

application asks: 

Would you like to get information on the current landscape? (y / n): 

Enter either 'y', or 'n'! 

If y' is entered, the application allows for getting information on different aspects 

of the model (both input and output) according to the following numbers: 

[ I ] for Species Identification 

[2] for Habitat Identification 

[3] for Cell Arrangement by Array Design 

[4] for List of Patches 

[5] for Species Diversity in Different Patches 

[6] for List of Non-Zero Populations in Different Patches 

[7] for The Future of the World 

Else if'n' is entered, the application does not give any information. 

10. The application allows for repeating different stages of the data entry. 

10.1. The application asks: 

Would you like another population-growth run with the same 

catastrophic 

stochasticity regime? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application repeats all steps of 9. 

Else if'n' is entered, the application asks the next question (10.2.). 
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10.2. The application asks: 

Would you like another population-growth with the option of 

c h a n g i n g  

dispersal and catastrophic stochasticity regime? (y / n): 

Enter either 'y', or 'n'! 

If'y' is entered, the application repeats steps 7. onwards, allowing for running 

simulations with or without dispersal and under different catastrophic stochasticity 

regimes. 

Else if 'n' is entered, the application asks the next question (10.3.). 

10.3. The application asks: 

Would you like to rerun the entire program? (y / n): 

Enter either 'y', or 'n'! 

If 'y' is entered, the application repeats steps 2. onwards, allowing for running 

simulations with a different set of characteristics' values. 

Else if 'n' is entered, the application quits! 

t 

f 



207 

IV .  Tab le  o f  Var iab le s  

Variable Variable Lcx:ation in Lower Upper Recomm-

number name the manual limit limit ended value 

1 'number of species' 2.2. 1 20 — . —  

2 'body mass' 2.3.2. > 1.0 100,000.0 

3 'mammalian birth rate 

coefficient' 2.3.3. -0.33* 

4 'mammalian birth rate 

coefficient' 2.3.3. -0.56* 

5 'mammalian metabolic 

rate coefficient_a' 2.3.3. I.O* 

6 'mammalian metabolic 

rate coefficient_b' 2.3.3. 0.85* 

7 'birth rate' 2.3.3. 0.0 10 

8 'death rate' 2.3.3. 0.0 10 

9 'metabolic rate 

coefficient_a' 2.3.3. 0.0 — .  -  —  

10 'metabolic rate 

coefficient_b' 2.3.3. 0.0 — . —  

11 'species precipitation's 

mean' 2.3.4 0.0 — .  -

12 'species precipitation's 

standard deviation' 2.3.4 0.0 

13 'species temperature's 

mean' 2.3.4 0.0 

14 'species temperature's 

standard deviation' 2.3.4 0.0 

15 'resource type - coarse' 2.3.5. 1 — 

16 •peak resource' 2.3.5. 1 20 — . —  

17 resource coefficient a' 2.3.5 0.0 0.5 

18 resource coefficient b' 2.3.5 0.0 — . —  0.5 

19 resource coefficient c' 2.3.5 0.0 0.5 
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Variable 

number 

Variable 

name 

Location in 

the manual 

Lower 

limit 

Upper 

limit 

Recomm

ended value 

20 resource coefficient d' 2.3.5 

21 species number of 

resources' 2.3.5. 

22 'resource consumption' 2.3.5. 

23 'dispersal coefficient' 2.3.6. 

24 'gamma' 2.3.8. 

25 'number of habitats' 3.2 

26 'habitat precipitation's 

mean' 3.3.2 

27 'habitat precipitation's 

standard deviation' 3.3.2 

28 "habitat temperature's 

mean' 3.3.2 

29 'habitat temperamre's 

standard deviation' 3.3.2 

30 'habitat's substrate' 3.3.3 

31 'habitat's number of 

resources' 3.3.4. 

32 'resource production' 3.3.4. 

33 'number of rows' 4.2. 

34 'number of columns' 4.2. 

35 'cell's fixed size' 4.2. 

36 'cell's width' 4.3. 

37 'cell's length' 4.3. 

38 'seed' 7.2. 

39 'catastrophic stochasticity 

threshold' 7.2. 

40 'population loss lower 

limit' 7.2. 

41 'population loss upper 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 

1 

0 

I 

I 

> 0.0 

> 0.0 

> 0.0 

? t0  

0.0 

0.0 

20 

100 

20 

10 

10 

I.O 

I.O 

0 
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Variable 

number 

Variable 

name 

Location in 

the manual 

Lower 

limit 

Upper 

limit 

Recomm

ended value 

limit' 7.2. 

42 'global initial population 

size' 9.2. 

43 'initial population size' 9.2. 

44 'run time' 9.2. 

0.0 

0 

0 

0.1 

1.0 

* = fixed value 
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Suggested simulation design: 

Here is a suggestion for a simple, first-step, simulation design. This will allow you to 

be familiar with the coefficients' and the variables' values. It comes to introduce the 

application. More interesting suggestions about other designs are given in the end of the 

appendix; but, again, I would start with this simple one first. 

1. Use 3 species and 3 habitats that will give you the ability to create 3 different patches in 

the landscape matrix. Altogether this will give you 9 populations, which is the highest 

number of populations that can be clearly seen on the screen while the simulation is 

running. 

2. Use the mammalian body-mass coefficients (i.e., enter 'y' whenever you are asked 

about it). 

3. Use the three following body masses: 10, 80, and 200 g. As in experimental systems, 

keep the other variables of all three species with the same values. (This will allow you 

to see how carrying capacities change with body mass alone due to the ratio between the 

patch's productivity and the body-mass dependent energy consumption.) 

4. These are the suggested values for the different variables (characteristics) you will be 

asked about each species: 

Precipitation: 250 +/- 30.0 

Temperature: 30 +/- 5.0 

Prec. - Temp, covariance: 0.0 

Resource - coarse: I 

Resource - fine -

coefficient a: 0.5 

coefficient b: 0.5 

coefficient c: 0.5 

coefficient d: 3.0 

Dispersal coefficient: 3.0 

Demographic stochasticity: 'y' (Gamma: 0.5) 
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5. Use three habitats, with different precipitation and temperature values (see below). 

These are the suggested values for the different variables (characteristics) you will be 

asked about each habitat: 

Habitat Habitat Habitat 

1 2 3 

Precipitation 250+/-10 250+/-5 250+/-2 

Temperature 30 +/ 3 30 +/- 2 30 +/- 1 

Substrate I I I 

Number of resources 15 15 15 

( equal distribution of resources ) 

6. Use a 3-by-6 matrix with an equal area for each habitat (use a size of 10 for each cell): 

Columns: 0 1 2 3 4 5 

Rows: 0 112 2 3 3 

/  1 1 2  2  3  3  

2 11 2 2 3 3 

7. Allow dispersal, but, if you decide to invoke catastrophic stochasticity, use low 

intensities. 

8. Run this design for 500 years. It will take some time (a few minutes; you will see the 

values changing on the screen), but it will allow populations to settle around their 

equilibrial values (there will never be a single-value result due to the existence of 

demographic stochasticity). 

9. Use the information option to see different aspects of the input and the output (especially 

no. 6). 

After running this simple design, you can start changing one value (aspect) at a time. 

For example, by reducing the difference between the species' body mass (e.g., 20, 60, and 
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100) you can increase the competition between the species as a result of having more 

shared resources. 

You can decrease the size of each cell, such that the total productivity in each patch is 

lower. This might create sink populations (at least for the larger species) with a potential 

demonstration of the "mass effect' (Shmida and Ellner 1984) and the 'rescue effect' 

(Brown & Kodric-Brown 1977), given different coefficient values of dispersal. The term 

'sink population' is highly consistent with Pulliam's (1988) source-sink concept because 

dispersal in the model is an optimization process based on Fretwell's (1972) 'ideal free 

distribution'. 

By changing the catastrophic stochasticity regime and the species-specific demographic 

stochasticity you can determine a qualitative 'minimum viable population' given the 

different coefficient values. 



APPENDIX E 

SHALOM - CODE 
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#include <iostream.h> 
#include <strstreain.h> 
#include <stdio.h> 
#include <sldlib.h> 
#include <math.h> 
#include <time.h> 
#include "Random_nunibers_functions.h" 

/* THIS FILE INCLUDES THE DECLARATIONS AND DEFINITIONS OF DIFFERENT 
CLASSES OFTHE "ENVIRONEMNTAL HETEROGENEITY MODEL" 
IT INCLUDES THE MAIN PROGRAM WITH ALL THE NEEDED ROUINES. */ 

U function protoypes for the math standart library ************** 
double pow(double x, double y); 
double exp(doubIe x); 
double sqrt(double x); 
double fabs(double x); 
double log(double x); 
double loglO(double x); 
double fabs(double x); 
double abs(double x); 
double fmod(double X, double X); 
double ceiI(double x); 
double floor(double x); 

// *** These are the definitions of the CONST size of the different variables' MAX values ** 
const int max_nuniber_of_species = 20, max_nunnber_of_habitats = 100; 
const int max_number_of_rows = 10, max_number_of_columns = 10; // only 100 cells are allowed 
const int max_number_of_patches = max_nuniber_of_rows * max_number_of_columns; // only 100 
patches are allowed 
const int max_number_of_resources = 20; 

// **** These are some usefiill variables for the program ********************** 
#ifndef FALSE 
const int FALSE = 0; 
#endif 
#ifndefTRUE 
const int TRUE = 1; 
#endif 
const double dt = 0.001; 
int number_of_species = 0, number_of_habitats = 0, number_of_rows = 0. number_of_columns = 0; 
int c_i = 0, c_x = 0, c_x 1 = 0. c_x2 = 0, r = 0, real = 0, h = 0; // h is for the procedure that insure a real 
number entry 
double f = 0; // f is for the procedure that insure a real number entry 
char next, next_array[50], y_or_n, y_or_n_array[50], char_arniy[50], c; 

H innnnt-innnnnnf Yq yjg for the mammalian coefficients ********************** 
//int use_mammalian_coefficient; 
const double A = 1.0, B = 0.75; // coefficients of the metabolic rate equation for mammals 
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U -po use for the resource consumption function ****************** 
int use_body_size_resource_consumption; 
int total_number_of_resources = 0; 
double maximal_body_size = 0; 

:4c4^4c4c^^4c4c^sfe4c usc ^31" thc ciispcrs3.1 fuFiction ^^^^^ 
char dispersaJ_choice: 

// ******* Open output files for sending data and information ******************** 
FILE *fp_data; // the data output file 
FILE *fp_info; // the information about the specific simulation 

********************************************************** 

/ /  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  HERE START THE CLASS DECLARATIONS I I I I t i l l I I I I I I I I I I I I m m  
/* THE CLASS: SPECIES *! 

class Species { 
public: 

SpeciesO; // Costructor 

int SpeciesNameO {return its_name;} 
double BirthRateO {return its_birth_rate;} 
double DeathRateO {return its_death_rate;} 
double BodySizeO {return its_body_size;} 
double IntrinsicRateOflncreaseO {return its_intrinsic_rate_of_increase;} 
double MetabolicRateO {return its_metabolic_rate;} 
double Metabolic_a() {return its_metabolic_a;} 
double Metabolic_b() {return its_metabolic_b;} 
double SpeciesPrecipitationMeanO (return its_species_precipitation_mean;} 
double SpeciesPrecipitationSDO (return its_species_precipitation_sd;} // i.e., plasticity 
double SpeciesTemperatureMeanO {return its_species_temperature_mean;} 
double SpeciesTemperatureSDO (return its_species_temperature_sd;} // i.e., plasticity 
double SpeciesTemperaturePrecipitationCovarianceO (return 

its_species_temperature_precipitation_covariance;} 
// The position of the 3D niche spach relative to the axes 

double ResourceTypeCoarseO (return its_resource_type_coarse;} // Trophic level 
double& SpeciesResourceUse() {return its_species_resource_use[0];} // E^oportinal use of resources 

//char SpeciesResourceToleranceChoiceO (return its_resource_tolerance_choice;} 
//double SpeciesResourceToleranceO (return its_species_resource_tolerance;} 
//double ResourceTypeFineO (return its_resource_type_fine;} // This is now represented by the 

SpeciesResourceUse 
//double HabitatToleranceO (return its_habitat_tolerance;} 
//double ResourceToleranceO (return its_resource_tolerance;) 

double DispersalCoefficientO (return its_dispersal_coefficient;} // Dimensionless variable to change the 
// intensity of dispersal 

double ThresholdDensityO {return its_threshold_density;} // Value below it population size is set 
//to 0 void GetSpecies(int species); 
// The function that takes care of the input 

double SpeciesTemperaturePrecipitationBivariateSumO (return its_bivariate_sum;} // The sum of the 
// 3D niche space values 

double SpeciesTemperaturePrecipitationBivariateHighestPointO (return its_bivariate_highest_point:| 
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// The highest 
// point of tlie 3D niche space 

//int SpeciesDemographicStochasticityChoiceO {return its_species_demographic_stochasticity_choice;| 
// DS is now nested within the class 'population' 

//double SpeciesGammaO {return its_species_gainma;}// DS is now nested within the class 'population' 
void PrintSpecies(); 

private: 
int its_name; 
int its_use_niammalian_coefficient; 
double 
double 
double 
double 
double 
double 
double 
double 
double 
double 
double 
double 
double 
double 
int its_niax_species_number_of_resources; 
int its_number_of_resources; // maximal number of resources including the smaller one that might 

// have 0 
int its_species_number_of_resources; // number of resources that are really consumed by the species 
double its_resource_consumption_coefficient_a; 
double its_resource_consumption_coefFicient_b; 
double its_resource_consumption_coefficient_c; // the resource-decay function coefficient 
double its_resource_consumption_coefficient_d; // the resource-decay function coefficient (right-hand 

// multiplication) 
int its_optimal_resource; 
//char its_resource_tolerance_choice: // whether or not 'resource tolerance' is wished to be used 
//double its_species_resource_tolerance; 
//double its_species_resource_tolerance_coefficient; 
//int its_species_demographic_stochasticity_choice; // DS is now nested within the class 'population' 
//double iLs species gamma: // DS is now nested within the class 'population' 
//double its_resource_type_fme: // Represented now by: 

// its_species_resource_use[max_number_of_resources] 
//double its_habitat_tolerance; 
double its_dispersal_coefficient; 
double its_threshold_density; 
double its_bivariate_sum; 
double its_bivariate_highest_point: 

}; 

Species S[max_number_of_species]; 

I* THE CLASS: HABITAT */ 
class Habitat { 

public: 
HabitatO; // Costructor 

ts_birth_rate; 
ts_death_rate; 
ts_body_size; 
ts_intrinsic_rate_of_increase; 
ts_metabolic_rate; 
ts_metafaolic_a; 
ts_metabolic_b; 
ts_species_precipitation_mean; 
ts_species_precipitation_sd; 
ts_species_temperature_mean; 
ts_species_temperature_sd; 
ts_species_temperature_precipitation_covariance; 
ts_species_resource_use[max_number_of_resources]; 
ts resource tvoe coarse: 

// The 3D niche space's sum 
// The 3D niche space's highest point 

// Defining an array of species objects 



char HabitatNameO {return its_name;} 
double HabitatPrecipitationMeanO {return its_habitat_precipitation_mean:} 
double HabitatPrecipitationSDO {return its_habitat_precipitation_sd;} 
double HabitatTemperatureMeanO {return its_habitat_temperature_mean;} 
double HabitatTemperatureSDO {return £ts_habttat_temperature_sd;} 
int HabitatSubstrateO {return its_habitat_substrate;} 
int NumberOfResourcesO {return its_number_of_resources;} 
int HabitatNumberOfResourcesQ {return its_habitat_number_of_resources;} 
double& HabitatResourceProductivityO {return its_habitat_resource_productivity[0];) 
// double ResourceTypeFineO {return its_resource_type_fine;} // Not in use 
//double ResourceTypeCoarseO {return its_resource_type_coarse;} // Not in use 
//double ResourceAbundanceO {return its_resource_abundance;} // Not in use 
void GetHabitat(int habitat); // The function that takes care of the input 
void PrintHabitatO; 

private: 
int its_name; 
double its_habitat_precipitation_mean; 
double its_habitat_precipitation_sd; 
double its_habitat_temperature_mean; 
double its_habitat_temperature_sd; 
int its_habitat_substrate; 
int its_habitat_number_of_resources; 
int its_number_of_resources; 
double its_habitat_resource_productivity[max_number_of_resources]: 
// double its_resource_type_Fine; // Not in use 
// double its_resource_type_coarse: // Not in use 
// double its_resource_abundance; // Not in use 
//int its_stochasticity_choice; // Moved to the class poulation 

}; 

Habitat H{max_number_of_habitats]; // Defining an array of habitat objects 

/* THE CLASS: CELL *! 
class Cell { 

public: 
CellO; // Costructor 

int CellRowO {return its_row;} 
int CellColumnO {return its_column;} 
double CellWidthO {return its_cell_width;} 
double CellHeightO {return its_cell_height;} 
double CellSizeQ {return its_cell_size;} 
int CellHabitatNameO {return its_habitat_name;} 
Habitat CellHabitatQ {return its_habitat_type;} 
void GetCellHabitatO; 
void GetCellDimensionsO; // Fix cell size 
void GetCel!Size(double x); 
void PrintCellO; 

private: 
int its_row; 
int its_column; 
double its_cell_width; 
double its_cell_height; 



218 

double its_cell_size; 
int its_habitat_name; 
Habitat its_habitat_type; 

} :  

Cell C[max_number_of_rows][max_number_of_columns]; // Defining an array of cell objects 

/* THE CLASS: PATCH *! 
class Patch { 

public: 
PatchO; // Costructor 

void GetPatch(int x, int y); // Establishing a patch from a starting cell given by a row and column 
void GetPatchInformation(int hname); // Taking care of and calculating the patch resource producivity 
int& PatchCellListO {return its_patch_cell_list[0];} 
int PatchCellListCountO {return its_patch_cell_list_count;} 
int& PatchTemporaryCellListO {return its_temporary_cell_list[0];} 
int PatchTemporaryCellListCountO {return its_temporary_cell_list_count;} 
void GetPatchNeighborsO; 
int& PatchNeighborsO {return its_patch_neighbors{0];} 
void GetPatchNeighborsCount(int x) {its_patch_neighbors_count = x;} 
int PatchNeighborsCountO {return its_patch_neighbors_count;} 
int PatchNameO (return its_patch_name:} 
int PatchHabltatNameO {return its_patch_habitat_name;} 
double PatchSizeO {return its_patch_size;} 
double PatchProductivityO {return its_patch_productivity;} 
double& PatchResourceProductivityO {return its_patch_resource_productivity{0];} // Each resource 

// productivity of resources existing in the patch 
Habitat PatchHabitatO {return its_patch_habitat_type;} 
void PrintPalchO; 

private: 
int its_patch_habitat_name; 
int its_patch_cell_list{max_number_of_rows * max_number_of_columns * 2]; 
int its_patch_cell_list_count; 
int its_patch_neighbors[max_number_of_rows * max_number_of_columns]; 
int its_patch_neighbors_count; 
double its_patch_size; 
int its_patch_name; 
double its_patch_productivity; 
double its_patch_resource_productivity[max_number_of_resources]; 
int its_temporary_cell_list[max_number_of_rows * max_number_of_columns]; 
int its_temporary_cell_list_count; 
Habitat its_patch_habitat_type; 

}; 

Patch P[max_number_of_patches]; // Defining an array of patch objects 

/* THE CLASS: POPULATION */ 
class Population { 

public: 
PopulationO: // Costructor 

void GetPopulation(int r, int s); II Establishing population from species and patch 
int PopulationNameO {return its_population_name;} 
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int PopulationSpeciesNameO {return its_popuIation_species_name;} 
void GetPopulationResourceUse(int r, int s); // Calculating each resource use from the resource 

// productivity of te patch and the species rsource use 
doubIe& PopulationResourceUseO {return its_population_resource_use[0];} 
void GetPopulationSize(double x) {its_population_size = x;} // Initial size 
double PopulationSizeO {return its_population_size;} 
double PopulationlntrinsicRateOflncreaseO {return its_popuIation_intrinsic_rate_of_increase;} 
double CarryingCapacityO {return its_carrying_capacity:} 
void GetSpeciesHabitatMatch(double stm, double sts, double spm, double sps, double cov, 

double htm, double hts, double hpm, double hps); // Calculating the population's 
// species-habitat match from 
// the precipitation and temperature 
// information 

double PopulationHabitatMatchO {return its_population_habitat_match;) 
void PopulationCommunitySaturation(int r, int s); 
void PopulationDemographicStochasticity(double e_birth, double e_death); 

// a function that activates the Gaussian 
// random number generator and assign new population-specific birth and 
// death ratesaccording to the new random number, population size and the 
// species birth and death rates. For the demographic stochasticity 

void GetPopulationLocalGrowthO; // Population growth without migration 
double PopulationPerCapitaLocalGrowthO {return its_population_per_capita_local_growth;} 
void PopulationGrowthO; // Population growth with migration 
void PrintPopulationO: 

private: 
int its_population_species_name; 
int its_population_patch_name; 
int its_population_name; 
double its_population_resource_use[max_number_of_resourcesl; 
double its_population_intrinsic_rate_of_increase; 
double its_population_size: 
double its_carrying_capacity: 
double its_population_habitat_match; 
double its_population_community_saturation; 
double its_population_birth_rate; // the value depends whether demographic stochasticity is forced or 

// not (then it equals the species averaged birth rate). 
double its_population_death_rate; // the value depends whether demographic stochasticity is forced or 

// not (then it equals the species averaged death rate), 
int its_population_demographic_stochasticity_choice; // 1 = no DS; 2 = yes DS 
double its_population_gammay/ the demographic stochasticity coefficient ~ changes the intensity of DS 
double its_population_local_growth; 
double its_population_per_capita_local_growth; 

}: 

Population Pop[max_number_of_species * max_number_of_patches]; // Defining an array of population 
//objects 

/* THE CLASS: COMMUNITY */ // community is the set of species that have 
// non-zero populations in a given patch 

class Community { 
public: 

CommunityO; // Constructor 

void GetCommunity(int m); // m is the patch of the community 
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int CommunityNameO {return its_community_name;} 
void CommunitylnformationO; 
void GetCommunityPopulationSizes(int x); 
doubIe& CommunityPopulationSizesO {return its_community_population_sizes[01;} 
double NumberOflndividualsO {return its_number_of_individuals;} 
void GetSpeciesDiversityO: H Simpson's index: Sum((n'^2-n)/(N'^2-N)) 
double SpeciesDiversityO {return its_sitnpson_index;} // Simpson's index 
void GetFisherAlphaO; 
double FisherAlphaO {return its_Fisher_alpha;} // Ficher's alpha of species diversity 
void PrintCommunityO; 

private: 
int its_conimunity_name; 
int its_community_populations_number; // to be used also as the population list count 
double its_community_population_sizes{max_number_of_species]; 
double its_nuinber_of_individuals; 
double its_simpson_index; 
double its_Fisher_alpha; 

}; 

Community Com[max_number_of_patches]; // Defining an array of community objects 

/* THE CLASS: LANDSCAPE */ 
class Landscape { 

public: 
LandscapeO; // Constructor; 

// Controls the patch establishment; 
// Controls the population and community 
// establishment, including the species-habitat match 

int NumberPatchesQ {return its_number_of_patches;} 
int NumberPopulationsO {return its_number_of_populations;} 
void PrintLandscapeCellListO; 
void PrintLandscapePatchListO: 
void GetCatastrophicStochasticityO; 
int CatastrophicStochasticityChoiceO {return its_catastrophic_stochasticity_choice;} 
int& CatastrophicStochasticityCellListO {return its_catastrophic_stochasticity_cell_list[0];) 
int& CatastrophicStochasticityPatchListO {return its_catastrophic_stochasticity_patch_list[0];} 
void CatastrophicStochasticityO; 

private: 
int its_landscape_list[max_number_of_rows * max_number_of_coIumns * 2]; 
int its_landscape_list_count; 
int its_number_of_patches; 
int its_number_of_populations; 
int its_catastrophic_stochasticity_choice; 
int its_catastrophic_stochasticity_scale_choice: 
int its_catastrophic_stochasticity_cell_list{10]; // needs to be changed when more memory is available 
int its_catastrophic_stochasticity_cell_list_count; 
int its_catastrophic_stochasticity_patch_list[5]; // needs to be changed when more memory is available 
int its_catastrophic_stochasucity_patch_Iist_count; 
double its_catastrophic_stochasticity_threshold; 
char its_catastrophic_stochasticity_scale_definition_choice; 
int its_catastrophic_stochasticity_population_loss_choice; 
double its_lower_catastrophic_stochasticity_limit; 
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double its_upper_catastrophic_stochasticity_Iimit; 
int its_catastrophic_stochasticity_proportion_lower_limit; 
int its_catastrophic_stochasticity_proportion_upper_limit; 

}; 
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/* SPECIES */ 

Species: :Species(void) {} 

/* The following function is responsible for asking for the information of the particular species (i.e.. 
input) ** */ 

void Species::GetSpecies(int species) 
{ 

char resource_use_choice, next; 
int i = 0, j = 0; 
double resource_use_sum = 0, Z = 0. Z_suni = 0; 
its_name = species + 1; 
do { 

cout « "\n Body size (g); "; II Body size 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getchar()) != Vi"; -H-c_i) { 
char_array[c_i] = c; 
++c_xI; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = 'I' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
11 char_array[c_i] = '5' II char_array[c_i] == '6' II char_arTay[c_i] == 'T 
II char_array[c_i] == '8' II char_arTay[c_i] == '9'; ++c_i) { 
++c_x2; 

} 
if (c_xl != c_x2 II c_xl == 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 11 c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 

-c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
its_body_size = real; 
if (its_body_size == 1) { 

cout « "\n Sorry, but body size cannot be equal to 1 at this stage of the program." « endl; 
cout « " Please enter a value again." « endl; 
cout « " « endl" 
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} 

if (its_body_size < 0.01 II its_body_size > 1000000) { 
cout« "\n 
cout« "\n Sorry, but body size should be higher than 0.01 or lower than 10^6." « endl; 
cout« " Please enter a value again." « endl; 
cout« " « endl' 

} 
} while {its_bociy_size = 1 II its_body_size < 0.01 II its_body_size > lOOOOOO); 

/• body-size dependent coefficients ************************ */ 
cout « "\n\n Would you like to assign mammalian-like body-size dependent coefficients 
cout« "\n for the birth and the death rates and for the metabolic rate equation"; 
cout « "\n of species " « its_name « "? (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++C x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[OJ != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y' nor 'n'."; 
cout« "\n Please repeat your answer; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'n') { 

its_use_mammalian_coefficient = FALSE; 
} 

else if (y_or_n_array[0] = 'y') { 
its_use_mammalian_coefficient = TRUE; 

} 
^c:tc:t:!lc^****m**************************************************** */ 

if (its_use_mammalian_coefficient = TRUE) { 
its_birth_rate = pow(its_body_size, -0.33); II Calculating boddy-sizc dependent parameters 
its_death_rate = pow(its_body_size, -0.56); 
its_intrinsic_rate_of_increase = its_birth_rate - its_death_rate; 
its_metabolic_rate = A * pow(its_body_size, B); 
cout « "\n Birth rate: " « its_birth_rate « " (= " « its_body_size « "'^-.33)" « endl; 
cout « "\n Death rate: " « its_death_rate « " (= " « its_body_size « "^^-.56)" « endl; 
cout« "\n Intrinsic rate of increase (r[maxl): " « its_intrinsic_rate_of_increase « " (= " « 

its_birth_rate « " - " « its_death_rate « ")" « endl; 
cout « "\n Metabolic rate: " « its_metabolic_rate « " (= " « A « " * " « its_body_size « 
« B « ")" « endl; 

} 
else { 

do ( 
while (1) { 
cout« "\n Birth rate (average number of births per unit of time): " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
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if (!in) 
break; 

} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_birth_rate = f; 
if (its_birth_rate < 0 11 its_birth_rate > 10) { 
cout« "\n *************************************************************** 
cout « "\n Sorry, but birth rate should be at least 0 or lower than 10." « endl; 
cout « " Please enter a value again." « endl; 

}C°ut« 

} while (its_birth_rate < 0 II its_birth_rate > 10); 
//cout « "\n Birth rate (check) = " « its_birth_rate « endl; 
do { 

while (1) { 
cout « "\n Death rate (average number of deaths per unit of time): " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 

1 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

} 

its_death_rate = f; 
if (its_death_rate < 0 II its_death_rate > 10) { 

cout« "\n •********•**********••********•*****•***•*•********••**•*•*"• 
cout « "\n Sorry, but death rate should be at leat 0 or lower than 10." « endl; 
cout « " Please enter a value again." « endl; 
cout « " « endl* 

} 
} while (its_death_rate < 0 II its_death_rate > 10); 
//cout « "\n Death rate (check) = " « its_death_rate « endl; 
its_intrinsic_rate_of_increase = its_birth_rate - its_death_rate; 
cout « "\n Intrinsic rate of increase (r[max]): " « its_intrinsic_rate_of_increase « " (= " « 

its_birth_rate « " - " « its_death_rate « ")" « endl; 
do{ 

while (1) { 
cout « "\n Metabolic rate coefficient a: " « flush; 
char line[80]; 
cin.getlinedine, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
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its_metabolic_a = f; 
if (its_metaboIic_a <= 0) { 

cout « "\n 
cout « "\n Sorry, but this coefficient should be higher than 0."; 

} 
} while (its_metabolic_a <= 0); 
//cout « "\n Metabolic rate coefficient - a (check) = " « its_metabolic_a « endl; 
do{ 

while (I) { 
cout « "\n Metabolic rate coefficient b: " « flush; 
char line[80]; 
cin.getline(line, sizeofOine)); 
istrstream in(Iine); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 
its_metabolic_b = f; 
if (its_metabolic_b <= 0) { 

cout « "\n Sorry, but this coefficient should be higher than 0."; 

} 
} while (its_metabolic_b <= 0); 
//cout « "\n Metabolic rate coefficient - b (check) = " « its_metabolic_b « endl; 
its_metabolic_rate = its_metabolic_a * pow(its_body_size, its_metabolic_b); 
cout « "\n Metabolic rate: " « its_metabolic_rate « " (= " « its_metaboUc_a « " * " « 

its_body_size « « its_metaboIic_b « ")" « endl; 
} 

/* The following section deals with getting values for precipitation and temperature */ 
cout« "\n\n\n HABITAT UTILIZATION:"; 
do { 

cout « "\n\n Precipitation requirement (mm) - mean: "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn"; ++c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 
for (c_i = 0, c_x2 = 0; char_arniy[c_i] = '0' II char_arTay[c_i] = T 

II char_array[c_i] = '2' II char_array[c_i] == '3' II char_array[c_i] == "4' 
II char_array[c_il == '5' II char_arniy[c_i] = '6' II char_array[c_i] = 7' 



II char_aiTay[c_i] = '8' II char_aiTay[c_i] = '9'; ++c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl == 0); 
for (real = 0. c_i = 0; c_i < c_x2; ++c_i) { 

—c_xI; 
r = char_array[c_i] - 48; 
real += r * pow(IO, c_xl); 

} 

// 
its_species_precipitation_mean = real; 
while (1) { 

cout « "\n Precipitation requirement (mm) - tolerance (SD); " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 

1 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

1 
its_species_precipitation_sd = f; 

//cout « "\n Precipitation requirement (mm.) - mean (check) = " « its_species_precipitation_mean; 
//cout « "\n Precipitation requirement (mm.) - SD (check) = " « its_species_precipitation_sd « 

endl; 
if (its_species_precipitation_mean <= 0 II its_species_precipitation_sd <= 0) { 
cout« "\n ****•*****•****•***********•****************•*************************" 
cout « "\n Sorry, but both the mean and the standard deviation should be positive." « endl; 
cout « " Please enter both values again." « endl; 
cout « " « endl 

} 
} while (its_species_precipitation_mean <= 0 II its_species_precipitation_sd <= 0); 
do { 

cout « "\n Temperature requirement (degrees Celsius) - mean: "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; +-K:_i) { 

char_array[c_i] = 'a'; 
} 
for (cj = 0, c_xl = 0; (c = getcharO) != An'; ++c_i) { 

char_array[c_i] = c; 
++c_x1; 

I 
for (c_i = 0. c_x2 = 0; char_array[c_i) = '0' II char_array[c_i] = ' 1' 
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II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_il = '4' 
II char_arTay[c_i] = '5' II char_anay[c_i] = '6' II char_array[c_i] = 7' 
II char_aiTay[c_i] = '8' II char_aiTay[c_i] = '9'; -H-c_i) { 
++c_x2; 

} 

if (c_x 1 != c_x2 II c_x 1 = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

) 
} while (c_x 1 != c_x2 II c_x 1 == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

~c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
its_species_temperature_mean = real; 
while (I) { 

cout « "\n Temperature requirement (degrees Celsius) - tolerance (SD): " « flush; 
char line[80]; 
cin.getline(Iine. sizeof(!ine)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_species_temperature_sd = f; 
if (its_species_temperature_mean <= 0 II its_species_temperature_sd <= 0) { 

cout « "\n Sorry, but both the mean and the standard deviation should be positive." « endl; 
cout « " Please enter both values again." « endl; 
cout « " « endl* 

} 
//cout« "\n Temperature requirement (nrni.) - mean (check) = " « its_species_temperature_mean; 
//cout« "\n Temperature requirement (mm.) - SD (check) = " « its_species_temperature_sd « endl; 

} while (its_species_temperature_mean <= 0 II its_species_temperature_sd <= 0); 
do { 

//cout« "\n Temperature - Precipitation covariance: 0 (By default).\n"; // equals 0 for convinience at 
// this point 

while (1) { 
cout « "\n * Temperature - Precipitation covariance (use 0 as a default): " « flush; 
char line[80]; 
cin.getline(Iine, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
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} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_species_temperature_precipitation_covariance = f; 
//its_species_temperature_precipitation_covariance = 0; // for convinience at this point 
if (its_species_temperature_precipitation_covariance <= -1 

II its_species_temperature_precipitation_covariance >= I) { 
cout« *'\n 
cout « "\n Your value should be higher than - I and lower than I." « endl; 
cout « " Please enter a value again." « endl; 
cout « " endl* 

} 
} while (its_species_temperature_precipitation_covariance <= -1 

II its_species_temperature_precipitation_covariance >= 1); 
cout«"\n "; 
cout « "\n * Habitat tolerance (a lower fitness at any given value due to a"; 
cout« "\n higher plasticity of the species' temperature and precipitation)"; 
cout« "\n is calculated by standardizing the area of the niche's space to "; 
cout « "\n have an overall value of 1."; 
cout« "\n =======================:= ••« endl; 

//cin » its_habitat_tolerance; 
cout« "\n\n Trophic level (for food-web structure): NOT INCLUDED IN THIS VERSION."; 

// The current vesion does not have predator-prey interaction 
/* 

n 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_x 1 = 0; (c = getcharO) != '\n'; { 
char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0. c_x2 = 0; char_array[c_l] = '0' II char_array[c_i] = '1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; ++c_i) { 
+-HC_X2; 

} 

if (c_xl != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x I != c_x2 II c_x 1 == 0); 

for (real = 0, c_i = 0; c_i < c_x2; +-f-c_i) { 
—c_x 1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
n 
its_resource_type_coarse = real; 
•/ 
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/* The following section deals with the resource consumption and distribution of the species */ 
cout « "\n\n\n\n RESOURCE UTILIZATION:" « endl; 
cout « "\n Resource consumption:"; 
/* ***** Initializing the 'its_species_reource_use[]' array to ensure that all cells have a value of 0 */ 
for (i = 0; i < max_number_of_resources; -H-i) { 

its_species_resource_use[i] = 0; 
} 

cout« "\n\n * Would you like to assign a body-size dependent resource consumption 
cout « "\n (i.e. type of resources consumed by species " « its_name « " given its body size 
cout« "\n and a resource decline function)? (y / n, or r for review): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; -H-c_i) { 

y_or_n_array[c_i] = c; 
-H-c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[0] != 'r')) { 
cout « "\n Sorry, but your entry was neither 'y'. nor r'-": 
cout« "\n Please repeat your answer: 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[0] != 'r')); 
if (y_or_n_array[0] = "r") { 

cout« "\n\n 
cout « "\n The resource-consumption procedure is composed by two functions:" « endl; 
cout « "\n 1. Peak-resource utility function: a power function determining the peak"; 
cout « "\n resource for a species given its body size and two species-specific"; 
cout « "\n coefficients: OR = a * M'^b + 1"; 
cout « "\n Where. M is body size, a and b are the species-specific coefficients and"; 
cout « "\n 1 is added to ensure that 1 is the smallest resource." « endl; 
cout « "\n 2. Fundamental-resource utility function: a function determining the relative"; 
cout « "\n use of the other resources consumed by a species, given its body size and"; 
cout« "\n a species-specific coefficient: RDi = e'^-Cc * i * log(M)]"; 
cout « "\n Where, M is body size, c is the species-specific coefficient and i is the"; 
cout « "\n position of the resource away from the peak resource. The equation"; 
cout« "\n describes the left-hand side of the curve. "; 
cout« "\n The right-hand side of the curve is independent of body size and the value "; 
cout« "\n of the coefficient (c) is multiplied by another coefficient (d).\n"; 
cout« \n"; 
cout« "\n * Would you like to assign a body-size dependent resource consumption "; 
cout « "\n for species " « its_name « "7 (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y' nor 'n'."; 
cout« "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} 

if (y_or_n_array[0] == 'n') { 
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do { 
cout« 
cout« 
cout« 
// 

'\n * How many different resources is tlie species able to consume (the" 
'\n highest resource that appears in its diet including the smaller ones" 
'\n that are not actually consumed by the species)? "; 

do { 
real = 
r = 0; 
for (c. 

char 

0; 

J = 0; c_i < 50; •H-c_i) { 
_array[c_i] = 'a'; 

for (c_i = 0, c_x 1 = 0; (c = getcharO) != "Xn"; ++c_i) { 
char_array[c_i] = c; 
-t-+c_x 1; 

} 
for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' I! char_array[c_i] = ' 1' 

II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_array[c_i] == '8' II char_array[c_i] = '9'; -t-H:_i) { 
-M-C_X2; 

} 
if (c_x 1 != c_x2 II c_x 1 = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl): 

I 
//_, 
its_number_of_resources = real; 
if (its_number_of_resources > max_number_of_resources) { 

cout« "Sorry, but you cannot have more than " « max_number_of_resources « " resources for 
this run!" « endl; 

cout « "***********************'<"1'*******'''*****************************" « endl" 

else if (its_number_of_resources < I) { 

cout « "Sorry, but the number of resources should be bigger than 0" « endl; 
cout«"********************************************" « endl* 

} 
} while (its_number_of_resources > max_number_of_resources II its_number_of_resources < 1); 

/* ***** Initializing the 'its_species_reource_use[]' array to ensure that all cells have a value of 0 */ 
for (i = 0; i < max_number_of_resources; -M-i) { 

its_species_resource_use[i] = 0; 
} 

cout « "\n * Enter a value of 1 or 0 for each resource type that is consumed"; 
cout « "\n or not consumed by species " « its_name « respectively. The program will"; 
cout « "\n automatically standardize the values for modeling purposes." « endl; 
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cout « "\n A default option will give you the following resource distribution: " « endl; 
cout « "\n Resource type 1 —> 1" « endl; 
for (i = 1; i < its_number_of_resources; -(-+i) { 

cout « "\n Resource type "« i + 1 « " —> I" « endl; 
} 
do { 

cout « "\n * Would you like to use your own proportion distribution? (y / n); "; 
c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
-i-+c_x; 

} 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y' nor 'n'."; 
cout « "\n Please repeat your answerAn" « endl; 

} 

} while (c_x != 1 II (y_or_n_array[01 != 'y' && y_or_n_array[0] 1= 'n')); 
resource_use_choice = y_or_n_array[0]; 
if (resource_use_choice = 'n') { 

its_species_resource_use[0] = 1; 
for (i = 1; i < its_number_of_resources; ++i) { 

its_species_resource_use[i] = 1; 
} 

for (i = 0, resource_use_sum = 0; i < its_number_of_resources; ++i) { 
resource_use_sum += its_species_resource_use[i]; 

} 

} 

else if (resource_use_choice = 'y') { 
cout« endl; 

/* ***** Initializing the 'its_species_reource_use[]' array to ensure that all cells have a value of 0 */ 
for (i = 0; i < max_number_of_resources; ++i) { 

its_species_resource_use[i] = 0; 
} 

do { 
for (i = 0; i < its_number_of_resources; -M-i) { 

do { 
cout « " Resource type " « i + I « " —> "; 
// 
do{ 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = "a"; 
} 

for (c_i = 0, c_x 1 = 0; (c = getcharO) != An'; ++cj) { 
char_array[c_i] = c; 
-H-c_x I; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' 1' 
II char_arTay[c_i] = '2' II char_array[c_i] = '3' II char_arTay[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] == 7' 
11 char_array[c_i] == '8' II char_array[cj] = '9'; ++c_i) { 
-H-C_X2; 

I 
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} 

if (c_xl != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_xI; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

// 
its_species_resource_use[i] = real; 
cout « "\n"; 
If (its_species_resource_use[i] != 0 && its_species_resource_use[i] != 1) { 
cout« "\n ************************#****•************". 
cout « "\n Sorry, but your entry was neither 0 nor 1."; 
cout « "\n Please repeat your answer." « endl; 

} ^ 

} while (its_species_resource_use[i] != 0 && its_species_resource_use[i] != 1); 
resource_use_sum += its_species_resource_use[i]; 

} 

if (resource_use_sum = 0) { 

cout « "\n Sorry, but your numbers sum to 0; You are killing your species!!!!" « endl; 
cout « " *******#************************************#***************^" cndi' 
cout « " Please, enter the resource distribution again:\n" « endl; 

} 

} while (resource_use_sum == 0); 
} 

if (resource_use_sum != 1) { 
cout « "\n Here is the adjusted distribution:" « endl; 
for (i = 0; i < its_number_of_resources; ++i) { 

its_species_resource_use[i] = its_species_resource_use[l] / resource_use_sum; 
cout « "\n Resource type " « i -t- I « " —> " « its_species_resource_use[i] « endl; 

} 

resource_use_sum = 0; 
for (i = 0; i < its_number_of_resources; -H-i) { 

resource_use_sum -t-= its_species_resource_use[i]; 
} 

// cout « "\n It now sums to " « resource_use_sum « endl; 
} 

/* **** Calculating how many resources are really consumed by that species *** */ 
its_max_species_number_of_resources = 0; 
for (i = 0; i < max_number_of_resources; -H-i) { 
if (its_species_resource_use[i] > 0) { 

its_max_species_number_of_resources = i -h 1; 
} 

} 

} 

else if (y_or_n_array[0] = 'y') { 
do { 



coul « "\n * Would you like to use a fixed peak resource for the species [ 1 ] 
cout « "\n or to gel one from using the peak-resource utility function [2]? 
do { 

do { 
real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_x 1 = 0; (c = getcharO) != "Xn"; -M-c_i) { 

char_arniy[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = "O" II char_array[c_i] =' 1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] == '5' II char_array[c_i] == '6' II char_array[c_i] = 7' 
II char_array[c_il == '8' II char_array[c_i] = "9'; h-kJ) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

) 
} while (c_xl != c_x2 II c_xl == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

~c_x1; 
r = char_aiTay[c_i] - 48; 
real += r * pow( 10, c_x 1); 

} 
// 
i = real; 
if (i != 1 && i != 2) { 

cout « "\n Your entry was neither 1 nor 2."; 
cout « "\n Try again: " ; 

} 

} while (i != 1 && i != 2); 
if(i= 1){ 

cout « "\n # Peak resource for species " « its_name « " is: "; 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -M-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn"; -M-c_i) { 
char_array[c_i] = c; 
+-Hc_x 1; 

} 

for {c_i = 0, c_x2 = 0; char_array[c_i] = '0' 11 char_array[c_i] = ' 1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = 7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; ++c_i) { 
++c_x2; 

} 
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if (c_x 1 != c_x2 II c_x 1 = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again; " ; 

} 

1 while (c_x I != c_x2 II c_x I = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

~c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

1 
// 
its_opumal_resource = real; 

} 

else if (i = 2) { 
cout « "\n # The peak-resource utility function's coefficients;" « endl; 
do { 

while (1) { 
cout« "\n * Coefficient a (0.5); " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
isUrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
I 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

1 
its_resource_consumption_coefficient_a = f; 
//cin »its_resource_consumption_coefFicient_a; 
if (its_resource_consumption_coefficient_a < 0) { 

cout « "\n Sorry, but this coefficient cannot be negative." « endl; 
} 

} while (its_resource_consumpUon_coefficient_a < 0); 
do { 

while (1) { 
cout « "\n * Coefficient b (0.5); " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (lin) 

break; 
} 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

} 

its_resource_consumption_coefficient_b = f; 
// cin » its_resource_consumption_coefficient_b: 
if (its_resource_consumption_coefficient_b < 0) { 

cout « "\n Sorry, but this coefficient cannot be negative." « endl; 
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} 

} while (its_resource_consuinption_coefficient_b < 0); 
tts_optimal_resource = (int) ((its_resource_consumption_coefflcient_a 

* pow(its_body_size, its_resource_consumption_coefficient_b)) +1); 
cout « "\n # Peak resource for species " « its_name « " is: " « its_optinial_resource 

« endl; 
} 

cout « "\n # The fundamental-resource utility function's coefficient;" « endl; 
do { 

while (1) { 
cout « "\n * Coefficient c (0.5): " « flush; 
char line[80]; 
cin.getline(line, sizeof(Iine)); 
istrstream in(line): 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_resource_consumption_coefficient_c = f; 
// cin » its_resource_consumption_coefficient_c; 
if (its_resource_consunipuon_coefficient_c < 0) { 

cout « "\n Sorry, but this coefficient cannot be negative." « endl; 
} 

} while (its_resource_consumption_coefficient_c < 0); 
do { 

while (1) { 
cout « "\n * Coefficient d (3): " « flush; 
char Iine[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

charc; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_resource_consumption_coefficient_d = f; 
//cin »its_resource_consumption_coefficient_d; 
if (its_resource_consumption_coefficient_d < 0) { 

cout « "\n Sorry, but this coefficient cannot be negative." « endl; 
} 

} while (its_resource_consumption_coefficient_d < 0); 

/• ***** Initializing the 'its_species_reource_use[]' array to ensure that all cells have a value of 0 */ 
for (i = 0; i < max_number_of_resources; -M-i) { 

its_species_resource_use[i] = 0; 
} 



for (i = 0, j = 0, Z = 0, Z_sum = 0; i < max_nuniber_of_resources; -M-i) { 
if ((its_optimal_resource - i - 1) > 0) { 

Z = exp(-(abs(its_optimaI_resource - i - 1) * its_resource_consumption_coefficient_c 
* loglO(its_body_size))); 

if(Z<0.1) { 
Z = 0; 

} 

else if (Z >= 0.1) { 
its_species_resource_use[i] = Z; 
Z_sum += Z; 

} 

} 

else if ((its_optimal_resource - i - 1) <= 0) { 
Z = exp(-(abs(its_optimaI_resoiirce - i - 1) * its_resource_consumption_coefFicient_c 

* its_resource_consumption_coefficient_d)); 
if(Z<0.1) { 

Z = 0; 

1 
else if (Z >=0.1) { 

++j; 
its_species_resource_use[i] = Z; 
Z_sum += Z; 

for (i = 0; i < inax_number_of_resources; -H-i) { 
its_species_resource_use[i] = its_species_resource_use[i] / Z_sum: 

} 
if (max_number_of_resources < its_optimal_resource + j) { 

cout « "\n Sorry, but with the given body size and the limited number 
cout « "\n of resources available for this simulation (" « max_number_of_resources « "), 
cout« "\n you cannot use the above coefficient values, or, if you chose a fixed peak 
cout « "\n resource, you might need to change it."; 
cout « "\n Please repeat you entry.\n" « endl; 

1 
} while (max_number_of_resources < its_optimal_resource + j); 

/* **** Calculating how many resources are really consumed by that species *** */ 
its_max_species_number_of_resources = 0; 
for (i = 0; i < max_number_of_resources; -H-i) { 

if (its_species_resource_use[i] > 0) { 
its_max_species_number_of_resources = i 1; 

} 

} 

printing the resource distribution list 4 : 4 :  *  4 :  ^  *  4 c  •  *  *  9 ( c  : ( e  4 E  I s  

cout « "\n\n Here is the adjusted distribution given the body size (" « its_body_size « ") of 
species " « its_name « « endl; 

for (i = 0; i < (its_optimal_resource -h j); -H-i) { 
cout « "\n Resource type " « i -t- 1 « " —> " « its_species_resource_use[i] « " (" « 
ts_species_resourcc_use[i] * Z_sum « ")" « endl; 

} 
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cout « "\n\n Would you like to repeat your entry? (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; -H-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y' nor 'n'."; 
cout « "\n Please repeat your answer; 

} 

} while (c_x != 1 11 (y_or_n_array[0] != "y" && y_or_n_array[0] != 'n')); 
} while (y_or_n_array[0] = 'y'); 

} 
do { 

while (1) { 
cout « "\n\n Dispersal coefficient: " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) ( 

char c; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_dispersal_coefficient = f; 
// cin » its_dispersal_coefficient; 
if (its_dispersal_coefficient < 0) { 

cout « "\n Sorry, but this coefficient cannot be negative." « endl; 
} 

//cout« "\n Dispersal coefficient (check) = " « its_dispersal_coefficient« endl;; 
} while (its_dispersal_coefficient < 0); 

/* **** Taking value for a threshold density below it population size is set to 0 ****** */ 
its_threshold_density = 0.1; 
cout « "\n\n Threshold density: " « its_threshold_density « " (By default).\n"; 
cout « "\n 

:4e 4c 4e 4e # ^ :tc # :4c * :4e :(e * :|e 4c :4c 4e 3le 4: • ^ :4c :4c 4e * :<e 4:4: 4e 3(e :(e ^ 9(e . 

cout« "\n Warning: threshold density by no means represents Minimum Viable Population!!!"; 
cout « "\n 

4c 4c 4c 4c 4c 4c 4c 4c 4c 9(e 4c 4c 4c 4e 4c # 4c 4c 4e 4:4c 4c 4c # 4c 4c 4:4c 4c 4c 4c 4c 4c 4c 4e 4c # 4c 4e 4c 4c 4e 4c 4c 4c 4c 4c 4e 4c 4c 4c 4c 4c 4c 4e 4c • 4c 4c 4:4c 4c 4c 4c 4e 4c 4c 4c 4c 4c :4e 4e • *. 

/* 
cin »its_threshold_density; 
*/ 

/* *** CALCULATING THE FUNDAMENTAL TEMPERATURE - PRECIPITATION CURVE FOR 
THE SPECIES *** •/ 

cout « "\n\n It is now calculating the species' nich position given its"; 
cout « "\n temperature-precipitation binormal curve..."; 



const double dt = 0.05; 
double Iower_point_temperature = 0, Iower_point_precipitation = 0; 
double higher_point_temperature = 0, higher_point_precipitation = 0; 
double clpp = 0; //current_Iower_point_precipitation 
double clpt = 0; //current_lower_point_temperature 
double a = 0, b = 0, c = 0, d = 0; 
double e_bivariate = 0, f_bivariate = 0, d_bivariate = 0, d_bivariate_sum = 0, bivariate_highest_point 
double dt_show = dt * 10, j_d = 0, show_number_of_runs_d = 0, z = 0; 
int nuniber_of_runs, number_of_runs_temperature, number_of_runs_precipitation, 

general_number_of_runs, k; 
int show_number_of_runs; 
Iower_point_temperature = its_species_temperature_mean - 2 * its_species_temperaturc_sd; 
higher_point_temperature = its_species_temperature_mean + 2 * its_species_temperature_sd; 
lower_point_precipitation = its_species_precipitation_mean -2* its_species_precipitation_sd; 
higher_point_precipitation = its_species_precipitation_mean + 2* its_species_precipitation_sd; 
number_of_runs_temperature = (int) ((higher_point_temperature - lower_point_temperature) / dt); 
number_of_runs_precipitation = (int) ((higher_point_precipitation - lower_point_precipitation) / dt); 
generaI_number_of_runs = number_of_runs_temperature * nuniber_of_runs_precipitation; 
show_number_of_runs = (int) (dt_show / dt); 
clpt = lower_point_temperature + (dt / 2); 
for (j = 0; j < number_of_runs_temperature; ++j) { 

clpp = lower_point_precipitation + (dt / 2); 
for (i = 0; i < nuinber_of_runs_precipitation; -H-i) { 

a = I / (I - (its_species_temperature_precipitation_covariance * 
its_species_temperature_precipitation_co variance)); 

b = ((clpp - its_species_precipitation_mean) / (its_species_precipitation_sd)) 
* ((clpp - its_species_precipitation_mean) / (its_species_precipitation_sd)); 

c = 2 * its_species_teniperature_precipitation_covariance 
* (((clpp - its_species_precipitation_mean) / (its_species_precipitation_sd)) 
* ((clpt - its_species_temperature_mean) / (its_species_temperature_sd))); 

d = ((clpt - its_species_temperature_mean) / (its_species_temperature_sd)) 
* ((clpt - its_species_temperature_mean) / (its_species_temperature_sd)); 

e_bivariate = exp(-0.5 * (a * (b - c -h d))); 
f_bivariate = (1 / (2 * 3.141592654 * its_species_precipitation_sd * its_species_temperature_sd 

* sqrt( I - (its_species_temperature_precipitation_covariance * 
its_species_temperature_precipitation_covariance)))) 

• e_bivariate; 
d_bivariate = (f_bivariate * dt) / (1 / dt); // only for the bivariate 
d_bivariate_sum -i-= d_bivariate; 
if (f_bivariate > bivariate_highest_point) { 

bivariate_highest_point = f_bivariate; 
} 

// show loop 
hk; 

j_d = k; 
show_number_of_runs_d = show_number_of_runs; 

z = fmod(j_d, show_number_of_runs_d); 
if (z = 0) { 

k = 0; 

// *»***• The following printing lines are for testing ************* 
II cout « clpt « "\t" « clpp « "\t"; 
// cout« d_bivariate « endl; 
// fprintf(fp_data, "%f\t%f\t%f\n", clpt, clpp, d_bivariate); 
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// cout « "Next? " ; 
// cin » next; 

} 
cipp += dt; 

} 

cipt += dt; 
} 

its_bivariate_sum = d_bivariate_sum; 
its_bivariate_highest_point = bivariate_highest_point; 
//cout « " = " « its_bivariate_sum « endl; 
//cout « "\n Its highest point on the binormal curve is: " « its_bivariate_highest_point « endl; 
cout « "\n\n\t\t\tThank you for your patience!!!" « endl; 

/* **** This function is responsible for printing the species data •*** */ 
void Species: :PrintSpecies() 
{ 

int i = 0, a = 0; 
cout « "\n Species' name: " « its_name; 
cout « "\n Body size: " « its_body_size; 
cout « "\n Birth rate: " « its_birth_rate; 
cout « "\n Death rate: " « its_death_rate; 
cout« "\n Intrinsic rate of increase (r[max]): " « its_intrinsic_rate_of_increase; 
cout « "\n Metabolic rate: " « its_metabolic_rate; 
cout « "\n Precipitation (mean +/- tolerance): " « its_species_precipitation_mean « ' +/- " « 

its_species_precipitation_sd; 
cout « "\n Temperature (mean +/- tolerance): " « its_species_temperature_mean « ' +/- " « 

its_species_temperature_sd; 
cout « "\n Trophic level: " « 1; 
cout « "\n Resource consumption: " « endl; 
for (i = 0; i < its_max_species_number_of_resources; -M-i) { 

if ( its_species_resource_use[i] > 0) { 
a = 1; 

} 

else { 
a = 0; 

} 
cout « " Resource type " « i + 1 « " —> " « a « " (" « its_species_resource_use[i] « 

")" « endl; 
} 

//cout « " Habitat tolerance: " « its_habitat_tolerance; 
cout« " Dispersal coefficient: " « its_dispersal_coefficient; 
cout « "\n Threshold density: " « its_threshold_density « endl; 
/* 
if (its_species_demographic_stochasticity_choice = 1) { 

cout « "\n Demographic stochasticity: NO" « endl; 
} 
else if (its_species_demographic_stochasticity_choice = 2) { 

cout « "\n Demographic stochasticity: YES" « endl; 
} 

*1 
} 
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/* HABITAT *! 
Habitat:;Habitat(void) {} // Constructor 

I* The following function is responsible for asking for the information of the particular habitat (i.e.. 
input) */ 
void Habitat::GetHabitat(int habitat) 
{ 

char resource_productivity_choice; 
int i = 0; 
double resource_productivity_sum = 0; 
its_name = habitat + 1; 
cout « "VnHabitat's name: " « its_name « endl; 
do { 

cout « "\n Precipitation (mm) - mean: 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -M-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_x 1 = 0; (c = getchar()) != "Xn"; ++c_i) { 
char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_il = '0' 11 char_array[c_il = T 
II char_array[c_i] = '2' II char_array[c_i] = '3' (I char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] == 7' 
II char_array[c_i] == '8' II char_array[c_i] == '9'; -H-c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xi = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x 1 == 0); 
for (real = 0, c_i = 0; c_i < c_x2; -M-c_i) { 

-c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
its_habitat_precipitation_mean = real; 
while (1) { 

cout « "\n Precipitation (mm) - SD: " « flush; 
char line[80]; 
cin.getlineGine, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 
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cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_habitat_precipitation_sd = f; 
// cin » its_habitat_precipitation_sd; 
if (its_habitat_precipitatlon_mean <= 0 II its_habitat_precipitation_sd <= 0) { 

cout « "\n 

cout« "\n Sorry, but both the mean and the standard deviation should be positive." « endl; 
cout « " Please enter both values again." « endl; 
cout « " 

} 

} while (its_habitat_precipitation_mean <= 0 II its_habitat_precipitation_sd <= 0); 
do{ 

cout« "\n Temperature (degrees Celcius) - mean: "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -M-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getchar()) != "Xn"; ++c_i) { 
char_array[c_i] = c; 
++c_x1; 

} 
for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = T 

II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[cj] = '6' II char_array[c_i] == 7' 
I! char_array[c_i] == '8' II char_array[c_i] = '9'; ++c_i) { 
++c_x2; 

1 
if (c_x 1 != c_x2 II c_xl = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 

—c_x 1; 
r = char_array[c_i] - 48; 
real += r • pow( 10, c_x 1); 

} 
// 
its_habitat_temperature_mean = real; 
while (1) { 

cout « "\n Temperature (degrees Celcius) - SD: " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if(!in) 

break; 
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cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_habitat_temperature_sd = f; 
// cin » its_habitat_temperature_sd; 
if (its_habitat_temperature_mean <= 0 II its_habitat_temperature_sd <= 0) { 
cout« "\n 

cout « "\n Sorry, but both the mean and the standard deviation should be positive." « endl; 
cout « " Please enter both values again." « endl; 
cout « " 

} 

} while (its_habitat_temperature_mean <= 0 II its_habitat_temperature_sd <= 0); 
do { 

cout « "\n\n Substrate; "; // Not included in any routine yet 
// 
do{ 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = "a"; 
} 

for (c_i = 0, c_x I = 0; (c = getchar()) != An'; -t-+c_i) { 
char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0. c_x2 = 0; char_array[c_i] = '0" II char_array[c_i] = T 
11 char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
11 char_array[c_i] = '5' II char_array[c_i] == '6' II char_array[c_i] = 7' 
II char_array[c_i] == '8' II char_array[c_i] = '9'; -M-C_1) { 
++c_x2; 

} 
if (c_xl != c_x2 11 c_xl = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_xl == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

//-
its_habitat_substrate = real; 
if (its_habitat_substrate != 1 && its_habitat_substrate != 2 && its_habitat_substrate != 3 

&& its_habitat_substrate != 4 && its_habitat_substrate != 5) { 
cout«"\n 
cout « "\n Please keep substrate as an integer between I to 5." « endl; 
cout « " « endU 

} while (its_habitat_substrate != 1 && its_habitat_substrate != 2 && its_habitat_substrate != 3 
&& its_habitat_substrate != 4 && its_habitat_substrate != 5); 

cout « "\n\n Resource proportion distribution:" « endl; 
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/* Initializing the 'its_habitat_resource_productivity[i]' array to ensure that all cells start with a value of 0 
*/ 

for (i = 0; i < max_number_of_resources; ++i) { 
its_hafc)itat_resource_productivity[i] = 0; 

} 

do { 
cout« "\n * How many different resources does the habitat offer (the highest"; 
cout « "\n resource existing in the habitat including smaller ones that do not"; 
cout « "\n actually offer any item)? 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_xl = 0; (c = getcharO) != Vi"; -H-c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 
for {c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' 1' 

II char_array[c_i] = '2' II char_array[cj] = '3' II char_array[c_i] == '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_array[c_i] == '8' II char_array[c_i] = '9'; -H-CJ) { 
++c_x2; 

} 

if (c_x 1 != c_x2 II c_xl = 0) { 
com « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; +-i-c_i) { 

--c_x 1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
its_habitat_number_of_resources = real; 
if (its_habitat_number_of_resources > max_number_of_resources) { 

cout « « endl* 
cout« "Sorry, but you cannot have more than " « max_number_of_resources « " resources for 

this run!" « sndl; 
cout «"**************************************************************"« endl; 

} 
else if (its_hafattat_number_of_resources < I) { 

cout « « endl; 
cout« "Sorry, but the number of resources should be bigger than 0" « endl; 
cout « "******************'**************************" « endl; 

} 

} while (its_habitat_number_of_resources > max_number_of_resources II its_habitat_number_of_resources 
< 1); 

cout « "\n * Enter the proportion each resource type contributes to the entire " « endl; 

I 
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cout « " productivity in habitat " « its_name « Use values from 0 to 1. If the sum of « 
endl; 

cout« " your entries is higher or lower than 1, the program will standardize" « endl; 
cout « " it automatically." « endl; 
cout « "\n A default option will give you the following proportion distribution: " « endl; 
cout « "\n Resource type 1 —> 1" « endl; 
for (i = I; i < its_habitat_number_of_resources; ++i) { 

cout « "\n Resource type " « i + 1 « " —> 1" « endl; 
} 
cout « "\n Would you like to use your own proportion distribution? (y / n): "; 
do { 

c_x = 0; 

for (c_i = 0; (c = getchar ()) != An'; ++c_i) { 
y_or_n_array[c_i] = c; 
++c_x; 

I 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer; "; 

1 

} while (c_x != I II (y_or_n_array[0] 1= 'y' && y_or_n_array[0] != 'n')); 
resource_productiviiy_choice = y_or_n_array[0]; 
if (resource_productivity_choice = 'n') { 

resource_productivity_sum = 0; 
for (i = 0; i < its_habitat_number_of_resources; -M-i) { 

its_habitat_resource_productivity[i] = I; 
resource_productivity_sum += its_habitat_resource_produclivity [i]; 

} 

} 

else if (resource_productivity_choice = 'y') { 
cout« endl; 
for (i = 0; i < its_habitat_number_of_resources; ++i) { 

do { 
cout « " Resource type " « i + 1 « " —> "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn"; ++c_i) { 
char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = 'O* II char_array[c_il = '1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[cj] = '6' II char_array[c_i] = '7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -M-c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
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cout « "\n Try again: " ; 
} 

} while {c_xl != c_x2 II c_xl == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_xl; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

1 
// 
its_habitat_resource_productivity[i] = real; 
cout« "\n"; 
if (its_habitat_resource_productivity[i] < 0) { 

cout« "\n 
cout « "\n Sorry, but proportion of resource cannot be negative." « endl; 
cout « " Please enter a positive value."; 
cout « " \n endl" 

} 

} while (its_habitat_resource_productivity[i] < 0); 
resource_productivity_sum += its_habitat_resource_productivity[il; 

I 
1 

/* The following routine rescales the resource ditribution to sum to I */ 
if (resource_productivity_sum != I) { 

cout « "\n Sorry, but your numbers don't sum to 1." « endl; 
cout « "\n Here is the adjusted proportion distribution:" « endl; 
for (i = 0; i < its_hafc>itat_number_of_resources; ++i) { 

its_habitat_resource_productivity[i] = its_habitat_resource_productivity[i] / 
resource_producti vity_sum; 

cout « "\n Resource type " « i + 1 « " —> " « its_habitat_resource_productivity[il « 
endl; 

} 

resource_productivity_sum = 0; 
for (i = 0; i < its_habitat_number_of_resources; ++i) { 

resource_productivity_sum += its_habitat_resource_productivity [i]; 
} 

cout « "\n It now sums to " « resource_productivity_sum « "!" « endl; 
} 

} 

/* **** This function is responsible for printing the habitat data **** */ 
void Habitat::PrintHabitat() 
{ 

int i = 0; 
cout « "XnHabitat's name: " « its_name; 
cout« "\n Precipitation (mean +/- SD): " « its_habitat_precipitation_mean « " +/- " « 

its_habitat_precipitation_sd; 
cout « "\n Temperature (mean +/- SD): " « its_habitat_temperature_mean « " +/- " « 

its_habitat_temperature_sd; 
cout « "\n Substrate: " « its_habitat_substrate; 
cout « "\n Resource proportion productivity:" « endl; 
for (i = 0; i < its_habitat_number_of_resources; -M-i) { 

cout « " Resource type " « i + 1 « " —> " « its_habitat_resource_productivity[i] « endl; 
} 

ii r 
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/* CELL */ 
CelI::CeIl(void) {| // The constructor 

/* The following function is responsible for asking for the information of the particular cell (i.e.. input) 
*/ 
void CelI::GetCeIlHabitat() 
{ 

int hname; 
do { 

cout « "XnCell's habitat type: 
n 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != '\n'; -M-c_i) { 
char_array[c_i] = c; 
++c_x1; 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[cj] = '1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] == '7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -H-c_i) { 
++c_x2; 

} 

if (c_x I != c_x2 11 c_x 1 = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -f-i-c_i) { 

~c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 

H 
hname = real; 
if (hname > number_of_habitats) { 

cout « ******** 
cout« "\nSorry, but the entered habitat type does not exist."; 
cout« "\nOnly " « number_of_habitats « " habitat(s) are defined for the current system."; 
cout « ****** 

} 
else if (hname < 1) { 

cout« "\nSorry, but the entered habitat type does not exist."; 
cout« 

} 

} while (hname > number_of_habitats II hname < 1); 
its_habitat_type = H[hname - I]; 
its_habitat_name = hname; 
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/* **** This function askes the values for the width and the length of the cell **** */ 
void Cell::GetCellDiniensions() 
{ 

cout « "XnCell's width: 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -t-+c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0. c_xl = 0; (c = getcharO) != "Xn"; -M-c_i) { 
char_array[c_i] = c; 
++c_xI: 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = '1' 
II char_arrayfc_i] = '2' II char_array[c_i] = 3' II char_array[c_il = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = 7' 
II char_array[c_i] = '8' II char_array[c_i] == '9'; -H-c_i) { 
++c_x2; 

1 
if (c_x I != c_x2 II c_x 1 = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -i-+c_i) { 

-c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

1 
// 
its_cen_width = real; 
cout « "Cell's length: "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 

I 
for (c_l = 0, c_xl = 0; (c = getcharO) != "Xn'; -t-+c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = "0' II char_array[c_i] = '1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_array[c_i] == '8' II char_array[c_l] == '9'; +-i-c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 il c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 

I 
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cout « "\n Try again: " ; 
} 

} while (c_xl != c_x2 II c_xl == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

-c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(IO, c_xl); 

} 

// 
its_cell_height = real; 
its_cell_size = its_cell_width * its_cell_hei2ht; 

} 

/* For using a fixed cell size without going into the trouble of calculating each at a time */ 
void Cell::GetCellSize(double x) 
{ 

its_cell_size = x; 
} 

void Cell::PrintCell() 
{ 

cout « "Cell's size: " « it5_cell_size « endl; 
cout« "\nThe cell's habitat type and characterisucs are:" « endl; 
CellHabitat().PrintHabitat(); 

} 

/* PATCH *! 
Patch;:Patch(void) {} // The constructor 

/* ***** Establishing a patch from a starting cell in the landscpae given by a row and column ***** */ 
void Patch::GetPatchCint x, int y) 
{ 

int i = 0, j = 0, z = 0. V = 0, m = 0, 1 = 0, s = 0; 
iLs_patch_celI_list_count = 0; 
its_patch_habitat_name = C[x][y].CellHabitatName(); 
its_patch_cell_list[0] = x; 
its_patch_cell_list[ 1 ] = y; 
its_patch_cell_list_count = 2; 
do { 

V = 0; 
for (i = 0; i < number_of_rows; ++i) { 

for (j = 0; j < number_of_columns; ++j) { 
if (C[i](j].CellHabitatName() = its_patch_habitat_name) { 
V = 0; 
for (s = 0; s < its_patch_cell_Iist_count; s = s + 2) { 
if (its_patch_cell_list[s] = i && its_patch_cell_list[s + IJ = j) { 

V = 1; 
} // okay, on the patch list 

} 
if(v= 1) { 

z = 0; 
if (i + 1 < number_of_rows && C[i + l]|j].CellHabitatName() = its_patch_habitat_name) { 

for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 
if (its_patch_cell_list[s] = i + 1 && its_patch_cell_list[s + I] = j) { 

z = 1; // already on the patch list 

P 

f 
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} 

} 

if (z = 0) { // not on the list; add it to the patch list 
its_patch_ceIl_list[its_patch_cell_Hst_count] = i + I; 
its_patch_cell_list[its_patch_cell_Iist_count + 1] =j; 
its_patch_celI_Iist_count += 2; 

} 

} 

z = 0; 
if (j + 1 < number_of_columns && C[i]lj + I].CellHabitatName() = its_patch_habitat_name) { 

for (s = 0; s < its_patch_cen_list_count; s = s + 2) { 
if (its_patch_cen_list[s] = i && its_patch_cell_list[s + I] = j + 1) { 

z = 1; // already on the patch list 
} 

} 

if (z = 0) { // not on the list; add it to the patch list 
its_patch_cell_list[its_patch_cell_Iist_count] = i; 
its_patch_cell_list[its_patch_cell_list_count + I] = j + I; 
its_patch_cell_list_count = its_patch_cell_list_count + 2; 

1 
} 

z = 0; 
if (i - 1 >= 0 && C[i - l]U].CellHabitatName() = its_patch_habitat_name) { 

for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 
if (its_patch_cell_list[s] = i - 1 && its_patch_cell_list[s + I] = j) { 

z = 1; // already on the patch list 
} 

} 
if (z = 0) { // not on the list; add it to the patch list 

its_patch_cell_list[its_patch_celLlist_count] = i - I; 
its_patch_cell_list[its_patch_cell_list_count + 1] = j; 
its_patch_ceil_list_count = its_patch_ceII_Iist_count + 2; 

} 

} 

z = 0; 
if (j - 1 >= 0 && C[i][j - l].CellHabitatName() = its_patch_habitat_name) { 

for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 
if (its_patch_cen_list[s] = i && its_patch_celUist[s + 1] ==j - 1) { 

z = 1; // already on the patch list 
} 

} 

if (z = 0) { // not on the list; add it to the patch list 
its_patch_cell_list[its_patch_cell_list_count] = i ; 
its_patch_cell_list[its_patch_cell_list_count + I ] = j - 1; 
its_patch_cell_Iist_count = its_patch_cen_list_count + 2; 

} 

} 

} 

} 

} 

} 

m = 0; 
for (i = 0; i < number_of_rows; ++i) { 

for (j = 0; j < number_of_columns; ++j) { 
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if (C[i]lj]-CellHabitatName() = its_patch_habitat_name) { 
1 = 0; 
for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 

if (its_patch_cell_list[s] = i && its_patch_cell_Iist[s + I] = j) { 
1 = 1 ;  / /  o k a y ,  o n  t h e  l i s t ;  d o n ' t  w o r r y  a b o u t  t h i s  c e l l  

1 
} 

if (1 = 0) { // not on the list; check if adjucent celles are on the list 
if (i + 1 < number_of_rows && C[i + I][j].CellHabitatName() = its_patch_habitat_namc) { 

for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 
if (its_patch_cell_list[s] = i + 1 && its_patch_cell_list[s + I] = j) { 

m = 1; 
} 

} 

} 

if (j + 1 < number_of_columns && C[i][j + l].CellHabitatName() = its_patch_habitat_name) { 
for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 

if (its_patch_cell_list[s] = i && its_patch_cell_Iist[s + I] = j + 1) { 
m = I; 

} 
} 

1 
if (i - 1 >=0 &&C[i - l][j].CellHabitatName() = its_patch_habitat_name) { 

for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 
if (its_patch_cell_list[s] = i - 1 && its_patch_cell_list[s + 1] = j) { 

m = 1; 

> 
} 

I 
if (j - 1 >= 0 && C[i ][j - l].CellHabitatName() = its_patch_habitat_name) { 

for (s = 0; s < its_patch_cell_list_count; s = s + 2) { 
if (its_patch_cell_list[s] = i && its_patch_cell_list[s + 1] = j - 1) { 

m = 1; 
} 

} 

} 

} 
} 

} 

1 
} while (m = 1); 

} 

/» ** The following function finds the patch's neighboring patches to use latter on in migration ***** */ 
void Patch: :GetPatchNeighbors() 
{ 

int i = 0, j = 0, k = 0, z = 0; 
char next; 
for (i = 0; i < its_patch_cell_list_count; i = i + 2) { 

z = 0; 
if (its_patch_celljist[i] - 1 >= 0 && its_patch_ceIUist[i + I] - 1 >= 0) { 

for (j = Ou < its_patch_cell_list_count; j = j +2) { 
if (its_patch_cell_list[i] - I = its_patch_cell_list[j] && its_patch_cell_list[i + 1] - 1 = 

its_patch_cell_Iistlj + I]) { 
z = I; 
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its_temporary_cell_Iist[its_temporary_cell_list_count] = its_patch_cell_Iist[i] + 1; 
its_temporary_cell_list[its_temporary_cell_list_count + I] = its_patch_cell_list[i + 1] + 1; 
its_temporary_ceIl_list_count = its_temporary_ceIl_list_count + 2; 

} 

} 

1 
} 

/* 
cout « "\nPatch " « its_patch_name « '"s neighbor cells are;\n"; 
cout « "\ntemporary_cell_list_count = " « its_temporary_cell_list_count « endl; 
for (i = 0; i < its_teniporary_cell_list_count; i = i + 2) { 
cout« "C[" « its_temporary_cell_list[i] « "][" « its_teniporary_cell_list[i + I] « « endl; 

} 

cout « "\nNext? "; 
cin » next; 
*! 

} 

/* The following function gets information about the new patch from its habitat, including its 
total productivity and its resource production •/ 

void Patch::GetPatchInformation(int patch) 
{ 

int i = 0, k = 0, m = 0 . n = 0; 
double a = 0, b = 0; 
its_patch_size = 0; 
its_patch_name = patch + 1; 
double *p_HabitatResourceProductivity; 
p_HabitatResourceProductivity = &H[its_patch_habitat_name - I].HabitatResourceProductivity(); 
for (i = 0; i < its_patch_ceIl_list_count; i = i + 2) { 

m - its_patch_cell_list[i]; 
n = its_patch_cell_list[i + 1]; 
its_patch_size = its_patch_size + C[ml[n].CellSize(); 

} 

a= H[its_patch_habitat_name - I].HabitatPrecipitationMean(); 
b = H[its_patch_habitat_name - I].HabitatTemperatureMean(); 
its_patch_productivity = a * b; 
for (k = 0; k < max_number_of_resources; -H-k) { 

its_patch_resource_productivity[k] = *(p_HabitatResourceProductivity + k) * its_patch_productivity 
* its_patch_size; 

// cout « "\nlts patch resource productivity " « k + I « " : " « its_patch_resource_productivity[kl; 
} 

/* **** This function is responsible for printing the habitat data */ 
void Patch;:PrintPatch() 
{ 

int i = 0, k = 0; 
cout « "\nPatch: " « its_paich_name « " « endl; 
cout « "Its habitat type: " « its_patch_habitat_naine « « endl; 
cout « "Contains the following cells: " « endl; 
for (i = 0; i < its_patch_cell_list_count; i = i + 2) { 

cout « "C[" « its_patch_cell_list[i] « "][" « its_patch_cell_list[i + 1] « "]" « endl; 
} 

cout « "Its size is: " « its_patch_size « endl; 
cout « "Its productivity per cell = precipitation * temperature = " « its_patch_productivity « endl; 
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cout « "Its energy supply = " « its_patch_productivity * its_patch_size « endl; 
cout« "Its resource-proprtion energy supply:" « endl; 
for (k = 0; k < H[its_patch_habitat_name - I].HabitatNumberOfResources(); -i-+k) { 

cout « " Resource type " « k + 1 « " —> " « its_patch_resource_productivity[k] « endl: 
} 
cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) 1= '\n'; -H-c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x != 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x != 0); 

/* POPULATION */ 

Population::Population(void) {} //The construction 

/* **** Establishing new population fron the patch it occupies and the species it belongs to **** •/ 
void Population::GetPopulation(int r, int s) 
{ 

its_population_species_name = s + 1; 
its_population_name = (r * number_of_species) + its_population_species_name; 
its_population_patch_name = r + 1; 
cout « "\n\nPopulation " « its_population_name « " is of species " « its_population_species_name 

« 
" in patch " « its_popuIation_patch_name « « endl; 

cout « "\nPIease, press "return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 
if (c_x!= 0) { 

cout « "VnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
cout« "\nWould you like to enforce demographic stochasticity on the populations'"; 
cout« "\nbirth and death rates? (y / n. or r for review); "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != '\n'; -H-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != I II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[0] != 'r')) { 
cout « "\n Sorry, but your entry was neither 'y', 'n', nor 'r'."; 
cout « "\n Please repeat your answer: "; 

r 

I 



} while (c_x != I II (y_or_n_arTay[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[01 
if (y_or_n_array[01 = 'r') { 

cout«"\n\n 
cout « "\n The demographic stochasticity function is:\n\n 
cout« " Rate = Rate_d + (e * (Rate_d / 2) / (gamma * N))\n" « endl; 
cout« " where:\n"; 
cout« " 'Rate_e' is the newly obtained birth or death rate.\n\n"; 
cout« " 'Rate_d' is either the deterministic birth or the deterministic death rateAn"; 
cout « " It is separately done for both of them. There is no auto-correlation \n"; 
cout « " between the two.\n\n"; 
cout« " 'e' is a random number generated from a Gaussian distributed randomVn"; 
cout « " number sequence.Vn" « endl; 
cout « " The term: 'e * (Rate_d / 2)' comes to rescale the range of possible\n"; 
cout « " values that the rate can get.\n"; 
cout« " After rescaling it ranges between 0 and 2 * Rate_dAn\n": 
cout « " Gamma is a coefficient that allows for changing the magnitude by which\n"; 
cout « " death rate and birth rate range, i.e., it allows for modeling different\n"; 
cout « " intensities of demographic stochasticity." « endl; 
cout« \n"; 
cout « "\nWould you like to enforce demographic stochasticity? (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) 1= "Xn"; -i-+c_i) { 

y_or_n_amiy[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout« "\n Please repeat your answer; "; 

} 

} while (c_x 1= 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} 

if (y_or_n_array[0] = 'n') { 
its_population_demographic_stochasticity_choice = I; 

} 

else if (y_or_n_array[0] = 'y') { 
its_population_demographic_stochasticity_choice = 2; 
do { 

idum = time(NULL); 
} while (idum —= 0); 
if (idum > 0) { 

idum = -(idum); 
} 

do { 
while (1) { 

cout « "\n Gamma = " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 
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break; 
} 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

} 
its_population_gamma = f; 
// cin »its_species_gamma; 
if (its_popuIation_gamma <= 0) { 

cout « "\n Oops... gamma cannot be lower or equal to one." « endl; 
} 

} while (its_population_gamma <= 0); 
} 

) 

/* **** Getting information about the resource use by the population given its patch and species **** */ 
void Population::GetPopulationResourceUse(int r, int s) 
{ 

int k = 0; 
double a = 0, b = 0; 
double *p_PatchResourceProductivity; // pointer to the patch resource productivity 
double *p_SpeciesResourceUse_s; // pointer to the species resource use 
//for (k = 0; k < max_number_of_resources; ++k) { 

//p_PatchResourceProductivity = &P[r].PatchResourceProductivity(); 
//p_SpeciesResourceUsc_s = &S[s].SpeciesResourceUse(); 
f* 
cout « "\n*p_SpeciesResourceSpectrum_s + k = " « *(p_SpeciesResourceSpectrum_s + k) « endl; 
* /  
//if (*(p_SpeciesResourceUse_s + k) > 0) { 

//++a; 
/ *  
cout « "\na = " « a « endl; 
*1 
//if (*(p_PatchResourceProductivity + k) > 0) { 

//++b; 
/* 
cout « "\nb = " « b « endl; 
*1 
//} 

//} 

/* In general, the following loops are checking what resources are given by the population's patch 
and what resources can be used by the population's species; The distribution of the resources 
that are indeed used by the population are rescaled to sum to I */ 

a = 0; 
for (k = 0; k < max_number_of_resources; ++k) { 

p_PatchResourceProductivity = &P[r].PatchResourceProductivity(); 
p_SpeciesResourceUse_s = &S[s].SpeciesResourceUse(); 
if (*(p_SpeciesResourceUse_s + k) > 0) { 
if (*(p_PatchResourceProductivity + k) > 0) { 

a += *(p_SpeciesResourceUse_s + k); 
} 

} 

} 
for (k = 0; k < max_number_of_resources; -M-k) { 

its_population_resource_use[k] = 0; // initialization; to ensure all cells start with 0 
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p_PatchResourceProductivity = &P[r].PatchResourceProductivity(); 
p_SpeciesResourceUse_s = &S[s].SpeciesResourceUse(); 
if (*(p_SpeciesResourceUse_s + k) > 0) { 
if (*(p_PatchResourceProductivity + k) > 0) { 
if(a = 0) { 

its_population_resource_use[k]= 0; 
} 

else if (a > 0) ( 
its_population_resource_use[k] = *(p_SpeciesResourceUse_s + k) / a; 
} 

} 

} 

} 

I* 
for (k = 0; k < max_number_of_resources; -M-k) { 
if ((*(p_PatchResourceProductivity + k) = 0) II b < I) { 

its_population_resource_use[k] = 0; 
} 
else { 

its_population_resource_use[kl = ((*(p_SpeciesResourceUse_s + k) * a) / b); 
} 

// cout « "\nits_population_resource_spectrum[k] = " « its_population_resource_spectrum[kl « 
endl; 

} 

* /  

] 

I* **** POPULATION'S FEEDBACK nJNCTIONS »*** *! 
I* SPECffiS TEMPERATURE - HABITAT TEMPERATURE MATCH */ 

void Populalion::GetSpeciesHabitatMatch(double son, double sts, double spm, double sps, double cov, 
double htm, double hts, double hpm, double hps) 

{ 

const double dt = 0.05; 
double HTa = 0, HTb = 0, HPa = 0, HPb = 0, STa = 0, STb = 0. SPa = 0, SPb = 0; 
double Iower_point_temperature = 0, lower_point_precipitation = 0; 
double higher_point_temperature = 0, higher_point_precipitation = 0; 
double clpp = 0; //cuiTent_lower_point_precipitation 
double clpt = 0; //current_lower_point_temperature 
double a = 0, b = 0, c = 0, d = 0, aa = 0, ab = 0, ac = 0, abc = 0, ba = 0, bb = 0, be = 0, bbc = 0; 
double e_bivariate = 0, f_bivariate = 0, e_precipitation = 0, f_precipitation = 0, d_precipitation = 0; 
double e_temperature = 0, f_temperature = 0, d_temperature = 0; 
double ejoint = 0, fjoint = 0; 
double d_bivariate = 0, d_bivariate_sum = 0; 
double d_match = 0, d_match_sum = 0, dt_show = dt * 10, j_d = 0, show_number_of_runs_d = 0, z = 0; 
double met = 0; // for the metabolic equation used in the carrying capacity routine 
int m = 0, X = 0; // for the patch 
int number_of_runs = 0, number_of_runs_temperature = 0, number_of_runs_precipitation = 0; 
int general_number_of_runs = 0, i = 0, j = 0, k = 0; 
int show_number_of_runs = 0; 

/* ***** for calculating carrying capacity given the available resources *»»•»****** */ 
double *p_PatchResourceProductivity; // pointer to the patch's resource productivity 
double *p_SpeciesResourceUse_species; // pointer to the species' resource use 
double relevant_productivity = 0; 
//double relevant_energy_use = 0; 
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/* Defining the ranges of the precipitation and temperature characteristics */ 
HTa = htm + (2 * hts); // Habitat temperature's higher value 
HTb = htm - (2 * hts); // Habitat temperature's lower value 
HPa = hpm + (2 * hps); // Habitat precipitation's higher value 
HPb = hpm - (2 * hps); // Habitat precipitation's lower value 
STa = stm + (2 * sts); // Species temperature's higher value 
STb = stm - (2 * sts); // Species temperature's lower value 
SPa = spm + (2 * sps); // Species precipitation's higher value 
SPb = spm - (2 * sps); // Species precipitation's lower value 
if (HTb >= STa II HTa <= STb II HPb >= SPa II ElPa <= SPb) { 

its_population_habitat_match = 0; 
/ *  

cout « "\nits_population_habitat_match = 0.0" « endl; 
cout « "\nPIease, press 'return* to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; +-H:_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*1 

} 

/* Identifying the different options of the overlap between the species and the habitat */ 
else { 
if (HTa>= STa) { 

higher_point_temperature = STa; 
1 
else { 

higher_point_temperature = HTa; 
} 

if (HTb <= STb) { 
lower_point_temperature = STb; 

} 

else { 
lower_point_temperature = HTb; 

} 

if(HPa>= SPa) { 
higher_point_precipitation = SPa; 

} 

else { 
higher_point_precipitation = HPa; 

} 

if (HPb <= SPb) { 
lower_point_precipitation = SPb; 

} 

else { 
lower_point_precipitation = HPb; 
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1 
} 

cout « "\nlt is now calculating the match between the species' niche position" « endl; 
cout« "(the 3-D binormal curve) and the habitat's resource supply (the 3-D" « endl; 
cout « "uniform curve) to reveal the population's species-habitat match..." « endl; 
cout « "\nPIease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 

/* The following section is the integration procedure that calculates the area of the overlapping 
3-dimensional curves */ 

number_of_runs_temperature = (int) ((higher_point_temperature - lower_point_temperature) / dt); 
number_of_runs_precipitation = (int) ((higher_point_precipitation - lower_point_precipitation) / dt); 
general_number_of_runs = number_of_runs_temperature * number_of_runs_precipitation; 
show_number_of_runs = (int) (dt_show / dt); 
clpt = lower_point_temperature + (dt / 2); 
for (j = 0; j < number_of_runs_temperature; ++j) { 

cipp = lower_point_precipitation + (dt / 2); 
for (i = 0; i < number_of_runs_precipitation; -H-i) { 

a = 1 / (1 - (cov * cov)); 
b = ((clpp - spm) / (sps)) * ((clpp - spm) / (sps)); 
c = 2 * cov * (((clpp - spm) / (sps)) * ((clpt - stm) / (sts))); 
d = ((clpt - stm) / (sts)) * ((clpt - stm) / (sts)); 
e_bivariate = exp(-0.5 * (a * (b - c + d))); 
f_bivariate = (1 / (2 * 3.141592654 * sps * sts * sqrt( 1 - (cov * cov)))) * e_bivariate; 

// ******* joint independent normal distribution for temperature and precipitation *»** 
ejoint = exp(-0.5 * b - 0.5 • d); 
fjoint = (1 / (hps * hts* 2 * 3.141592654)) * ejoint; 
/* 
cout « "\nejoint = " « e_joint « endl; 
cout « "fjoint = " « f_joint « endl; 
cout« "\nNext? "; 
cin » next; 
*/ 

// ******* uninormal for precipitation ******* 
// e_precipitalion = exp(-0.5 * b); 
// f_precipitation = (1 / (hps * sqrt(2 * 3.141592654))) * e_precipitation; 
// aa = 1 / (hps * sqrt(2 * 3.141592654)); 
// ab = 1 - ((aa - f_precipitation) / aa); 
//if(ab<0) 
// ab = 0; 

// ******* uninormal for temperature ******* 
// e_iemperature = exp(-0.5 * d); 
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// f_temperature = (1 / (hts * sqrt(2 * 3.141592654))) * e_temperature; 
// ba = 1 / (hts • sqrt(2 * 3.141592654)); 
// bb = I - ((ba - f_temperature) / ba); 
//if(bb<0) 
// bb = 0; 
d_bivariate = (f_bivariate * dt) / (1 / dt); // only for the bivariate 
d_bivariate_sum += d_bivariate; 
// cout« "d_match = " « d_match « endl; // for testing 

// show loop 
++k; 
j_d = k; 
show_number_of_runs_d = show_number_of_runs; 
z = finod(j_d. show_number_of_runs_d); 
if (z = 0) { 

k = 0; 
//**•*** The following printing lines are for testing ************* 
// cout « clpt « "\t" « clpp « "\t"; 
// cout« d_bivariate « endl; 
// fprintf(fp_data, "%f\t%f\t%f\n". clpt, clpp, d_bivariate); 
// cout « "Next? " ; 
// cin » next; 

if (fmod(i * j, 1(K)(KK)) == 0) { 
cout « ". "; 
X += 1; 
if (fmod(x. 40) = 0) { 
cout« "\n"; 

} 

/* 
cout « "\nits_population_species_name = " « its_population_species_name « endl; 
cout« "\nS[its_population_species_name - I].SpeciesTemperaturePrecipitationBivariateHighestPoint() = 

cout « S[its_population_species_name - l].SpeciesTemperaturePrecipitationBivariateHighestPoint(); 
cout« "\n\nNext? "; 
cin » next; 
* /  

its_population_habitat_match = d_bivariate_sum 
/ ((his * 4) * (hps * 4) 
* S[its_population_species_name - l].SpeciesTemperaturePrecipitationBivariateHighestPoint()); 

if (its_population_habitat_match < 0.001) { // A value lower than 0.001 will become 0 
its_popuIation_habitat_match = 0; 
/* 
cout « "its_population_habitat_match is lower than 0.001, so it was set to 0.0" « endl; 
cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 

for (c_i = 0; (c = getcharO) != "Xn"; +-H:_i) { 
next_array[c_i] = c; 

clpp += dt; 

clpt += dt; 
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++c_x; 
} 

if (c_x!=0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*! 

\ 
its_population_intrinsic_rate_of_increase = S[its_population_species_name - l].BirthRate() * 

its_population_habitat_match 
- S[its_population_species_name - l].DeathRate(); 

// For testing only!!! 
// cout « "\nd_bivariate_sum = " « d_bivariate_sum « endl; // for testing 
// cout « "The species curve = " « S[its_populaiion_species_name -

1 ].SpeciesTemperaturePrecipitationBivariateSum()« endl; 
// cout « "its_spectes_habitat_match = " « its_population_habitat_match « endl; // for testing 
// cout « "\nNext? " ; 
// cin » next; 

jif. Calculating the carrying capacity ***************** */ 

/* 
if (its_use_mammalian_coefricient = TRUE) { 

met= A * pow(S[its_population_species_name - l].BodySize(), B); 
} 
else { 

met = (S[its_population_species_name - 1 ].Metabolic_a() 
* pow(S[its_population_species_name - ll.BodySize(), S[its_population_species_name -

I ].Metabolic_b())); 
} 
*/ 
m = its_popuIation_patch_name - I; I I the patch 
for (k = 0; k < max_number_of_resources; ++k) { 

p_PatchResourceProductivity = &P[m].PatchResourceProductivity(); 
if (*(p_PatchResourceProductivity + k) > 0) { 

p_SpeciesResourceUse_species = &S[its_population_species_name - I ].SpeciesResourceUse(); 
if (*(p_SpeciesResourceUse_species + k) > 0) { 

relevant_productivity += *(p_PatchResourceProductivity + k); 
} 

} 

} 

its_carrying_capacity = (((S[its_population_species_name - l].BirthRate() * 
its_population_habitat_match) 

/ S[its_population_species_nanie - l].DeathRate()) - I) 
I ((((S[its_population_species_name - l].BirthRate() * its_population_habitat_match) 
/ S[its_popuIation_species_name - l].DeathRate()) + 1) 
* ((S[its_population_species_name - l].MetabolicRateO * 365) / relevant_productivity)); 
// NOTE: THE METABOLIC RATE IS MULTIPLIED BY 365 TO MAKE THE UNITS OF 

THE METABOLIC 
// RATE TO BE: ENERGY / YEAR RATHER THAN PER DAY!!! 

//cout « "its_carrying_capacity = " « its_carrying_capacity « endl; 

cout « "\n\n"; 
} 
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/* The following function calculates the saturation effect given the other populations at the patch */ 
void Population:;PopulationCommunitySaturation(int r. int s) // r = patch, s = species 
{ 

int i = 0, j = 0. k = 0, X = 0, m = 0; 
double resource_feedback = 0, resource_feedback_sum = 0, relevant_productivity = 0; 
double metabolic_rate = 0; 
double population_resource_use_sum = 0; 
double relative_resource_use[max_number_of_species]; 
double relative_resource_use_sum = 0; 
double relative_resoun:e_use_modified[max_number_of_species]; 
double relative_resource_use_niodified_sum = 0; 
double *p_PatchResourceProductivity; // pointer to the patch's resource productivity 
double *p_PopuIationResourceUse_i; // pointer to the population's resource use 
/ *  

cout « "Stage 3.1" « endl; 
*/  

I* The following routine goes through each population of the community and adds its metabolic energy 
use */ 

for (k = 0; k < max_number_of_resources; -M-k) { 
p_PatchResourceProductivity = &P[r].PatchResourceProductivity(); 
if (*(p_PatchResourceProductivity + k) > 0) { 
if (its_population_resource_use[k] > 0) { 

/* 
cout « "Stage 3.2" « endl; 
*! 

resource_feedback = 0; 
population_resource_use_sum = 0; 
I* 
for (i = 0; i < number_of_species; -H-i) { 

X = ((r) * number_of_species) + i; // x = population; x+l = population name 
p_PopulationResourceUse_i = &Pop[x].PopulationResourceUse(); 
population_resource_use_sum += *(p_PopulationResourceUse_i + k); 

} 

*! 

/• 

cout « "Stage 3.3" « endl; 
*/ 
for (i = 0; i < number_of_species; -M-i) { 

X = ((r) * number_of_species) + i; // x = population; x+l = population name 
p_PopulationResourceUse_i = &Pop[xJ.PopulationResourceUse(); 
relative_resource_use[i] = (*(p_PopulationResourceUse_i + k)); 
/* 
relative_resource_use_sum += relative_resource_use[i]; 
relative_resource_use_modified_sum += relative_resource_use[i] 

* S[i].SpeciesResourceTolerance(); 
*f 

} 

/* 
cout « "Stage 3.4" « endl; 
* /  
for (i = 0; i < number_of_species; ++i) { 

x = ((r) * numfaer_of_species) + i; // x = population; x+I = population name 
/ *  
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if (use_mammaIian_coefficient = TRUE) { 
metaboIic_rate = A * pow(S[i].BociySize(), B); 

} 

else { 
metabolic_rate = S[i].Metabolic_a() * pow(S[i].BodySize(), S[i].Metabolic_b()); 

} 

* /  

/* 
reIative_resource_use_modified[i] = ((reIative_resource_use[i] * S[i].SpeciesResourceTolerance()) 

* relative_resource_use_sum) / reIauve_resource_use_modified_sum; 
*! 
resource_feedback += (Pop[x].PopulationSize() 

* (S[i].MetaboIicRate() * 365) 
* relative_resource_use[i]); 

// NOTE: THE METABOLIC RATE IS MULTIPLIED BY 365 TO MAKE THE UNITS OF 
THE METABOLIC 

// RATE TO B E; ENERGY / YEAR RATHER THAN PER DAY!!! 
1 
resource_feedback_sum += resource_feedback; 
reIevant_productivity += *(p_PatchResourceProductivity + k); 
/* 
cout « "Stage 3.5" « endl; 
* /  

} 

} 
} 

if (relevant_productivity = 0) { 
its_population_community_saturation = 1; 

} 

else { 
its_popuIaUon_community_saturation = resource_feedback_sum / relevant_productivity; 

} 

} 

incorporating (or not) demographic stochasticity *«*******»»•» */ 
void Population::PopulationDemographicStochasticity(doubIe e_birth, double e_death) 
{ 

double a, b; 
if (its_popuIation_demographic_stochasticity_choice = I) { 

its_population_birth_rate = S[its_population_species_name - I].BirthRate(); 
its_population_death_rate = S[its_population_species_name - l].DeathRate(); 

} 

else if(its_population_demographic_stochasticity_choice = 2) { 

I* * e_birth and e_death are random numbers generated from a Gaussian distributed random number 
sequence, e.g., e_birth = gasdev(&idum) 
its_population_birth_rate = S[x].BirthRate() + (e_birth * (S[x].BirthRate() / 2) / (gama * 
its_population_size)) 
* The term: 'e_birth * (S[x].BirthRate() / 2)' comes to rescale the range of possible values that 
'its_population_birth_rate' can get. After rescaling it ranges between 0 and 2 * S[x].BirthRate(). 

Likewise: its_population_death_rate = S[x].DeathRate() + (e_death • (S[x].DeathRate() / 2) / (gama * 
its_population_size)) 

* The term: 'e_death * (S[x].DeathRate() / 2)' comes to rescale the range of possible values that 
'its_population_death_rate' can get. After rescaling it ranges between 0 and 2 * S[x].DeathRate(). 

* Gama is a coefficient that allows for changing the magnitude by which 'its_popuIation_death_rate' 

s 
f 
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and •its_population_birth_rate' range. 
i.e.. It allows for modeling different intensities of demographic stochasticity. 

do { 
if (e_birth > 2 II e_birth < -2) { // Truncating the original Gaussian probability distribution (2 * 

SD) 
e_birth = gasdev(&idum); // Invoicing the random number generator to produce a random number 

1 
} while (e_birth > 2 II e_birth < -2); 
if (its_population_size <= 0) { 

a = 0; 
} 
else { 

a = (e_birth * (S[its_population_species_name - l].BirthRate() / 2)) 
/ (its_popuIation_gamma * its_population_size); 

} 

its_population_birth_rate = S[its_population_species_name - I].BirthRate() + a; 
/* 
cout « "\ngama = " « gama « "\te_birth = " « e_birth « "\tSpecies birth rate = " « 

S[its_population_species_naine - 1 ].BirthRate(): 
cout « "\na = " « a « "\tits_population_birth_rate = " « its_population_birlh_rate « endl; 
*/ 
do [ 
if (e_death > 2 II e_death < -2) { // Truncating the original Gaussian probability distribution (2 * SD) 

e_death = gasdev(&idum); // Invoking the random number generator to produce a random number 
} 

} while (e_death > 2 II e_death < -2); 
if (its_popuIation_size <= 0) { 

b = 0; 
} 

else { 
b = (e_death • (S[its_population_species_name - l].DeathRate() / 2)) 

/ (its_population_gamma * its_population_size); 
} 

its_population_death_rate = S[its_population_species_name - l].DeathRate() + b; 
/* 
cout « "\ngama = " « gama « "\te_death = " « e_death « "\tSpecies death rate = " « 

S[its_population_species_naine - l].DeathRate(); 
cout « "\nb = " « b « "\tits_populatjon_death_rate = " « its_population_death_rate « endl; 
* /  

if (its_population_birth_rate < 0) { 
its_population_birth_rate = 0; 

} 

if (its_population_death_rate < 0) { 
its_population_death_rate = 0; 

} 

if (its_population_birth_rate > S[its_population_species_name - l].BirthRate() • 2) { 
its_population_birth_rate = S[its_population_species_name - l].BirthRateO * 2; 

} 

if (its_population_death_rate > S[its_population_species_name - l].DeathRate() * 2) { 
its_population_death_rate = S[its_population_species_name - l].DeathRate() * 2; 

} 
// fprintf(fp_data, "%f\t%f\n", its_population_birth_rate, its_population_death_rate); 
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/* *** The following function calculates the local growth equation without migration *** */ 
/* *** It doesn't include the integrating procedure; It just calculates the expression *** */ 
/* *** The expression describes the per-capita growth without the population size */ 

void PopuIation::GetPopuIationLocaIGrowth() 
{ 

double si = 0, s2 = 0; 
int m = 0; 
m = (its_population_name - iis_population_species_name) / number_of_species; // m is the patch 
si = 1 - its_population_community_saturation; 
s2 = I + its_popuIation_community_saturation: 
if (si <0) { 

si =0; 
} 
its_population_per_capita_local_growth = (its_population_birth_rate * s 1 * 

its_population_habitat_match) 
- (its_population_death_rate * s2); 

} 

/* The following function calculates and run the population growth of a population; It has the integration 
procedure in it */ 

void Population::PopulationGrowth() 
{ 

double dN = 0; 
double c = 0, d = 0, e = 0, s I = 0, s2 = 0, z = 0; 
int i = 0, m = 0, I = 0, a = 0, V = 0; 
int *p_PatchNeighbors; // pointer to neighboring patches 
double * p_CommunityPopulationSizes; // pointer to the overall number of the community 

individuals 
double dispersal_sum = 0, dispersal = 0; 
double N1 = 0, N2 = 0, N3 = 0. N4 = 0, F1 = 0, K = 0, F3 = 0. F4 = 0; 

si = 1 - its_population_community_saturation; 
s2 = I + its_population_community_saturation; 
if (si <0) { 

si = 0; 
1 
/* 
its_population_per_capita_local_growth = (its_population_birth_rate *sl * 

its_population_habitat_match) 
- (its_population_death_rate * s2); 

*/ 

if (dispersal_choice = TRUE) { 
//cout « "Stage 8.1" « endl; 
I = (int) (its_population_name - 1) / number_of_species; // 1 = the patch of that population 
//cout « "Stage 8.2" « endl; 
//cout « "Patch = " « 1 « endl; 
p_PatchNeighbors = &P[l].PatchNeighbors(); 
//cout « "Stage 8.3" « endl; 
for (i = 0; i < P[l].PatchNeighborsCount(); -n-i) { 

//cout « "Stage 8.4" « endl; 
//cout « "P[I].PatchNeighborsCount() = " « P[l].PatchNeighborsCount() « endl; 
//cout « "Stage 8.5" « endl; 
//cout « "Stage 8.6" « endl; 
//cout « "Neighbor = " « *(p_PatchNeighbors + i) - 1 « endl; 

I 
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/* Finding the difference between the population's per-capita growth and the neighboring population 
per-capita growth •/ 

z = its_population_per_capita_local_growth 
- Pop[(*(p_PatchNeighbors + i) - i) * number_of_species + (its_population_species_name -

1 )].PopulationPerCapitaLocalGrowth(): 
//cout « "Stage 8.7" « endl; 
//cout « "z = " « z « endl; 
if (z > 0) { // Immigration 

V = (*(p_PatchNeighbors + i) - I); 
p_CommunityPopulationSizes = &Com[v].CommunityPopulationSizes(); 
a = its_population_species_name - 1; 
dispersal = S[its_population_species_name - l].DispersalCoefricient() * z 

* (*(p_CommunityPopulationSizes + a)); 
//cout « "Stage 8.7, z > 0" « endl; 
//cout « "dispersal = " « dispersal « endl; 

} 

else if (z < 0) { // Emigration 
V = P[l].PatchName() - 1; 
p_CommunityPopulationSizes = c&Com[vI.CommunityPopuIationSizes(); 
a = its_population_species_name - I; 
dispersi = S[its_population_species_name - l].DispersalCoefficieni() * z // Density-dependent rate 

* (*(p_CommunityPopulationSizes + a)); 
//cout « "Stage 8.7, z < 0" « endl; 
//cout « "dispersal = " « dispersal « endl; 

} 

else if (z = 0) { 
dispersal = 0; 
//cout « "Stage 8.7, z = 0" « endl; 
//cout « "dispersal = " « dispersal « endl; 

} 

dispersal_sum += dispersal; 
//cout « "Stage 8.8" « endl; 
//cout « "dispersal_sum = " « dispersal_sum « endl; 

} 
********************************************************'''***** 

jif #****************»•*• The Runge-Kutta Integrator *************************** */ 

F1 = (its_population_size * its_population_birth_rate * si * its_population_habitat_match) 
- (lts_population_size * its_population_dealh_rate * s2) + dispersal_sum; 

N1 = its_population_size + (dt * F1 * 0.5); 
= (N1 * its_population_birth_rate * si * its_population_habitat_match) 

- (N1 * its_population_death_rate * s2) + dispersal_sum; 
N2 = its_population_size + (dt • F2 • 0.5); 
F3 = (N2 * its_population_birth_rate * s 1 * its_population_habitat_match) 

- (N2 * its_population_death_rate * s2) + dispersal_sum; 
N3 = its_populaUon_size + (dt * F3); 
F4 = (N3 * its_population_birth_rate * si * its_population_habitat_match) 

- (N3 * its_population_death_rate * s2) + dispersal_sum; 
N4 = its_population_size + (dt * (F1 + 2 * K + 2 * F3 + F4) / 6); 
its_population_size = N4; 

//cout « "Stage 8.9" « endl; 
//cout « "dN = " « dN « endl; 

1 
else if (dispersal_choice = FALSE) { 

i: 
J 
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4 : *  : t c  4 e  *  4 :  4 :  *  4 e  4 e  4 c  4 : 4 : 4 c  
ĵ f. 4e4e4c4e4e4c4c4:4c4e4c4c4e#4e4e4t4c4c4c4c "J^g RungC-KUtta IntCgTatOr ***4e4e4t4e**4e4e*4e**4e4e4t4t**4:4e4!*4e 
FI = (its_popuIation_size * ils_population_bjrth_rate * si * its_population_habitat_match) 

- (its_population_size * its_population_death_rate • s2); 
N1 = its_population_size + (dt * Fl * 0.5); 
F2 = (NI * its_popuIation_birth_rate * si * its_population_habitat_match) 

- (NI * its_popuIation_death_rate * s2); 
N2 = its_population_size + (dt * F2 * 0.5); 
F3 = (N2 * its_popuIation_birth_rate • si * its_popuIation_habitat_match) 

- (N2 * its_popuIation_death_rate * s2); 
N3 = its_popuIation_size + (dt * F3); 
F4 = (N3 * its_popuIation_birth_rate * si * its_population_habitat_match) 

- (N3 * its_population_death_rate * s2); 
N4 = its_population_size + (dt * (Fl + 2*F2 + 2*F3 + F4) / 6); 
its_population_size = N4; 

4e 4c 4c 4c 4c 4c 4c 4c * 4:4e 4:4e * 4e 4e 4e ^ 4c * 4e 4c 4e 4e 4e 4e 4e 4e 4e 4:4c 4e 4: % 4e :4c 4c 4e 4c 4c 4c 4e 4e 4e 4c * 4:4e 4e 4c 4e 4c 4e 4e 4e 4c 4e 4e 4e 4e 4e 4:4e 4c 4= 4: 

} 

if (its_population_size < 0) { 
its_popuIation_size = 0; 

} 

/* **** This function is responsible for printing the population data */ 
void PopuIation::PrintPopuIation() 
{ 

cout « "\nPopuIation " « its_population_name « « endl; 
cout« "\nlts species characteristics are; "; 
S[ its_popuIation_species_name - l].PrintSpecies(); 
cout « "\nlts species-habitat match is; " « its_population_habitat_match: 
cout« "\nlts population intrinsic rate of increase (Pop(r[maxI)) value is: " « 

its_population_intrinsic_rate_of_increase; 
cout « "\nlts carrying capacity (the population alone with no competitors); " « its_carrying_capacity 

« endl; 
cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if(c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 
} while (c_x!= 0); 

/* COMMUNITY *! 
Community:;Community(void) {} 

/* * Establishing new community from the patch it occupies and the populations that belong to it * */ 
void Community;;GetCommunity(int m) // m is the patch of the community 
{ 

its_community_name = m + 1; 
} 



void Community:;CommunityInfornialion() 
{ 

int i, k. m = 0, n = 0, x; 
double N = 0, z = 0, resource_feedback = 0. resource_resource_feedback = 0. metabolic_rate = 0; 
!* 
cout « "Stage 2" « endl; 
cout« "Next? 
cin » next; 
*/ 
for (i = 0; i < number_of_species; -M-i) { 

X = ((its_community_name - I) * number_of_species) + i; // x = population: x+I = population's 
name 

if (Pop[x].PopulationSize() > 0) { 
n = n + I; 
N = N + Pop[x].PopulationSize(); 
its_number_of_individuaIs = N; 

} 

} 

for (i = 0; i < number_of_species; ++i) { 
X = ((its_community_name - 1) * number_of_species) + i; 
if (Pop[x].PopulationSize() >0.1) { 

z = z + (((Pop[x].PopulationSize() * Pop[x].PopulationSize()) - Pop[x].PopuIationSize())/((N * N) 
N)): 

1 
} 
its_simpson_index = z; 
its_community_populations_number = n; 

The next routine calculates the productivity feedback-function value from the resource spectrum of 
the patch's habitat and each species (population) resource proportional preference 

/* 
cout « "Stage 3" « endl; 
cout« "Next? 
cin » next; 
* /  

for (i = 0; i < number_of_species; ++i) { 
/* 
cout « "Its community name = " « its_community_name « endl; 
cout « "Its community = " « its_community_name - 1 « endl; 
* /  
X = ((iis_community_name - 1) "• number_of_species) 4- i; 
Pop[x].PopulationCommunitySaturation(its_community_name - 1, i); 
!* 
cout « "Stage 4" « endl; 
cout« "Next? "; 
cin » next; 
*! 

} 

} 

/* **»» The following function takes the population sizes of the community's populations *»** */ 
void Community::GetCommunityPopulationSizes(int x) // x = the patch 
{ 
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int i = 0. j = 0; 
char next; 
/• 
cout « "Stage 2" « endl; 
cout« "Next? 
cin » next; 
*1 
for (i = 0; i < number_of_species; ++i) { 

j = X * number_of_species + i; 
its_community_populalion_sizes[i] = Pop[j].PopulationSize(); 
/* 
cout « "\nPatch = " « x « endl; 
cout « "Species = " « 1 « endl; 
cout « "Population (j) = " « j « endl; 
cout « "Pop(j].PopulationSize() = " « Pop[jI.PopulationSize() « endl; 
cout « "its_community_population_sizes[i] = " « its_community_population_sizes[l] « endl; 
*! 

} 

I* 
cout « "Stage 3" « endl; 
cout« "Next? 
cin » next; 
*! 

I* **** The following function vcalculates the Fisher's alpha numerically **** */ 
void Community::GetFisherAlpha() 
I 

The next routine calculates the Fisher's alpha from the total number of individuals and the number 
of non-zero populations existing in the patch at this time. 

I* 

* * 

* Hello! Welcome to Fisher's alpha calculating program. * 
* The program numerically calculates a value of alpha from a pair of * 
* data: Number of species (S) and number of individuals (N). * 
* Alpha provides a sample-size independent measure of species * 
* diversity, assuming a log-series distribution of species abundance * 
* (Fisher et al. 1943, Williams 1964). * 

* The following equation is used for the calculation: 

* S = alpha * ln( 1 + N / alpha) • 
* 

:4e 4: 4c 4:4c 3<e sfe ;(c :4e # 

* /  

double number_of_species_calculated = 0, S_real = 0; 
if (its_community_populations_number > its_number_of_individuals) { 

its_Fisher_alpha = -1; 
} 
else if (its_community_populations_number == its_number_of_individuals) { 

its_Fisher_alpha = -2; 
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else { 
S_real = its_community_popuIations_number; 
its_Fisher_alpha = S_real / 2; 
do { 

number_of_species_calculated = its_Fisher_alpha * log(( 1 + its_number_of_individuals / 
its_Fisher_alpha)); 

//cout « "\nits_Fisher's_alpha = " « its_Fisher's_alpha; 
if (number_of_species_calculated > S_real + 0.001) { 

its_Fisher_alpha = its_Fisher_alpha - 0.0001; 
} 

else if (number_of_species_caIculated < S_real - 0.001) { 
its_Fisher_alpha = its_Fisher_alpha + 0.0001; 

} 

I while (number_of_species_calculated > S_real + 0.001 II number_of_species_caIculated < S_real -
0.001); 

} 

/* **** This function is responsible for printing the community data **** */ 
void Community::PrintCommunity() 
{ 

printf("%8s\t%8s\t%8s\t\t%8s", "Community". "# species". "Simpson's Index", "Fisher's alpha"): 
printf("\n"); 
printf("%d\t\t%d\t\t%.4f\t\t\t%.4f', its_community_name, its_community_populations_number. 

its_simpson_index. its_Fisher_alpha); 
if (its_Fisher_aIpha = -1) { 
cout« " (Undefined: S>N)"; 

} 

else if (its_Fisher_alpha == -2) { 
cout« " (Undefined: S=N)"; 

} 

printf("\n\n"); 
/* 
cout « "CommunityXt" « "# speciesVt" « "Simpson's IndexU" « "Fisher's alpha" « endl; 
cout « its_community_name « "\t\t" « its_community_populations_number « "\t\t" « 

its_simpson_index; 
cout « "\t\t" « its_Fisher_alpha « endl; 
cout« endl; 
* /  

/* LANDSCAPE *1 
/* Landscape is an abstract class that controls the functions of the landscape, including the list 

of the specie, habitats, patches, communities and populations */ 
/* The following function is the constructor that also responsible for controling the establishment 

of the patches and populations and communities thereafter */ 
Landscape::Landscape(void) 
{ 

int i = 0, j = 0. a = 0, b = 0, m = 0. s = 0, z = 0, e = 0, X = 0; 
int *p; 
its_landscape_list_count = 0; 
while (its_landscape_list_count < number_of_rows * number_of_columns * 2) { 
if (its_landscape_list_count = 0) { 
i =0; 
j=0; 

i 
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m = 0; 
P[ml.GetPatch(i. j); // Creating the first patch from cell[0][0] 
P[m].GetPatchInformation(m); // Getting information about the first patch after it was created 
P[m].PrintPatch(); // Print patch's information, including its list of cells 
Com[m].GetCommunity(m); // Creating a community object associated with the patch object 

// The new community object is now ready to have the different patch-
// specific populations given the species occurring in the landscape 

for (e = 0; e < number_of_species; -M-e) { // Creating population objects for the specific patch 
X = (m * number_of_species) + (e); // Population 1 is actually Pop[0] and so on 
Pop[x].GetPopulation(m, e); 
Pop[x].GetPopulationResourcelIse(m. e); 

/* The following function is the species-habitat match function nested within the population's class; 
It takes the necessary information from the species and the patch to match between their 
precipitation and temperature characteristics */ 

Pop[x].GetSpeciesHabitatMatch(S[Pop[x].PopulationSpeciesName() - ll.SpeciesTemperatureMean(). 
S[Pop[x].PopulationSpeciesName() - l].SpeciesTemperatureSD(), 
S[Pop[x].PopulationSpeciesName() - 1 ].SpeciesPrecipitationMean(), 
S[Pop[xI.PopulationSpeciesName() - IJ.SpeciesPrecipitationSDO, 
S[Pop[x].PopulationSpeciesName() - l].SpeciesTemperaturePrccipitationCovariance(). 
H[P[m].PatchHabitatName() - l].HabitatTemperatureMean(), 
H[P[m].PatchHabitatName() - l].HabitatTemperatureSDO, 
H[P[m].PatchHabitatName() - l].HabitatPrecipitationMean(), 
H[P[m].PatchHabitatName() - ij.HabitatPrecipitationSDQ); 

Pop[x].PrintPopulation(); // Print population's information 
} 

its_number_of_patches = m + 1; // Number of patches is 1 now 
p = &P[m].PatchCellList(); 

/* The following loop takes care of adding the new patch's cells to a list that will be used latter on 
to compare and find what cells are not yet included in the existing patches */ 

for (a = 0, b = its_Iandscape_list_count; a < P[m].PatchCellListCount(); ++a, ++b) { 
its_landscape_list[b] = *(p + a); 

} 

its_landscape_Iist_count = its_landscape_list_count + P[m].PatchCellListCount(); // Counting 
procedure to 

// have control on the landscape 
// list 

} 

else { 
/* The following routine takes one cell at a time and checks if it belongs to an existing patch or not 

by looking for this patch in the landscape list that has the cells that belong to patches already: 
If it belongs to an existing patch already, the routine goes to the nest cell; It is does not belong to 
an existing patch already, then this cell becomes the starting cell of a new patch which trigger off 
the patch-establishing function of the class patch *! 

for (i = 0; i < number_of_rows; ++i) 
for 0 = 0; j < number_of_columns; ++j) { 

z = 0; 
for (s = 0; s < its_landscape_list_count; s = s + 2) { 
if (its_landscape_list[s] = i && its_landscape_list[s + 1] = j) 

z = 1; 
} 

if(z = 0) { 
m += 1; 
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P[m].GetPatch(i, j); // Creating a new patch from the cell not included in landscape's list 
P[m].GetPatchInformation(m); // Getting information about the new patch that was created 
P[m].PrintPatch(); // Print patch's information, including its list of cells 
Com[m].GetCommunity(m); // Creating a community object associated with the patch object 

// The new community object is now ready to have the different patch-
// specific populations given the species occurring in the landscape 

for (e = 0; e < number_of_species; ++e) { // Creating population objects for the specific patch 
X = (m * number_of_species) + (e); // Population 1 is actually Pop[0] and so on 
Pop[x].GetPopulation(m, e); 
Pop[x].GetPopulationResourceUse(m, e); 

/* The following function is the species-habitat match function nested within the population's 
class; It takes the necessary information from the species and the patch to match between their 
precipitation and temperature characteristics */ 

Pop[xl.GetSpeciesHabitatMatch(S[Pop[x].PopulationSpeciesName() -
1 ].SpeciesTemperatureMean(), 

S[Pop[x].PopulationSpeciesName() - l].SpeciesTemperatureSD(), 
S[Pop[x].PopulationSpeciesName() - l].SpeciesPrecipitationMean(), 
S[Pop[x].PopulationSpeciesName() - l].SpeciesPrecipitationSD(), 
S[Pop[x].PopulationSpeciesName() - 1 ].SpeciesTemperaturePrecipitationCovariance(). 
H[P[m].PatchHabitatName() - l].HabitatTemperatureMean(), 
H[P[m].PatchHabitatName() - l].HabitatTemperatureSD(), 
H[P[m].PatchHabitatName() - l].HabitatPrecipitationMean(), 
H[P[m].PatchHabitatNameO - l].HabitatPrecipitationSD()); 

Pop[x].PrintPopulation(); // Print population's information 
} 
its_number_of_patches = m + 1; // Advance the number of patches by 1 
p = &P[m].PatchCellList(); 
for (a = 0, b = its_landscape_list_count; a < P[m].PatchCellListCount(); ++a, -M-b) { 

its_landscape_list[b] = *(p + a); 
} 

/* The following loop takes care of adding the new patch's cells to a list that will be used latter 
on to compare and find what cells are not yet included in the existing patches */ 

its_Iandscape_list_count = its_landscape_list_count + P[m].PatchCellListCount(); 
} 

} 

} 

1 
its_number_of_populations = its_number_of_patches • number_of_species; 

} 

/* The following function prints, if invoked, the list of the cells known to the landscape; It comes to check 
that all cells are indeed incorporated in the different patches */ 

void Landscape: :PrintLandscapeCelIList() 
{ 

int i = 0; 
cout « "XnLandscape's cell list is:" « endl; 
for (i = 0; i < itsJandscape_list_count; i = i + 2) { 

cout « "C[" « its_landscape_list[i] « "][" « its_landscape_list[i + 1] « "]" « endl; 

} 

/* The following function prints, if invoked, the list of the patches known to the landscape; It comes to 
check that the landscape know all the potential different patches */ 
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void Landscape::PrintLandscapePacchListO 
{ 
int 1 = 0; 
cout « "\n\nThe landscape has " « its_nuinber_of_patches « " patch{es)." « endl; 
cout« "The patches are:" « endl; 
for (i = 0; i < its_number_of_patches; -M-i) { 

P[i].PrintPatch(): 
} 

} 

/* The following multi-routine function comes to allow for creating disturbances (hereafter "catastrophic 
stochasticity") in the landscape with different options of changing their probability of being created, 
intensity, range, and the effct on population loss */ 

The stochasticity functions of the class: Landscape is using either one of two functions of random 
number generators occur in the file 'Random_numbers_functions.h' that is included in this program. 
The functions are: 'ran2(&idum)', and •gasdev(&idum)'. idum is a global variable in 
'Random_numbers_functions.h' and therefore should be global also here. 

void Landscape::GetCatastrophicStochasticity() // This function records the essential information about the 
// stochasticity regime to be invoked later by 'Catastrophic Stochasticity' 

{ 

int i = 0, j = 0, a = 0, b = 0, c = 0, number_of_cells = 0, number_of_patches = 0; 
double lower_limit = 0, upper_limit = 0; 
/* This routine allows the user to use different probability distributions — uniform or normal ~ for the 

probability of getting hit by a stochastic event */ 
cout « "\nl. Types of catastrophic stochasticity distribution available in the model:\n" « endl; 
cout« " [I] Uniform probability distribution (equal deviates of random numbers)." « endl; 
cout « " [2] Gaussian probability distribution (normal deviates of random numbers)." « endl; 
cout« "\n Type best represents the stochasticity regime of the current landscape: "; 
do { 

// 

do { 
real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Nn'; -H-c_i) { 
char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' 1' 
II char_array[c_i] == '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_arTay[c_i] = '5' II char_array[c_i] == '6' II char_array[c_i] = '7' 
II char_array[c_i] = '8' 11 char_array[c_i] = '9'; -t-H:_i) { 
++c_x2; 

} 
if (c_x I != c_x2 II c_x I = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -t-i-c_i) { 

~c_xI; 

i 



r = char_arniy[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
its_catastrophic_stochasticity_choice = real; 
if (its_catastrophic_stochasticity_choice != I && its_catastrophic_stochasticity_choice != 2) { 

cout « "\n You entered a number which is neither 'I' nor '2'." « endl; 
cout « "\n Choose again:"; 

} 
} while (its_catastrophic_stochasticity_choice != 1 && its_catastrophic_stochasticity_choice != 2) 
if (lts_catastrophic_stochasticity_choice = 1 11 its_catastrophic_stochasticity_choice = 2) { 
/* This routine allows the user to seed the random number generator manually or authomatically 

by using the build-in time function of the computer */ 
cout« "\n\n2. Randomly set the seeding value of the random numbers' sequence? (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != An'; -H-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[OJ != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'y') { 

idum = time(NIJLL); 
if (idum >= 0) { 

idum = "(idum); 
} 

} 

else { 
cout « "\n\n Value to seed the random numbers' sequence (an integer): "; 
do { 

do { 
real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -M-c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_xl = 0; (c = getcharO) 1= "Xn"; -M-c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 
for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = '1' 

II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_ij = '6' II char_array[c_il = '7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -H-c_i) { 
-M-C_X2; 

} 
if (c_xl != c_x2 II c_xl = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl = 0); 
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for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 
-c_xl; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 

U 
idum = real; 
if (idum > 0) { // Ensures that only negative numbers are used 

idum = -idum; 
} 

//cin » idum; 
if (idum = 0) { 

cout « "\n No, no , no... It cannot be zero." « endl; 
cout « "\n Try again: "; 

} 

} while (idum = 0); 
} 

do { 
while (1) { 
/* This routine allows the user to enforce a threshold value to limit the probability value such that 

below it stochasticity does not take place; Avalue of 1 (which is also the default in case nothing 
else is specified) means a stochastic event always takes place *f 

cout « "\n\n3. Catastrophic stochasticity threshold (a value between 0 and 1" « endl; 
cout « " such that below it stochasticity is not invoked): " « flush; 
char linefSO]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

) 

its_catastrophic_stochasticity_threshold = f; 
//cin » its_catastrophic_stochasticity_threshold; 
if (its_catastrophic_stochasticity_threshold < 0 11 its_catastrophic_stochasticity_threshold > 1) { 

cout « "\n Oops... the threshold should be between 0 to 1 only." « endl; 
} 

} while (its_catastrophic_stochasticity_threshold <0 II its_catastrophic_stochasticity_threshold > 1); 
/* A message that "translates" the threshold value to cahnces of getting hit by stochasticity */ 
cout« "\n 
cout « "\n With a uniform probability distribution you have "; 
cout « (I - its_catastrophic_stochasticity_threshold) * 100 « "% chance"; 
cout « "\n of getting hit by stochasticity in a given year."; 
cout « "\n ***********************************************************" « endl; 
/* This routine allows the user to limit the population loss of the different populations; A lower value 

gives a fraction of population loss that always exceeds it, and an upper limit gives a fraction of 
population loss that can never exceed it */ 

cout« "\n\n4. When stochasticity occurs, would you like to define a lower and/or " « endl; 
cout « " an upper limit for the population loss due to this stochasticity ?" « endl; 
cout « " (a lower limit gives a fraction of population loss that always exceeds" « endl; 



cout « " it, and an upper limit gives a fraction of population loss that can never" « endl; 
cout « " exceed it. 'n' defines the limits between 0 and I.) (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != '\n'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != I II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y'. nor 'n'."; 
cout« "\n Please repeat your answer; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_arniy[0] = 'n') { 

its_lower_catastrophic_stochasticity_Umit = 0; 
its_upper_catastrophic_stochasticity_!imit = I; 

} 

else if (y_or_n_array[0] = 'y') { 
do { 

while (1) { 
cout « "\n Lower limit (0-1): " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
1 
cout « "\n Sorry, but something is wrong with your data entry." « endl; 

} 

its_lower_catastrophic_stochasticity_limit = f; 
// cin » its_lower_catastrophic_stochasticity_limit; 
while (1) { 

cout « "\n Upper limit (O-I): " « flush; 
char line[80]; 
cin.getline(line, sizeof(line)); 
istrstream in(line); 
in » f; 
if (in) { 

char c; 
in » c; 
if (!in) 

break; 
} 

cout « "\n Sorry, but something is wrong with your data entry." « endl; 
} 

its_upper_catastrophic_stochasticity_limit = f; 
//cin » its_upper_catastrophic_stochasticity_Iimit; 

// Checking that the lower and upper values do not overlapping! 
if (its_lower_catastrophic_stochasticity_limit < 0 

II its_lower_catastrophic_stochasticity_limit > 1 
II its_upper_catastrophic_stochasticity_limit < 0 



II ils_upper_catastrophic_stochasticity_liniit > I) { 
cout« "\n\tSorry but you are over the allowed range (O-I)." « endl; 

} 

if (its_Iower_catastrophic_stochasticity_Iimit 
>= its_upper_catastrophic_stochasticity_limit) { 

cout « "\n\tSorry but the lower limit should not exceed the upper one.\n"; 

} while (its_lower_catastrophic_stochasticity_Umit < 0 
II lts_lower_catastrophic_stochasticity_limit > 1 
II its_upper_catastrophic_stochasticity_limit < 0 
II its_upper_catastrophic_stochasticity_limit > 1 
II its_lower_catastrophic_stochasticity_limit >= its_upper_catastrophic_stochasticity_limit); 

} 

/* This routine allows the user to use different probability distributions — uniform or normal — for 
probability of losing a particular fraction of each population */ 

cout « "\n\n5. What probability distribution would you like to assign for determining" « endl; 
cout « " the population loss due to stochasticity?\n" « endl; 
cout« " [ 1 ] Uniform deviates of random numbers (equal probability distribution)." « endl; 
cout« " [2] Gaussian deviates of random numbers (normal probability distribution)." « endl; 
cout « "\n Choice; 
do { 

U 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -n-c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_x I = 0; (c = getcharO) != "Xn"; -M-c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] =' 1" 
II char_array[c_i] = '2' II char_array[c_i] = *3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' 11 char_array[c_i] = '6' II char_array[c_i] = 'T 
II char_array[c_i] == '8' II char_array[c_i] = '9'; +-t-c_i) { 
++c_x2; 

} 

if (c_x I != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
its_catastrophic_stochasticity_population_loss_choice = real; 
//cin » its_catastrophic_stochasticity_population_loss_choice; 
if (its_catastrophic_stochasticity_population_loss_choice != I 

&& its_catastrophic_stochasticity_population_loss_choice != 2) { 
cout « "\nYou entered a number which is neither '1' nor '2'." « endl; 
cout « "\nChoose again: "; 



278 

} 

) while (its_catastrophic_stochasticity_population_loss_choice != 1 
&& its_catastrophic_stochasticity_population_Ioss_choice != 2); 

/* This routine allows the user to define the size of the area at which stochasticity might take place, 
either manually by specifying the cells, patches, or the entire landscape, or randomly with a random 
number generating procedure */ 

cout « "\n\n6. Would you like to define the scale of the catastrophic stochasticity" « endl; 
cout « " manually (m), or you want this to be done randomly by the program's" « endl; 
cout« " random number generator (r)? 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Vn"; -H-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 
} 

if (c_x != 1 )l (y_or_n_array[0] != 'm' && y_or_n_array[0] != Y')) { 
cout« "\n Sorry, but your entry was neither'm' nor 'r'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != "m" && y_or_n_array[0] != 'r')); 
its_catastrophic_stochasticity_scale_definition_choice = y_or_n_array[0]; 
if (iis_catastrophic_stochasticity_scaIe_definition_choice = 'm') { 

cout « "\n\n 6.a. Catastrophic stochasticity may affect different scales of the model:" « endl; 
cout « "\n [1] Cell-scale stochasticity." « endl; 
cout « " [2] Patch-scale stochasticity." « endl; 
cout « " [3] Landscape-scale stochasticity (the entire landscape)." « endl; 
do { 

cout « "\n Choice: 
U 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_x 1 = 0; (c = getcharO) != An"; -H-c_i) { 
char_array[c_il = c; 
+-(-c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' 1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' 11 char_array[c_i] = '6' II char_array[c_i] = 7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -HcJ) { 
+-K:_X2; 

} 

if (c_x 1 != c_x2 II c_x 1 = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl !=c_x2llc_xl =0); 
for (real = 0, c_i = 0; c_i < c_x2; -i-+c_i) { 

—c_xl; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 
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// 
its_catastrophic_stochasticity_scaIe_choice = real; 
//cin »its_catastrophic_stochasticity_scale_choice; 
if {its_catastrophic_stochasticity_scale_choice != I && its_catastrophic_stochasticity_sca(e_choice 

1= T 
&& its_catastrophic_stochasticity_scale_choice != 3) { 
cout « "\n You entered a number which is neither 'I'2' nor '3'." « endl; 

} 

} while (its_catastrophic_stochasticity_scale_choice != 1 && 
its_catastrophic_stochasticity_scale_choice != 2 

&& its_catastrophic_stochasticity_scale_choice 1= 3); 
if (its_catastrophic_stochasticity_scale_choice = 1) { 

do { 
cout « "\nHow many cells? 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = "a"; 
1 
for (c_i = 0, c_xl = 0; (c = getcharO) != '\n'; ++c_i) { 

char_array[c_i] = c; 
++c_x1: 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' I! char_array[c_i] = T 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = 'T 
II char_array[c_il == '8' II char_array[c_i] = '9'; ++c_i) { 
++c_x2; 

} 

if (c_x I != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

) 

} while (c_x 1 != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -M-c_i) { 
~c_xI; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
// 
number_of_cells = real; 
//cin » number_of_cells; // should limit the number of cells in order to limit the cell-list array 

// at this point 'number_of_celles' cannot be higher than ? 
if (number_of_cells > (its_landscape_list_count / 2)) { 

cout « "Sorry, but you cannot have more than " « its_landscape_list_count / 2 « " cell(s).' 
« endl; 

} 

} while (number_of_cells > (its_landscape_list_count / 2)); 
its_catastrophic_stochasticity_cell_list_count = number_of_cells * 2; 
cout « "\nWhat cell(s) would you like to be affected by stochasticity (Row, Column)?" « endl; 



for (a = 0; a < (number_of_cens * 2); a = a +2) { 
do { 

do { 
cout « "\nRow; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getchar()) != "Xn"; ++c_i) { 
char_array[c_i] = c; 
+-i-c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = T 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = 
II char_array[c_i] = '8' II char_array[c_i] = '9'; ++c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x I = 0); 
for (real = 0. c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_xl); 

} 

n 
i = real; 
//cin » i; 
if (i >= number_of_rows II i < 0) { 

cout « "\nSorry, but the entered row does not exist."; 

} 
} while (i >= number_of_rows II i < 0); 
do { 

cout « "Column: "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_x 1 = 0; (c = getcharO) != '\n'; -H-c_i) { 

char_array[c_i] = c; 
•M-c_x I; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] — ' 1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = 
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II char_array[c_i] == '5' II char_array[c_i] = '6' II char_array[c_i] == '7' 
II char_array[c_i] = '8' II char_aiTay[c_i] = '9'; -i-+c_i) { 

++c_x2; 
1 
if (c_xl != c_x2 I! c_xl = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl == 0); 
for (real = 0, c_i = 0; c_i < c_x2; -i-K:_i) { 

—c_xI; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 

U 
j = real; 
//cin » j; 
if (j >= number_of_columns II j < 0) { 

cout « "\nSorry, but the entered column does not exist."; 

} 
} while (j >= number_of_columns II j < 0); 
for (b = 0, c = 0; b < a; b = b +2) { 
if (its_catastrophic_stochasticity_cell_list[b] = i && its_catastrophic_stochasticity_cell_list[b 

cout« "Sorry, but this cell is already included in the current list." « endl; 
cout « "Please repeat the last cell entry." « endl; 
cout « cncll' 
c = I; 

} 
} 
if(C[i][j].CellHabitatName() = 0) { 

cout « cndl* 
cout « "Sorry, but this cell is not defined for the current landscape." « endl; 
cout « "Please repeat the last cell entry." « endl; 
cout « cndi' 
c = 1; 

} 

} while (c = 1); 
cout « "The new cell [" « i « "][" « j « "1 is of habitat type " « 

C[il[jl.CellHabitatName() « "." « endl; 
its_catastrophic_stochasticity_cell_list[al = i; 
its_catastrophic_stochasticity_cell_list[a + 1] =j: 

} 

cout « "\nThe cells are:" « endl; 
for (i = 0; i < number_of_ceUs * 2; i = i +2) { 

cout « "[" « its_catastrophic_stochasticity_celI_list[i] « "][" « 
its_catastrophic_stochasticity_cell_list[i + 1] « "]" « endl; 

} 

cout « "\nPIease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != ^n'; ++c_i) { 
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endl; 

next_array[c_i] = c; 
-i-+c_x; 

} 
if (c_x!= 0) { 

cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 
} while (c_x!= 0); 

} 

else if (its_catastrophic_stochasticity_scale_choice = 2) { 
do { 

cout « "\nHow many patches? "; 
H 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != '\n'; -H-c_i) { 
char_array[c_i] = c; 
++c_x I; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = '1' 
II char_array[c_i] = '2" II char_array[c_i] = '3' II char_array[c_i] = '4* 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_il = '7' 
II char_array[c_i] = *8' II char_arniy[c_i] = '9'; ++c_i) { 
++c_x2; 

} 

if (c_x 1 != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x I = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 

U 
number_of_patches = real; 
//cin » number_of_patches; // should limit the number of patches in order to limit the patch-lisi 

// array at this point 'number_of_patches' cannot be higher than 5 
if (number_of_patches > its_number_of_patches) { 

cout « "Sorry, but you cannot have more than " « its_number_of_patches « " patches." « 

cout « « endl" 
} 

) while (number_of_patches > its_number_of_patches): 
its_catastrophic_stochasticity_patch_list_count = number_of_patches; 
cout« "\nWhat patch(es) would you like to be affected by stochasticity?" « endl; 
for (a = 0; a < number_of_patches; -M-a) { 

do { 
cout « "\nPatch: 
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// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0. c_xl = 0; (c = getcharO) != "Xn"; { 
char_array[c_i] = c; 
-f-t-c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = '1' 
l( char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' 11 char_array[c_i] = '6' II char_arniy[c_il = 7' 
1! char_array[c_i] == '8' II char_array[c_i] = '9'; +-K:_i) { 
-M-C_X2; 

} 

if (c_x 1 != c_x2 II c_x I = 0) { 
COUt « "\n Something is wrong with your entry."; 
COUt « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(IO, c_xl); 

} 

H. 
i = real; 

//cin » i; 
for (b = 0, c = 0; b < a; -M-b) { 
if (its_catastrophic_stochasticity_patch_list[b] = i) { 

COUt « "Sorry, but this patch is already included in the current list." « endl; 
COUt « "Please repeat the last patch enury." « endl; 
COUt « '**********************************************************\|^" « endl* 

c = I; 
} 

} 
if (P[i - 1],PatchHabitatNameO = 0) { 

COUt « « endl' 

COUt« "Sorry, but this patch is not defined for the current landscape." « endl; 
COUt« "Please repeat the last patch entry." « endl; 
COUt « « endl' 
c = 1; 

} 
} while (c = I); 
COUt « "The patch " « i « " is of habitat " « P[i - l].PatchHabitatName() « "." « endl; 
its_catastrophic_stochasticity_patch_list[a] = i - 1; 

} 

COUt « "\nThe patches are;" « endl; 
for (i = 0; i < number_of_patches; -H-i) { 

COUt « its_catastrophic_stochasticity_patch_list[i] + I « endl; 
} 
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cout « "\nPIease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; -i-+c_i) { 

next_arTay[c_i] = c; 
++c_x; 

} 

if(c_x!= 0) { 
cout « "XnDon't play games with mel"; 
cout « "\nPress-return' NOW." « endl; 

} 

) while (c_x!= 0); 
} 
else if (its_catastrophic_stochasticity_scale_choice = 3) [ 
cout« "\n** The entire landscape will be affected by stochasticity! **" « endl; 
cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar()) != '\n'; ++cj) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
} 

1 
else if (its_catastrophic_stochasticity_scale_defmition_choice = 'r') { 

// Allows for limiting the area in the landscape that is randomly assigned 
cout « "\n\n 6.a. Would you like to limit the proportion of the environment"; 
cout « "\n to be affected by catastrophic stochasticity? (y / n): "; 
do{ 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != '\n'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

if (c_x != I 1! (y_or_n_arniy[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y'. nor 'n'."; 
cout « "\n Please repeat your answer; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] == 'n') { 

its_catastrophic_stochasticity_proportion_lower_limit = 0; 
its_catastrophic_stochasticity_proportion_upper_limit = number_of_rows * number_of_columns; 

} 

else if {y_or_n_array[0] = 'y') { 
do { 

do { 
cout « "\n Lower limit (0%-I00%); "; 
// 
do { 

real = 0; 
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r = 0; 
for (c_i = 0; c_i < 50; •M-c_i) { 

char_aiTay[c_i] = 'a'; 

} 

for (c_i = 0, c_xl = 0; (c = getcharQ) != "Nn"; -t-+c_i) { 
char_arTay[c_i] = c; 

-M-c_x 1; 
} 
for (c_i = 0, c_x2 = 0; char_arniy[c_i] = '0' II char_aiTay[c_i] ='I' 

II char_array[c_i] = '2' II char_aiTay[c_i] = '3' II char_array[c_il = '4' 
II char_array[c_ij = '5' II char_aiTay[c_i] = '6' II char_aiTay[c_i] = '7' 
II char_array[c_i] = '8' II char_array[c_il = '9'; ++c_i) { 

-M-C_X2; 
} 

if (c_xl != c_x2 II c_x 1 = 0) { 
coul « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 

—c_xl; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

} 

// 
lower_limit = real; 

//cin » lower_limit; 
cout « "\n Upper limit (0%-100%): "; 
// 
do { 

real = 0; 
r = 0; 

for (c_i = 0; c_i < 50; ++c_i) { 
char_array[c_i] = 'a'; 

} 
for (c_i = 0, c_xl = 0; (c = getcharO) != V; •M-c_i) { 

char_arTay[c_i] = c; 

-M-c_x 1; 
} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] =' 1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_ij = '5' II char_array[c_ii == '6' II char_array[c_i] = '7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -H-c_i) { 
-M-c_x2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again; " ; 

} 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

--c_x 1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

1 
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U 
upper_limit = real; 
//cin » upper_limit; 
if (Iower_Iimit < 0 

II lower_Iimit > 100 
II upper_liniit < 0 
II upper_limit > 100) { 
cout« "\n\tSorry but you are over the allowed range (0-100)." « endl; 

} 

if (lower_limit 
>= upper_limit) { 
cout « "\n\tSorry but the lower limit should not exceed the upper one.\n"; 

} 

if ((floor((lower_Iiinit / 100) * (number_of_rows * number_of_columns))) 
>= ((ceil((upper_limit / 100) * (number_of_rows * number_of_columns))) - 1)) { 

cout« "^XtSorry but the difference between the limits is too smallAn"; 
} 

} while (lower_limit < 0 II lower_limit > 100 
II upper_limit < 0 II upper_limit > 100 
II lower_limit >= upper_limit 
II (fIoor((lower_limit / 100) * (number_of_rows * number_of_columns))) 

>= ((ceil((upper_limit / 100) • (number_of_rows * number_of_coIumns))) - 1)); 
its_catastrophic_stochasticity_proportion_lower_limit = floor((lower_limit / 100) 

* (number_of_rows • number_of_columns)); 
cout « "\n\n Lower limit = " « its_catastrophic_stochasticity_proportion_lower_limit « " 

cells."; 
its_catastrophic_stochasticity_proportion_upper_limit = ceil((upper_limit / 100) 

* (number_of_rows • number_of_columns)); 
cout « "\n\n Upper limit = " « its_catastrophic_stochasticity_proportion_upper_limit « " 

cells."; 
cout« "\n\n Would you like to repeat this procedure? "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != An'; -i-+c_i) { 

y_or_n_array[c_i] = c; 
++C x; 

} 

if (c_x != 1 II (y_or_n_array[01 != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer; "; 
} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} while (y_or_n_array[0] = 'y'); 

I 
} 

1 
} 

/* The following function invokes catastrophic stochasticity according to the specifications set previouseiy 
in the above function */ 
void Landscape:; CatastrophicStochasticityO 
{ 

int catastrophic_stochasticity_list[max_number_of_rows * max_number_of_columns + 2]; 
int catastrophic_slochasticity = 0, catastrophic_stochasticity_list_count = 0; 

i 
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int i = 0, j = 0,k = 0, z = 0, J = 0, M = 0, N = 0, number_of_cens = 0; // J is the variable that 
determines what list to use for population loss 

int X = 0; 
double range_of_stochasticity = 0; 
double X, population_size = 0, g = 0; 
char next; 
/* for the invokation of the catastrophic stochasticity •**»*»***» */ 
int *p_to_patch_list; 

//cout« "\nits_catastrophic_stochasticity_choice = " « its_catastrophic_stochasticity_choice; 
//cout« "\nNext? 
//cin » next; 
//cout « "\nSTGE l\n" « endl; 
// 
/» 

cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar()) != '\n'; -i-+c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "VnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*l 
H 
if (its_catastrophic_stochasticity_choice = 1) { // check which probability distribution need to be 

pulled 
e = ran2(&idum); // out for determining whether stochasticity occurs. 

//cout « "\nSTGE 2\n" « endl; 
// 
I* 

cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar()) != '\n'; ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 
if (c_x!= 0) { 

cout « "VnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 
} while (c_x!= 0); 

*/ // = 

//cout « "\ne = " « e; 
//cout«"\nNext? "; 
//cin » next; 

} 

else if (its_catastrophic_stochasticity_choice = 2) { 
do { 
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e = gasdev(&idum); 
} white (e > 2 II e < -2); 
e = e / 4 + 0.5; 

//cout « "\nSTGE 3\n" « endl; 
// 
/* 

cout « "\nPIease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharQ) != '\n'; -H-c_i) { 

next_arniy[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

1 
} while (c_x!= 0); 

*/ 
// 

//cout « "\ne = " « e; 
//cout« "\nNext? "; 
//cin » next; 

} 

if (e > its_catastrophic_stochasticity_threshold) { 
//cout « "\nSTGE 4\n" « endl; 
// 
/* 

cout « "\nPIease. press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Vn'; -i-+c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "\nDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

1 while (c_x!= 0); 
*/ 
// 

//cout« "\nits_catastrophic_stochastlcity_scale_definition_choice = " « 
its_catastrophic_stochasticity_scaIe_definition_choice; 

//cout « "\nNext? "; 
//cin » next; 

//%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% '̂ 
%%%%%%% 

if (its_catastrophic_stochasticity_scale_definition_choice = 'm') { 
if (its_catastrophic_stochasticity_scaIe_choice = I) { 

J = 1; // j is a variable that tells the program what list of patches to use to invoke 
// population loss due to stochasticity. 

if (its_catastrophic_stochasticity_population_loss_choice = 1) { 
do { 

X = ran2(&idum); 
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//cout « "\nX (ran2) = " « X; 
} while (X < its_lower_catastrophic_stochasticity_limit II X > 

its_upper_catastrophic_stochasticity_limit); 
//cout « "\nFinal X = " « X; 

} 

else if (its_catastrophic_stochasticity_popuiation_Ioss_choice = 2) { 
do { 

do { 
X = gasdev(&idum); 
//cout « "\nX (gasdev) = " « X; 

} while (e > 2 II e < -2); 
X = X / 4 + 0.5; 

} while (X < its_lower_catastrophic_stochasticity_liinit II X > 
its_upper_catastrophic_stochasticity_liinit); 

//cout « "\nFinal X = " « X; 
} 

for (k = 0; k < its_number_of_patches; -i-i-k) { 
z = 0; 
for (i = 0; i < P[k].PatchCellListCount(); i = i + 2) { 

p_lo_patch_Iist = &P[k].PatchCeiIList(); 
for (j = 0; j < its_caiastrophic_stochasticity_cell_list_count; j = j + 2) ( // The list defined for 

the cell scale 
if (*(p_to_patch_list + i) = its_catastrophic_stochasticity_cell_l:st(j] 

&& *(p_to_patch_list + (i + 1)) = its_catastrophic_stochasticity_cell_list(j + 1]) { 
z += I; 

} 

} 
} 
//cout « "\nNext? 
//cin » next; 
//cout « "\nz = " « z; 
//cout « "XnCCOKOl.CellSizeO = " « C[0][0].CellSize(); 
//cout « "\nR[kl.PatchSize() = " « P[k].PatchSize(); 
range_of_stochasticity = (double) ((z * C[0][01.CelISize()) / P[k].PatchSize()); // This assumes 

that all 
// ccll sizes are the 

same 
//cout « "\nrange_of_stochasticity = " « range_of_stochasticity; 
for (i = 0; i < number_of_species; -H-i) { 

X = k * number_of_species + i; 
population_size = Pop[x].PopulationSize(); 
//cout « "\nPatch = " « k; 
//cout« "\nPopulation size of species " « i « " (pop " « x « ") was: " « 

population_size; 
g = population_size - (population_size * range_of_stochasticity • X); 
Pop[x].GetPopulationSize(g); // X gives the fraction that dies due to stochasticity 
//cout « "\nlt is now: " « Pop[x].PopulationSize(); 

} 

} 

} 

else if (its_catastrophic_stochasUcity_scale_choice = 2) { 
J = 2; //j is a variable that tells the program what list of patches to use to invoke 

// population loss due to stochasticity. 
if (its_catastrophic_stochasticity_population_loss_choice = I) { 

do { 



290 

X = ran2(&idum): 
//cout « "\nX (ran2) = " « X; 

} while (X < its_lower_catastrophic_stochasticity_limit II X > 
iLs_upper_catastrophic_stochasticity_liinit); 

//cout « "\nFinal X = " « X; 
} 
else if (its_catastrophic_stochasticity_population_loss_choice = 2) { 

do{ 
do { 

X = gasdev(&idum); 
//cout « "\nX (gasdev) = " « X; 

} while (e > 2 II e < -2); 
X = X / 4 + 0.5; 

} while (X < its_lower_catastrophic_stochasticity_limit II X > 
its_upper_catastrophic_stochasticity_limit); 

//cout « "\nFinaI X = " « X; 
} 

//cout« "\nNext? 
//cin » next; 
for (j = 0; j < its_catastrophic_stochasticity_patch_list_count; -i-+j) { 

k = its_catastrophic_stochasticity_patch_list(j]; 
for (i = 0; i < number_of_species; ++i) { 

X = k * number_of_species + i; 
population_size = Pop[x].PopulationSize(); 
//cout « "\nPatch = " « k; 
//cout « "\nPopulation size of species " « i « " (pop " « x « ") was: " « 

popuIation_size; 
g = population_size - (population_size * X); 
Pop[x].GetPopulauonSize(g); // X gives the fraction that 

// dies due to stochasticity 
//cout « "\nlt is now: " « Pop[x].PopulationSize(); 

} 

} 

else if (its_catastrophic_stochasticity_scale_choice = 3) { 
J = 3; //j is a variable that tells the program what list of patches to use to invoke 

// population loss due to stochasticity. 
if (its_catastrophic_stochasticity_population_loss_choice = I) { 

do { 
X = ran2(&idum); 
//cout « "\nX (ran2) = " « X; 

} while (X < its_lower_catastrophic_stochasticity_limit II X > 
its_upper_catastrophic_stochasticity_limit): 

//cout « "\nFinal X = " « X; 
} 
else if (its_catastrophic_stochasticity_population_Ioss_choice = 2) { 

do { 
do { 

X = gasdev(&idum); 
//cout« "\nX (gasdev) = " « X; 

} while (e > 2 II e < -2); 
X = X / 4 + 0.5; 

) while (X < its_lower_catastrophic_stochasticity_Iimit II X > 
ils_upper_cataslrophic_stochasticity_limit); 

//cout « "\nFinal X = " « X; 

i 
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} 

//cout« "\nNext? 
//cin » next; 
for (k = 0; k < its_nuniber_of_patches; -M-k) { 

for (i = 0; i < number_of_species; ++i) { 
X = k * nuinber_of_species + i; 
population_size = Pop[x].PopuiationSize(); 
//cout « "\nPatch = " « k; 
//cout« "\nPopulation size of species " « i « " (pop " « x « ") was: " « 

population_size; 
g = population_size - (population_size • X); 
Pop[xl.GetPopulationSize(g); // X gives the fraction that 

// dies due to stochasticity 
//cout« "\nlt is now: " « Pop[x].PopulationSize(); 

} 

} 

) 

} 

%%%%%%% 
else if (its_catastrophic_stochasticity_scaIe_definition_choice = 'r') { // The random option 

//cout « "\nSTGE 5\n" « endl; 
// 
/ *  

cout « "\nPIease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; -H-c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if(c_x!=0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

1 
} while (c_x!= 0); 

*/ 

// 
J = 4; 
do { // here we determine how many cells we are going to have 

do { 
number_of_cells = ceil(ran2(&idum) * (number_of_rows * number_of_columns)); 
//cout « "\nNumber of cells = " « number_of_cells; 
//cout « "\nNext? "; 
//cin » next; 

//cout « "\nSTGE 5\n" « endl; 

/* 
cout « "\nPlease, press 'return' to continue."; 

do { 
c_x = 0; 
for (cj = 0; (c = getcharO) != '\n'; ++c_i) { 

next_array[c_il = c; 
++c_x; 

} 

I 
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if(c_x!=0) { 
cout « "XnDon't piay games with me!"; 
cout« "\nPress 'return' NOW." « endl; 

} 

1 while (c_x!= 0); 
*l 
n == 

I while (number_of_ceIIs < its_catastrophic_stochasticity_prGportion_Iower_limit 
II number_of_ceIls > its_catastrophic_stochasticity_proportion_upper_limit); 

} while (number_of_cells > number_of_rows * number_of_columns); 
//cout« "\nFinal numbr_of_cells = " « number_of_cells « endl; 
//cout« "\nNext? "; 
//cin » next; 
i = 0; 

//cout « "\nSTGE 6\n" « endl; 
// 
I* 

cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Nn'; +-H:_i) { 

next_array[c_i] = c; 
++c_x; 

1 
if(c_x!=0) { 

cout « "\nDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*! 

n — 
catastrophic_stochasticity_Iist_count = 0; 
do { // Here we start a routine which 

catastrophic_stochasticity_list[0] = floor((ran2(&idum) * number_of_rows)); // determines the first 
cell 

} while (catastrophic_stochasticity_list[0] >= number_of_rows); 
//cout « "\nFirst catastrophic_stochasticity_list[0] = " « catastrophic_stochasticiiy_list[01; 
//cout« "\nNext? "; 
//cin » next; 
catastrophic_stochasticity_Iist_count += 1; 
do { 

catastrophic_stochasticity_Iist[ I ] = fIoor((ran2(&idum) * number_of_co[umns)); 
} while (catastrophic_stochasticity_list[l] >= number_of_columns); 
//cout « "\nFirst catastrophic_stochasticity_list[ 1 ] = " « catastrophic_stochasticity_list[i]; 
//cout « "\nNext? "; 
//cin » next; 
catastrophic_stochasticiiy_list_count += I; 

//cout « "\nSTGE 7\n" « endl; 
// 
!* 

cout« "\nPlease, press 'return' to continue."; 
do ( 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Xn'; ++c_i) { 

next_arTay[c_i] = c; 

i 
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++c_x; 
} 

if (c_x!=0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
* /  
H = 

for (i = 2; i < number_of_cells * 2; i = i + 2) { 
// Here we find the next cell randomly, but starting from the center each time. 
X = ran2(&idum); 
//cout « "\nStage 1"; 
//cout « "\nX = " « X; 
//cout« "\nNext? 
//cin » next; 
if(X>0.5) { 

do { 
X = ran2(&idum); 
//cout« "\nStage 2"; 
//cout « "\nX = " « X; 
//cout« "\nNext? "; 
//cin » next; 
if (X > 0.5) { 

catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list[0] + 1; 
1 
else { 

catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list[0] - 1; 
} 

} while (catastrophic_stochasticity_list[i] < 0 II catastrophic_stochasticity_list[i] >= 
number_Qf_rows); 

catastrophic_stochasticity_iist[i + IJ = catastrophic_stochasticity_list[ 11; 
//cout « "\ncatastrophic_stochasticity_list[i] = " « catastrophic_stochasticity_list[il; 
//cout « "\ncatastrophic_stochasticity_list[i + 1] = " « catastrophic_stochasticity_list[i + 1]; 
//cout« "\nNext? "; 
//cin » next; 

//cout « "\nSTGE 8\n" « endl; 
// 
/* 

cout« "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Xn'; -i-+c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if(c_x!=0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*! 
n 

} 

else { 



do { 
X = ran2(&idum); 
//cout« "\nStage 3"; 
//cout « "\nX = " « X; 
//cout« "\nNext? 
//cin » next; 
if (X > 0.5) { 

catastrophic_stochasticity_Iist[i + I] = catastrophic_stochasticity_list[ I] + 1; 
} 
else { 

catastrophic_stochasticity_list[i + I] = catastrophic_stochasticity_list[l] - 1; 
} 

} while (catastrophic_stochasUcity_Iist[i + 1] < 0 II catastrophic_stochasticity_Iist[i + 1 ] >= 
number_of_columns); 

catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list[0]; 
//cout « "\ncatastrophic_stochasticity_Iist[i] = " « catastrophic_stochasticity_Iist[i]; 
//cout « "\ncatasu:ophic_stochasticity_list[i + 1] = " « catastrophic_stochasticity_list[i + 
//cout « "\nNext? 
//cin » next; 

//cout « "\nSTGE 9\n" « endl; 
// = 

/* 
cout « "\nPlease, press 'return' to continue."; 

do { 
c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; •H-c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "VnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*/ 
// 

} 

do { 
M = 0; 
N = 0; 
for (j = 0; j < catastrophic_stochasticity_list_count; j = j + 2) { 
if (catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list|j] 

&& catastrophic_stochasticity_list[i + 1] = catastrophic_stochasticity_list[j + 11) { 
N= 1; 

//cout « "\nN = 1"; 
} 

} 

if{N= I){ 
X = ran2(&idum); // starting from the last cell 
//cout« "\nStage 4"; 
//cout « "\nX = " « X; 
//cout« "\nNext? "; 
//cin » next; 
if (X > 0.5) { 

X = ran2(&idum); 
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//cout « "\nStage 5"; 
//cout « "\nX = " « X; 
//cout« "\nNext? 
//cin » next; 
i f (X>0.5)  {  

catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list[il + 1; 
if (catastrophic_stochasticity_list[i] < 0) { 

catastrophic_stochasticity_Iist[i] = catastrophic_stochasticity_list[il + I; 
} 

else if (catastrophic_stochasticity_list[i] >= number_of_rows) { 
catastrophic_stochasticity_Iist[i] = catastrophic_stochasticity_Iist[i] -1; 

} 

//cout « "\n* catastrophic_stochasticity_list[i] = " « catastrophic_stochasticity_list[i]; 
//cout « "\n* catastrophic_stochasticity_list[i + 1] = " « caiastrophic_stochasticity_list[i + 

U; 
//cout « "\nNext? 
//cin » next; 

} 

else { 
catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list[i] - 1; 
if (catastrophic_siochasticity_list[i] < 0) { 

catastrophic_stochasticity_list[i] = catastrophic_stochasticity_Iist[i] + 1; 
} 

else if (catastrophic_stochasticity_list[i] >= nuniber_of_rows) { 
catastrophic_stochasticity_list[i] = catastrophic_stochasticity_list[i] -1; 

//cout « "\n* catastrophic_stochasticity_list[i] = " « catastrophic_stochasticity_list[i]; 
//cout « "\n* catastrophic_stochasticity_list[i + I] = " « catastrophic_stochasticity_list[i + 

1 ] ;  
//cout« "\nNext? "; 
//cin » next; 

J 
catastrophic_stochasticity_!ist[i + I] = catastrophic_stochasticity_Iist[i + 1]; 
//cout « "XnReplacing catastrophic_stochasticity_list[il = " « 

catastrophic_stochasticity_list[i]; 
//cout « "\nReplacing catastrophic_stochasiicity_list[i + I] = " « 

catastrophic_stochasticity_list[i +1]; 
//cout« "\tiNext? 
//cin » next; 

) 
else { 

X = ran2(&idum); 
//cout« "\nStage 6"; 
//cout « "\nX = " « X; 
//cout« "\nNext"? "; 
//cin » next; 
i f (X>0.5)  {  

catastrophic_stochasticity_list[i + 1] = catastrophic_stochasticity_list[i + 1] + 1; 
if (catastrophic_stochasticity_list[i + I] < 0) { 

catastrophic_stochasticity_list[i + 1] = catastrophic_stochasticity_Iist[i + IJ + I; 
} 

else if (catastrophic_stochasticity_list[i + 1] >= number_of_columns) { 
catastrophic_stochasticity_list[i + I] = catastrophic_stochasticity_Iist[i + 1] - I; 

} 
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//cout « "\n* catastrophic_stochasticity_list[i] = " « catastrophic_stochasticity_list[i]; 
//cout « "\n* catastrophic_stochasticity_list[i + I] = " « catastrophic_stochasticity_list[i + 

1]; 
//cout« "\nNext? 
//cin » next; 

} 

else { 
catastrophic_stochasticity_list[i + I] = catastrophic_stochasticity_list[i + 1] - 1; 
if (catastrophic_stochasticity_Iist[i + 1] < 0) { 

catastrophic_stochasticity_Iist[i + 1] = catastrophic_stochasticity_list[i + 1] + I; 
} 

else if (catastrophic_stochasticity_list[i + I] >= nurnber_of_coIunins) { 
catastrophic_stochasticity_list[i + 1] = catastrophic_stochasticity_list[i + I] - I; 

} 

//cout « "\n* catastrophic_stochasticity_list[i] = " « catastrophic_stochasticity_Iist[i]; 
//cout « "\n* catastrophic_stochasticity_list[i + I] = " « catastrophic_stochasticity_list[i + 

I J; 
//cout« "\nNext? 
//cin » next; 

} 

catastrophic_stochasticity_Iist[i] = catastrophic_stochasticity_list[i]; 
//cout« "\nRepIacing catastrophic_stochasticity_list[i] = " « 

catastrophic_stochaslicity_list[i]; 
//cout « "\nReplacing catastrophic_stochasticity_list[i + 1] = " « 

catastrophic_stochasticity_Iist[i + 1]; 
//cout« "\nNext? 
//cin » next; 

} 

} 

else if (N = 0) { 
catastrophic_stochasticity_list_count += 2; 
M  =  1 ;  

//cout « "\nStage 7" « endl; 
//cout« "\nNext? 
//cin » next; 

//cout « "\n\ncatastrophic_slochasticity_list_count = " « catastrophic_stochasticity_list_count 
« endl; 

/* 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! */ 

if (((int) catastrophic_stochasticity_iist_count = i + 2)) { 
M = I; 

} 

I* 
!"!!'!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!'-!!!!!!!!!!!!!!!!!!!!!! */ 

//cout « "\nM = " « M « endl; 
} while (M = 0); 

} 
//cout « "\nSTGE IO\n" « endl; // == 

/* 
cout « "\nPlease, press 'return' to continue."; 

do { 
c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n': -H-c_i) { 
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next_array[c_i] = c; 
++c_x; 

} 

if (c_x!=0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
*/ 
// 

//cout « "\n"; 
/* 

for (i = 0; i < catastrophic_stochasticity_list_count; i = i + 2) { 
cout « "C[" « catastrophic_stochasticity_Iist[i] « "][" « catastrophic_stochasticity_Iist[i + 1] 

« "]" « endl; 
} 

*! 
//cout « "\nNext? 
//cin » next; 
I* 
THE COMING PART DEALS WITH THE INVOKATION OF THE ENVIRONMENTAL 

STOCHASTICITY. 
IT CHECKS THE LIST OF EACH REGION AND SEE HOW MANY CELLS THAT ARE 

SUBJECT TO 
STOCHASTICITY BELONG TO EACH BtEGION. 
THEN, IT CALCULATES THE FRACTION OF THOSE CELLS BELONGING TO A 

PARTICULAR 
REGION nsr THAT REGION. 
THEN, EACH POPULATION IN THAT REGION IS REDUCED BY THE STOCHASTICITY 

LEVEL 
AND THE FRACTION OF CELLS SUBJECT TO STOCHASTICITY: 
POP SIZE = ((NUMBER OF CELLS • SIZE OF CELL) / SIZE OF THE REGION) * 

STOCHASTICITY 
*/ 
if (its_catastrophic_stochasticity_population_loss_choice = 1) { 

do { 
X = ran2(&idum): 
//cout « "\nX (ran2) = " « X « endl; 

} while (X < its_Iower_catastrophic_stochasticity_limit 11 X > 
its_upper_catastrophic_stochasticity_limit); 

//cout « "\nFinal X = " « X « endl; 
} 

else if (its_catastrophic_stochasticity_population_loss_choice = 2) { 
do ( 

do { 
X = gasdev(&idum); 
//cout« "\nX (gasdev) = " « X; 

} while (e > 2 II e < -2); 
X = X / 4 + 0.5; 

} while (X < its_lower_catastrophic_stochasticity_limit II X > 
its_upper_catastrophic_stochasticity_limit); 

//cout « "\nFinal X = " « X; 
} 

for (k = 0; k < its_numfaer_of_patches; ++k) { 
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z = 0; 
for (i = 0; i < P[k].PatchCenListCounl(); i = i + 2) { 

p_to_patch_list = &P[k].PatchCeUList(); 
for (j = 0; j < catastrophic_stochasticity_list_count; j = j + 2) { 
if (*(p_to_patch_lisl + i) = catastropliic_stochasticity_list[j] 

&& *(p_to_palch_Iist + (i + 1)) = catastrophic_stochasticity_list|j + 1]) { 
z += 1; 

} 

} 

} 

//cout« "\nNext? 
//cin » next; 
//cout « "\nits_number_of_patches = " « its_number_of_patches; 
//cout « "\nz = " « z; 
//cout « "\nC[0][0].CeilSize() = " « C[0][0].CeIISize(); 
//cout « "\nR[k].PatchSize() = " « P[k].PatchSize(); 
range_of_stochasticity = (double) ((z * C[0][0].CellSize()) / P[kI.PatchSize()): // This assumes that 

all 
// cell sizes are the same 

//cout « "\nrange_of_stochasticity = " « range_of_stochaslicity; 
for (i = 0; i < number_of_species; ++i) { 

X = k * number_of_species + i; 
population_size = Pop[x].PopulationSize(); 
//cout « "\nPatch = " « k; 
//cout« "\nPopulation size of species " « i « " (pop " « x « ") was: " « populaiion_sizc; 
g = population_size - (population_size * range_of_stochasticity * X); 
Popfx].GetPopulationSize(g); // X gives the fraction that 

// dies due to stochasticity 
//out « "\nlt is now; " « Pop[x].PopulationSize(); 

//cout « "\nSTGE I l\n" « endl; 
// 
!* 

cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; -H-c.i) { 

next_array[c_i] = c; 
++c_x; 

} 

if(c_x!=0) { 
cout « "NnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

1 
} while (c_x!= 0); 

*/ 
// = 

} 
} 

} 

} 

} 

I* *! 
1* *********************************************************************** */ 
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HERE STARTS THE FUNCTION •main()'. WHICH 'ACnVATES' THE PROGRAM 

4E4e4E4E4e3«e3fc*4c4c4c4e«4e4e4e4E4e4E4c4e4e4c3«:«4c4e4e4E:4e4e4c4e4e4c3|c«4e4:4e4c4:4c4:4:*4:4e4E4:4E3#:4e4:4:4c4E4e4:4:4:4e4E3«c4;4c4:4:4:4:4;4E4c3t:4:4:4c *f 

void mainO 
{ 

/* -j^g following message introduces the program as well as mentioning the copyright 
4e 4e 4e 4c 4e 4c */ 

cout « 
cout« 

endl; 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 

« endl; 
cout« 
cout« 
cout« 
cout« 
cout « 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 

endl; 

\n\n\n\n\n\n\n\n\n\n "; 
4e 4e 4e 4:4e 4e 4c 4e # 4e 4e * 4e 4e« 4e 4e 4e 4e 4e 4e 4e 4e 4t 4c 4e 4e 4e 4: 4e 4e 4e 4e 4e 4e 4e 4e 4e * 4e 4e 4e 4e 4e 4e 4c 4c 4c 4e 4e 4:4e 4:4:4e 4e * 4e 4e 4e 4e 4; 4c * " « 

* 

4c 

4c 
4e 
4; 

4c 

• 

4c 

4c 

4c 
4: 

4c 

4c 

4: 
4c 

4: 

4e 

4c 

4c 

4c 

*\n"; 
S H A L O M  *" « endl; 

*\n" 
(Species - Habitat Arrangement - Landscape Oriented Model) *" « endl; 

*\n"; 
THE EFFECT OF HABITAT ARRANGEMENT *" « endl; 

*\n"; 
ON COMMUNITY STRUCTURE AND SPECIES COMPOSITION * 

Yaron Ziv 

Dept. of Ecology and Evolutionary Biology 
*\n 

University of Arizona 
*\n 
*\n 

Copyright (c) Yaron Ziv 1996 
All Rights Reserved 

*\n 

*\n"\ 
*\n"; 

*" « endl; 
*\n"; 

*" « endl; 

*" « endl; 

*" « endl; 
*" « endl; 

/ 4:4c 4c 4c 4e 4:4c 4c 4e 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4:4c 4c 4c 4c 4c 4e 4c 4c 4c 4c 4c 4c 4:4c 4c 4e 4e 4c 4c 4c 4c 4c 4e 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4:4:4c 4c 4c 4c 4c 4e 4c 4c 4c 4:4c 4:4c/ 

next variables are used for some functions of the model ******************** 
*•! 

double N = 0. K = 0, n. X = 0. XI = 0, X2 = 0, Z = 0; 
int i = 0, j = 0, k = 0, m, x, 1, choice = 0, g, z = 0. pop = 0; 
int cell_size_fix, cell_size; 
int estimated_optimal_resource = 0; 
char pause; 

double xy = 0, yx = 0; 
/ 4:4c 4c 4e 4e 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4e 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4:4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4:4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c 4c/ 

variables are used for the simulation's numerical solution *************** 
•=/ 

int simulation_number_of_runs, show_number_of_runs, endloop; 
int demographic_stochasticity_number_of_runs = 0, catastrophic_stochasticity_number_of_runs = 0; 
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int threshoId_density_number_of_runs = 0; 
double i_d, show_number_of_njns_d, d, simulation_run_count, show_run_count, 

threshoId_density_run_count = 0; 
double demographic_stochasticity_number_of_runs_d = 0, demographic_stochasticity_run_count = 0; 
double catastrophic_stochasticity_number_of_runs_d = 0, catastrophic_stochasticity_run_count = 0; 
double simulation_ume = 0, demographic_stochasticity_time = 1, show_time = . 1, 

catastrophic_stochasticity_tinie = I; 
double threshold_density_time = 1, threshold_density_number_of_runs_d = 0; 

/* Open two output files: one for recording the data (data_file_l), and the other for recording the 
information 

inputted by the user to ensure that what intended to be modeled indeed has been modeled (info_file_l) */ 
if ((fp_data=fopen("data_file_r', "w")) = NULL) { 

printfC'cannot open data file for output"); 
} 

if ((fp_info=fopen("info_rile_l". "w")) = NULL) { 
printfC'cannot open info file for output"); 

} 

cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != An'; ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "VnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
do { 

/* Here starts the species identification frocess that asks for the input of the different species in the 
landscape */ 

cout « "\n\n\n\n\n\n\n\nVn\n\nVn\n\n\n\n\n\n\n\n"; 
cout « " " « endl; 
cout « " SPECIES IDENTinCATION PROCESS:" « endl; 
cout« " " « endl; 
do { 

cout « "\n\nHow many species in this run? 
U 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array(c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn'; ++c_i) { 
char_array[c_i] =c; 
++c_x I; 

} 
for (c_i = 0, c_x2 = 0; char_array[cj] = '0' II char_array[c_i] = 'I' 

II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
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II char_aiTay[c_i] = '5' II char_aiTay[c_i] = '6' II char_aiTay[c_i] = '7' 
II char_aiTay[c_i] = '8' II char_array[c_i] = '9'; ++c_i) { 
++c_x2; 

} 

if (c_x I != c_x2 II c_x 1 = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again; " ; 

} 

} while (c_x I != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

~c_xI; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

//-

number_of_species = real; 
if (number_of_species > max_number_of_species) { 

cout « "Sorry, but you cannot have more than " « max_number_of_species « " species for this 
run!" « endl; 

cout « "•*************•*************************•#****•**•***********" endl" 
} 
else if (number_of_species < 1) { 

cout « "Sorry, but the number of species should be bigger than 0" « endl; 
cout « "**•****•**********••************•*****•****" endl; 

} 
} while (number_of_species > max_number_of_species II number_of_species < 1); 
//cout« "\n\n "; 
//cout « "\nl Note; a species with a higher standard deviation (SD) of its precipitation 1"; 
//cout « "\nl and temperature requirements is more tolerant for a given set of habitats 1"; 
//cout « "\nl than a species with a lower SD. The one with the higher SD pays a lower 1"; 
//cout « "\nl price (i.e., has a higher species-habitat match) when moving from its I"; 
//cout « "\nl preferred habitat to the other less preferred ones. 1"; 
//cout« "\n " « endl; 
for (i = 0; i < number_of_species; -M-i) { 

cout « "\n\nThe information for species " « i + I « " is;\n"; 
S[i].GetSpecies(i); // The input is asked by the function of the class species 

} 

cout « "\n\nWould you like to see the species' identification? (y / n): "; // Allowing to see the 
inputted information 

do { 
c_x = 0; 
for (c_i = 0; (c = getchar ()) != \n'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_array(0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 
} while {c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'y') 

for (i = 0; i < number_of_species; ++i) { 
S[i].Prints peciesO; 
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cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Xn"; -H-c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
} 

g = 0; 
cout« "\n\nWouId you like to change one of the species' attribute's value? (y / n): // .\llowing to 

change the inputted information 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != \n'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y*. nor 'n'."; 
cout« "\n Please repeat your answer; "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'y') { 

do { 
do { 
cout« "\nWhich species? "; 
n 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; •M-c_i) { 

char_array[c_i] = 'a'; 
1 
for (c_i = 0, c_x 1 = 0; (c = getcharO) != '\n'; ++c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = 'I' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_array[c_i] = '8' II char_array[c_i] == '9'; -H-c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

1 
} while (c_x 1 != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 

-c_x1; 
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r = char_array[c_i] - 48; 
real += r * pow( 10, c_xl); 

} 

n 
g = real; 
if (g < I II g > number_of_species) { 

cout « "\nSorry, but this species is not defined for the current system." « endl; 
cout « "Please answer again." « endl; 

} 
} while (g < 1 II g > number_of_species); 
S[g - l].GetSpecies(g - 1); 
cout« "\nWould you like to change another species' attribute's value? (y / n); "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

I 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} while ( y_or_n_array[0] = 'y'); 

} 

/* Here starts the habitat identification frocess that asks for the input of the different habitats in the 
landscape */ 

cout « "\n\n\nVn\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"; 
cout « " " « endl; 
cout « " HABITAT IDENTIHCATION PROCESS;" « endl;; 
cout « " " « endl; 
do { 

cout « "\nHow many habitats in this run? "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_xl = 0; (c = getcharO) != '\n'; ++c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 
for (c_i = 0, c_x2 = 0; char_array[c_i] = "O" II char_array[c_i] = ' 1' 

II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[cj] = '4' 
II char_array[c_i] = '5' II char_array[c_i] == '6' II char_array[c_i] == '7' 
II char_array(c_i] == '8' II char_array[c_i] = '9'; +-i-c_i) { 
-f-+c_x2; 

} 
if (c_xl 1= c_x2 II c_xi = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
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) while (c_x 1 != c_x2 II c_x 1 == 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

-c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_xl); 

} 
// 
nuniber_of_habitats = real; 
if (number_of_habitats > max_number_of_habitats) { 

cout « « endl" 
cout « "Sorry, but you cannot have more than " « max_number_of_habitats « " habitats for this 

run!" « endl; 
cout « •******************************•*********•**********************" cncll* 

} 
else if (number_of_habitats < I) { 

cout « endl* 
cout « "Sorry, but the number of habitats should be bigger than 0" « endl; 
cout « "*******************************************" « endl* 

} 
} while (number_of_habitats > max_number_of_habitats 11 number_of_habitats < 1); 
cout« "\n\n "; 
cout« "\nl Note: a habitat with a higher standard deviation (SD) of its precipitation 1"; 
cout« "\nl and temperature characteristics reduces the species-habitat match of all I"; 
cout « "\nl populations using that habitat. A given population has a lower growth 1"; 
cout « "\nl rate in a habitat having the same mean but a lower SD. 1"; 
cout« "\n —— " « endl; 
for (i = 0; i < number_of_habitats; -H-i) { 

cout « "\n\nThe information for habitat " « i + 1 « " is:\n"; 
H[i].GetHabitat(i); // The input is asked by the function of the class species 

} 

cout « "\n\nWould you like to see the habitat's identification? (y / n): "; // Allowing to see the 
inputted information 

do { 
c_x = 0; 
for (c_i = 0; (c = getchar ()) != An'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

) 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither "y", nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'y') 

for (i = 0; i < number_of_habitats; ++i) { 
H[i].PrintHabitat(); 
cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != \n'; -i-+c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!=0) { 
cout « "XnDon't play games with me!"; 
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cout « "\nPress 'return' NOW." « endl; 
} 

} while (c_x!= 0); 
1 

g =0; 
cout « "\n\nWould you like to change one of the habitats' attribute's value? (y / n): // Allowing to 

change the inputted information 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != An"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 1! (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x !t= 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] — 'y') { 

do { 
do { 

cout « "\nWhich habitat? 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_x 1 = 0: (c = getcharO) != "Nn'; ++c_i) { 

char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' 1' 
II char_array[c_i] = '2' II char_array[c_i] == '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] == '6' 11 char_array[c_i] = 'T 
II char_array[c_i] == '8' II char_array[c_i] == '9'; -H-c_i) { 
++c_x2; 

} 
if (c_xl [= c_x2 II c_xl = 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
} while (c_x 1 != c_x2 II c_x 1 == 0); 
for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(IO. c_xl); 

} 

U 
g = real; 
if (g < 1 II g > number_of_habitats) { 

cout « "\nSorry, but this habitat is not defined for the current system." « endl; 
cout « "Please answer again." « endl; 

} 
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} while (g < 1 II g > nuniber_of_habitats); 
H[g- l].GetHabitat(g - L); 
cout « "\nWouId you like to change another habitats' attribute's value? (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != An"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x 1= 1 II (y_or_n_arniy[0] != 'y' && y_or_n_array[0] != 'n')); 
} while ( y_or_n_array[0] == 'y'); 

} 

/* Here starts the cell identification frocess that asks for the input of the different cells in the landscape 
with the 

habitats associated with them */ 
cout « "\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n"; 
cout« " " « endl; 
cout « '• CELL IDENTIFICATION PROCESS: " « endl; 
cout « •' HABITAT ARRANGEMENT" « endl; 
cout« " " « endl; 
do { 

cout « "\nHow many rows in the matrix: "; // Asking for the number of rows in the matrix 
(landscape) 

// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn'; -M-CJ) { 
char_array[c_i] = c; 
++c_x 1; 

1 
for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' 11 char_array[c_i] =' I' 

II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' 11 char_array[cj] == '6' II char_array[cJl = 'T 
II char_array[c_i] = '8' II char_array[c_i] == '9'; ++c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x 1 == 0); 
for (real = 0, c_i = 0; c_i < c_x2; -H-c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 
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U 
number_of_rows = real; 
if (number_of_rows > max_number_of_rows) { 

cout « "Sorry, but you cannot have more than " « max_number_of_rows « " rows for this run!" 
« endl; 

} 

else if (number_of_rows < 1) { 

cout « "Sorry, but the number of rows should be bigger than 0." « endl; 

} while (number_of_rows > max_number_of_rows 11 number_of_rows < 1); 
do { 

cout « "\nHow many columns in the matrix: "; // Asking for the number of columns in the 
matrix (landscape) 

U 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn"; •H-c_i) { 
char_array[c_i] = c; 
++c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' 11 char_array[c_i] = '1' 
II char_array[cj] = '1111 char_array[c_i] = '3' II char_array[c_i] = "4' 
II char_array[cj] = '5' II char_array[c_il = '6' II char_amiy[c_i] = 7' 
II char_array[c_i] = '8' II char_array[c_i] == '9'; +-f-c_i) { 
++c_x2; 

} 

if (c_x 1 != c_x2 II c_x I = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; +-t-c_i) { 

—c_xl; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

} 

n 
number_of_columns = real; 
if (number_of_columns > max_number_of_columns) { 

cout« "Sorry, but you cannot have more than " « max_number_of_columns « " columns for this 
run!" « endl; 

cout f:<e4c4c4e:4e4c4e3fc3(t^4c^4e:(e4e4e3te4c:4e:4e4e4e:4e4(4=4:*4=3^*^41:4c3(c:4c:t::4e4c4ccncil* 

} 
else if (number_of_columns < I) { 
cout« 
cout « "Sorry, but the number of columns should be bigger than 0." « endl; 

« endl; 
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cout « ••*********************************************************" « encll* 
} 

} while (number_of_columns > max_number_of_coIumns II number_of_columns < 1); 
// Number of cells in the landscape matrix is the number of rows times the ni=umber of columns (Total 

no. of cells = i * j) 
/* 
cout « "\nWould you like to fix cell size (width * length) for all cells? (y / n): 
do{ 

c_x = 0; 

for (c_i = 0; (c = getchar ()) != "Xn"; +-K:_i) { 
y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 11 (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y'. nor "n"."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
*! 
y_or_n_array[0] = 'y'\ U At this point it does not allow for having cells of different sizes 

if (y_or_n_array[0] == 'y') { 
cout « "\nWhat size would you like each cell to be? 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; -H-c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn"; ++c_i) { 
char_array[c_il = c; 
++c_x 1; 

} 
for (c_i = 0, c_x2 = 0; char_array[c_i] = "O* II char_array[c_i] =' 1' 

II char_arniy[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_arrayrc_i] = '8' II char_array[c_i] = '9'; ++c_i) { 
++c_x2; 

} 

if (c_xl 1= c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x 1 != c_x2 II c_x 1 == 0); 
for (real = 0. c_i = 0; c_i < c_x2; +-i-c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(10, c_xl); 

} 

U 
cell_size = real; 

} 
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/* This routine asks the information of each cell by invoking the relevant function of the class cell *! 
for (i = 0; i < number_of_rows; ++i) 

for 0 = 0: j < number_of_columns; ++j) { 
cout « "\n\nCell [" « i « "][" «j « \n"; 
C[i][j].GetCellHabitat(); 
if (y_or_n_array[0] != 'y') { 

C[i][j]-GetCellDimensions(); 
} 

else { 
C[i][j].GetCelISize(cell_size); 

} 

) 

cout « "\n\nWould you like to see the cell's identification? (y / n): // Allowing to see the inputted 
information 

do { 
c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; +-K:_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

1 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_aiTay[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout« "\n Please repeat your answer: 

} 

} while (c_x != I II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')): 
if (y_or_n_array[0] == "y") { 

for (i = 0; i < number_of_rows; ++i) 
for (j = 0; j < number_of_columns; ++j) { 

cout « "\n\nCell [" « i « "][" «j « "]: \n"; 
C[i]0].PiintCell(); 
cout « "\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar()) != \n'; ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 
if (c_xl= 0) { 

cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
1 

} 

f* =*/ 

ShOW CCll cUTUngement ****=*»**************** */ 
cout« "\n\n\n"; 
cout « "\n\tHere is the cell arrangement by habitats:\n\n\t"; 
for (i = 0; i < number_of_columns; ++i) { 

cout « i « " "; 
1 
for (i = 0; i < number_of_rows; -H-i) { 

cout « "\n\n "; 
cout « i « " "; 
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for (j = 0; j < number_of_columns; ++j) { 
cout « "[" « C[il[j].CelIHabitatName() « "] 

} 

} 

A —V 
cout « "\nVn\nWould you like to change one or a few cells? (y / n): // Allowing to change the 

inputted 
// information 

do { 
c_x = 0; 
for (c_i = 0; (c = getchar ()) != An'; -M-c_i) { 

y_or_n_array[cJ] = c; 
-t-+c_x; 

} 

if (c_x != 1 il (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_arniy[0] == 'y') { 

do { 
do { 

cout « "XnCell's row? 
n 
do{ 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_x 1 = 0; (c = getcharO) != "Xn"; ++c_i) { 
char_array[c_i] = c; 
++c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = T 
11 char_array[c_i] = '2' II char_array[c_i] == '3' II char_arTay[c_i] == '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = 7' 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -H-c_i) { 

++c_x2; 
} 

if (c_xl != c_x2 11 c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -M-c_i) { 

--c_x I; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

} 

n 
1 = real; 
if (i < 0 II i >= number_of_rows) { 

cout « "\nSorry, but this row is not defined for the current system." « endl; 
cout « "Please answer again." « endl; 

I 



} 

} while (i < 0 II i >= number_of_rows); 
do { 

cout « "XnCell's colunm? 
U 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 
for (c_i = 0, c_xl = 0; (c = getcharO) != An"; ++c_i) { 

char_array[c_i] = c; 
++c_xl; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = 'O* II char_array[c_i] = '1' 
II char_array[c_i] = "2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = 'T 
11 char_array[c_i] == '8' II char_array[c_i] = '9"; •H-c_i) { 
-M-C_X2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again; " ; 

} 

} while (c_x I != c_x2 II c_x I = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

—c_xI; 
r = char_arniy[c_i] - 48; 
real += r * pow(10. c_xl); 

} 

n 
j = real; 
if (j < 0 II j >= number_of_columns) { 

cout « "\nSorry, but this column is not defined for the current system." « endl; 
cout « "Please answer again." « endl; 

} 

} while (j < 0 II j >= number_of_columns); 
C[i]|j]-GetCellHabitatO; 

=*/ 

!% SHOW CCLL MTQNGEMCNT ********************* */ 
cout « "\n\n\n"; 
cout « "\n\tHere is the cell arrangement by habitats:\n\n\t"; 
for (i = 0; i < number_of_columns; ++i) { 

cout « i « " "; 
) 
for (i = 0; i < number_of_rows; -M-i) { 

cout « "\n\n "; 
cout « i « " "; 
for (j = 0; j < number_of_columns; ++j) { 

cout « "[" « C[i][j].CellHabitatName() « "] "; 
} 

} 
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cout « "\n\nWould you like to change another cell? (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) 1= "Xn"; +-K:_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != I If (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y'. nor 'n'."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
) while ( y_or_n_arniy[0] = 'y'): 

} 

/* The following message indicates that the information exist to establish patch, communities, and 
populations *! 

cout«"\n CONGRATULATIONS! !!\n"; 
cout« " The program is now ready to create patches and populations!!!"; 
cout«"\n 
cout « 'An\n\n\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != '\n'; -t-+c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout« "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 

/* The application establishes (enforcing the relevant patch and landscape functions) the different patches 
from the cell identification and the other information entered earlier */ 

cout « "\n\n\n\n\n\n\n\n\n\n\n\n\n\nVn\n\n\n\n\n\n\n"; 
cout « " " « endl; 
cout « " PATCH ESTABLISHMENT" « endl; 
cout « " " « endl; 

/* The patch establishment with the creation of communities and populations are done by the abstract 
class: landscape. The class landscape controls the different functions, both those that are nested within the 
class landscape and those that are nested within the classes: patch, community, and population */ 

Landscape L; 

for (1 = 0; I < L.NumberPatchesO; ++1) { 
P[l].GetPatchNeighborsO: 

} 

/* The following routine finds the neighbors of each patch. It is located here and not as a function nested 
int the class 'Patch' because it nedds to use a function of the class 'Landscape' which is not defined 
until a few lines above!!! However, it could be nested within the abstract class landscape */ 

int patch_count = 0, y = 0; 
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int *p_PatchMeighbors; 
int *p_PatchTeniporaryCellList; 
int *p_PatchCellList; 
for (1 = 0; 1 < L.NumberPatches(); ++1) { 

patch_count = 0; 
for (j = 0; j < L.NumberPatchesO; -i-+j) { 

p_PatchTemporaryCellList = &P[l].PatchTemporaryCelIList(); 
z = 0; 
for (i = 0; i < P[l].PatchTemporaryCeIlListCount(); i = i + 2) { 

p_PatchCenList = &P[J].PatchCelIList(); 
for (k = 0; k < P[j].PatchCeIlLisiCount(); k = k +2) { 
if (*(p_PatchTemporaryCelIList + i) = *(p_PatchCeIlList + k) 
&& *(p_PatchTemporaryCellList + i + I) = *(p_PatchCeIIList + k + 1)) { 

z = 1; 
} 

I 
1 
if(z= 1) { 

y = 0; 
for (m = 0; m < patch_count; ++m) { 
if (P[j].PatchName() == *(p_PatchNeighbors + m)) { 
y=l: 

} 

} 

p_PatchNeighbors = &P[l].PatchNeighbors(); 
if(y = 0) { 

*(p_PatchNeighbors + patch_count) = P[j].PatchName(); 
patch_count += I; 

} 

1 
} 

P[I].GetPatchNeighborsCount(patch_count); 
//cout « "NnPatchNeighborsCountO = " « P[l].PatchNeighborsCount() « endl; 
if (P[l].PatchNeighborsCount() = 0) { 

cout « "\nPatch " « P[l].PatchName() « '"s neighbor patches are: None."; 
1 
else { 

cout « "\nPatch " « P[l].PatchName() « '"s neighbor patches are: 
for (i = 0; i < P[l].PatchNeighborsCount(); -M-i) { 

cout « *(p_PatchNeighbors + i); 
if (i < P[l].PatchNeighborsCount() - 1) { 

cout « 
} 
else { 

cout « « cndl; 
} 

} 

} 

} 

/* The following is a routine that allows the user to review the input and the newly created populations */ 
cout « "\n\nWould you like to get information on the input of the current" « endl; 
cout « "landscape, including its patch-specific populations? (y / n): "; 
do { 

c_x = 0; 



for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 
y_or_n_array[c_i] = c; 
+-f-c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] == 'y') { 

do { 
cout « "\n\n\n\n\n\n\n\n\n\n\nPress: " « endl; 
cout « "\n[l] for Species Identification" « endl; 
cout « "\n[2] for Habitat Identification" « endl; 
cout « "\n[3] for Cell Arrangement by Array Design" « endl; 
cout « "\n[4] for List of Cells in the Landscape" « endl; 
cout « "\n[5] for List of Patches" « endl; 
cout « "\n[6] for List of Populations" « endl; 
do { 

cout « "\nChoice: "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
) 
for (c_i = 0, c_x 1 = 0; (c = getcharO) != An'; +-H:_i) { 

char_array[c_il = c; 
++c_x I; 

} 

for (c_l = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] =' 1" 
II char_array[c_i] = '2' II char_array[c_i] = '3' 11 char_array[c_l] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_il = 7' 
II char_array[c_i] = "8' II char_array[c_i] = '9'; +-i-c_i) { 
-H-C_X2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_xl != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -i-+c_l) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

} 

// 
choice = real; 
cout« endl; 
if (choice != I && choice != 2 && choice != 3 & choice != 4 && choice 

&& choice != 6) { 
cout « "\nSorry, but you entered neither of the above option."; 
cout « "\nPlease, enter your choice again.Xn" « endl; 

1 



315 

} while (choice != 1 && choice != 2 && choice != 3 & choice != 4 && choice != 5 
&& choice != 6); 

if (choice = 1) { 
for (i = 0; i < number_of_species; -H-i) { 

S[i].PrintSpecies(); 
cout « "\n\nPlease, press 'return' to continue."; 
do{ 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Xn'; -H-c_i) { 

next_arniy[c_il = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

) while (c_x!= 0); 
} 

} 

else if (choice = 2) { 
for (i = 0; i < number_of_habitats; -H-i) { 
H[i].PrintHabitat(); 
cout « "\n\nPlease, press 'return' to continue."; 
do{ 

c_x = 0; 
for (c_i = 0; (c = getcharO) != ++c_i) { 

next_array[c_i] = c; 
++c_x: 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 

1 
1 
else if (choice = 3) { 

cout « "\n\n\n\n\n\n\n\n\t"; 
for (i = 0; i < number_of_columns; -M-i) { 

cout « 1 « " "; 
} 

for (i = 0; i < number_of_rQws; -M-i) { 
cout « "\n\n 
cout « i « " "; 
for 0 = 0; j < number_of_coIumns; +-fj) { 

cout « "[" « C[i][j].CellHabitatName() « "] "; 
} 

} 

cout «"\n\n\n\n" « endl; 
1 
else if (choice = 4) { 

L.PrintLandscapeCellListO; 
} 

else if (choice = 5) { 
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for (1 = 0: 1 < L. NumberPatchesO; ++1) { 
P[n.PrintPatch(); 

} 
} 

else if (choice = 6) { 
for (1 = 0; 1 < L. NumberPopulationsO ; ++1) { 

Pop[l].PrintPopulation(); 
} 

} 

cout « "\n\nWould you like to get more information? (y / n): 
do{ 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; +-(-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_arTay[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y'. nor 'n'."; 
cout « "\n Please repeat your answer: 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} while (y_or_n_array[0] = 'y'); 

} 

cout « "\n\n\n\n" « endl; 
f* At this point, patches, communities and populations are created. The local-scale processes, such as 

population growth and community-level saturation effect, are nested within communties and populations 
and are ready to work; However, now it is needed to determine the global-scale procsses (dispersal and 
catastrophic tochasticity) that would be invoked during the simulation run •/ 

do { 
cout « "\n\n\n\n\n"; 
cout « " " « endl; 
cout « " LANDSCAPE-SCALE PROCESSES" « endl; 
cout « " " « endl; 
cout « "\n"; 
cout « " " « endl; 
cout « " SETTING DISPERSAL (immigration, moving);" « endl; 
cout « " " « endl; 
cout « "\n Would you like to allow dispersal between populations in adjacent": 
cout « "\n patches? (y / n, or r for review): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] 1= "y' && y_or_n_array[0] != 'n" && y_or_n_array[0] != 'r')) { 
cout « "\n Sorry, but your entry was neither "y", 'n', nor 'r'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != I II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[01 != Y')); 
if (y_or_n_array[0] = 'r') { 
cout« "\n\n "; 
cout « "\n The dispersal function is: m * (d'Ni - d'Nj) * Ni/j\n" « endl; 
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cout« " where:\n"; 
cout « " 'm' is the dispersal rate of the species which the population belongs toAn" « endl; 
cout « " d'Ni and d'Nj are the local growth rates of populations i and j, respectivelyXn." « endl; 
cout« " Ni/j is the population size of i or j, dependending on where individuals are\n"; 
cout « " moving from.Xn"; 
cout« " Dispersal takes place between populations of all species occurring in adjacent\n"; 
cout « " patches. It is invoked for all populations of all species.\n"; 
cout « " The function assumes that individuals of populations of a particular species \n"; 
cout« " tend to equalize their per capita growth rate according to the concept of \n"; 
cout « " Ideal Free Distribution (Fretwell and Lucas 1969, Fretwell 1972)." « endl; 
cout « " Note: the interspecific effect is already taken care of in the "saturationXn"; 
cout « " routine' as one of the functions regulating the local population growth !!!\n"; 
cout« " ^\n"; 
cout « "\n Would you like to allow dispersal between populations in adjacent"; 
cout « "\n patches? (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; -H-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

1 
} while (c_x != I 11 (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 

/* According to whether "true" or "false" are inputted, dispersal will or will not take place, respectively 

if (y_or_n_array[0] = 'n') { 
dispersal_choice = FALSE; 

} 

if (y_or_n_iin-ay[0] = 'y') { 
dispersal_choice = TRUE; 

} 

//cout « "\nNext? "; 
//cin » next; 
cout « "\n\n\n\n"; 
cout « " " « endl; 
cout « " SETTING CATASTROPHIC STOCHASTICITY REGIME:" « endl; 
cout « " " « endl; 
cout« "\n Would you like to force catastrophic stochsticity (random "; 
cout« "\n disturbance regime) in the landscape? (y / n, or r for review): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Nn"; -H-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[0] != V')) { 

cout « "\n Sorry, but your entry was neither 'y', 'n', nor 'r'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n' && y_or_n_array[0] != 'r')); 
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if (y_or_n_array[0] = V) { 
cout« "\n\n 
cout « "\n The catastrophic stochasticity algorithm is a multi-step random"; 
cout « An number generating procedure that allows you to decide:" « endl; 
cout « "\n 1. The probability function (either uniform or Gaussian) of the"; 
cout « "\n disturbance distribution."; 
cout « "\n 2. The seeding value of the random number generator."; 
cout « "\n 3. The threshold (a fraction between 0 to 1) such that below it"; 
cout « "\n a disturbance is not invoked."; 
cout « "\n 4. The lower and the upper limits (0-1) for population loss once"; 
cout « "\n a disturbance is invoked."; 
cout « "\n 5. The probability function (either uniform or Gaussian) of the"; 
cout « "\n population loss."; 
cout « "\n 6. The option of setting the disturbance distribution in space randomly"; 
cout« "\n or manually (a frequent non-random spatial effect)."; 
cout« "\n \n"; 
cout« "\n Would you like to force catastrophic stochsticity (random "; 
cout « "\n disturbance regime) in the landscape? (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != An'; -i-+c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != y && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} 

if (y_or_n_array[0] = 'y') { 
L.GetCatastrophicStochasticityO; 

} 

/* ** The following routine allows for sending the information "known" to the application to an output 
file */ 

cout « 
cout « 
cout « 
cout« 
cout« 

endl; 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 
cout« 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != ^n'; +-H:_i) { 

next_array[c_i] = c; 
++c_x; 

} 

"\n\n\n\n"; 
" « endl; 

INFORMATION TO BE SENT TO OUTPUT ETLE:" « endl; 
" « endl; 

"\n\nWhat information would you like to send to the info output file ('info_file_ r ):\n" « 

"[ 1 ] Species identification." « endl; 
"[2] Habitat identification." « endl; 
"[3] Cell identification." « endl; 
"[4] Patch list." « endl; 
"[5] All of the above..." « endl; 
"\n(This option is currently unavailable...)\n" « endl; 
"\nPlease, press 'return' to continue."; 
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if (c_x!= 0) { 
cout « "\nDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 

/* Here starts the simulation procedure: the population growth. Some information is asked about about 
the the initial population sizes and about the time in years of the simulation to be running */ 

do { 
cout « "\n\n\n\n"; 
cout « " =" «endl; 
cout « " POPULATION GROWTH" « endl; 
cout « " " « endl; 
cout « "\n\nWouId you like to run a pop growth algorithm on all populations? (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while {c_x != I II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'y') { 

do { 
cout « "\nWould you like an equal initial population abundance? (y / n): 
do{ 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; +-i-c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[01 != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 I! (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
if (y_or_n_array[0] = 'y') { 

do { 
cout « "\nlnitial population abundance for all populations: 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != "Xn'; -H-c_i) { 
char_array[c_i] = c; 
++c_x I; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' 1' 
II char_array[c_i] = '2' II char_array[c_i] = '3' II char_array[c_i] = '4' 
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II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_i] = '7' 
II char_array[c_i] = '8' II char_array[c_i] == '9'; ++c_i) { 
-M-C_X2; 

} 

if (c_xl != c_x2 II c_xl = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again; " ; 

} 

} while (c_xl != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -i-K:_i) { 

~c_xl; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x I); 

} 

U 
n = real; 
if (n < 0) { 

cout « "****************************************" « endl* 
cout « "Sorry, but a negative population size is not very realistic..." « endl; 
cout « endl* 

) 
} while (n < 0); 
for (j = 0; j < number_of_species * L.NumberPatches(); -i-+j) { 

PopU] .GetPopulationSize(n); 
} 

} 

else { 
for (j = 0; j < number_of_species * L.NumberPatches(); +4-j) { 

cout « "Initial population abundance for population " « j + 1 « "; 
// 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != An"; -H-c_i) { 
char_array[c_i] = c; 
++c_x1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_il = '0' II char_array[c_i] = 'I' 
II char_array[c_i] = "2' II char_array[c_i] = '3' 11 char_array[c_i] = '4' 
11 char_arrayic_i] == '5' II char_array[c_i] == '6' II char_array[c_i] = 'T 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -M-C_1) { 
++c_x2; 

} 
if (c_xl != c_x2 II c_xl == 0) { 

cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0, c_i = 0; c_i < c_x2; -M-c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10. c_x 1); 



} 
// 
n = real; 

Pop(j].GetPopulationSize(n); 
} 

} 

cout « "\nHow many years would you like to run: 
// 
do{ 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_l = 0, c_x 1 = 0; (c = getcharO) != "Vn"; •t-+c_i) { 
char_array[c_i] = c; 
-H-c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' I! char_array[c_l] = '1' 
II char_arniy[c_i] = '2' 11 char_array[c_i] = 3' 11 char_arTay[c_i] = '4' 
II char_array[c_i] = '5' II char_array[c_i] = '6' II char_array[c_il = 7' 
II char_array[c_i] = '8' II char_array[c_i] == '9'; +-K:_i) { 
-H-C_X2; 

} 

if (c_x I != c_x2 II c_x I = 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

} 

} while (c_x I != c_x2 II c_x 1 = 0); 
for (real = 0, c_i = 0; c_i < c_x2; ++c_i) { 

~c_x1; 
r = char_array[c_i] - 48; 
real += r * pow(IO, c_xl); 

} 

// 

I* =======^= Starting the simulation = 
simulation_time = real; 

Preparing a table with titles and columns ********** */ 
cout« "\n\nTIME\t"; 
for (i = 0; i < number_of_species * L.NumberPatchesO; -H-i) { 

cout « "Pa/Po " « "\t"; 
} 

cout« "\n\t"; 
for (i = 0; i < number_of_species • L-NumberPatchesQ; ++i) { 

coul « ((i / number_of_species) + I) « "7" « i + 1 « "\t"; 
} 
i = 0; 
cout « "\nO\t"; 
for (j = 0; j < number_of_species * L.NumberPatchesO; -M-j) { 

cout « Pop(j].PopulationSize() « "\t"; 
fprintf(fp_data, "%.2{\t". Pop[j].PopulationSize()); 

1 
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/* 
cout « "Stage 1" « endl; 
cout« "Next? 
cin » next; 
*1 

/* Loading the initial information of populations to the community objects *f 
for (1 = 0; I < L. NumberPatches(); -M-l) { 
I* 
cout « "Number of patches = " « L. NumberPatchesQ « endl; 
*1 
Com[I] .Community InformationO; 
Com[l].GetCommunityPopulationSizes(l); 

} 

/* 

cout « "Stage 5" « endl; 
cout« "Next? "; 
cin » next; 
*1 

/* Determining the number of steps of the simulation for different purposes: the growth 
simulation, the demographic stochasticity invokation, the catastrophic stochasticity 
invokation, the threshold density invokation, and the presentation on the screen */ 

simuIation_number_of_runs = (int) (simulation_time / dt + 0.04); 
simulation_run_count = 0; 
demographic_stochasticity_number_of_runs = (int) (demographic_stochasticity_time / dt + 0.04); 
demographic_stochasticity_run_count = 0; 
catastrophic_stochasticity_number_of_runs = (int) (catastrophic_stochasticity_time / dt + 0.04); 
catastrophic_stochasticity_run_count = 0; 
threshold_density_number_of_runs = (int) (threshold_density_time / dt + 0.04); 
thrcshold_density_run_count = 0; 
show_number_of_runs = (int) (show_time / dt + 0.04); 
show_run_count = 0; 

/* 
cout « "Stage 6" « endl; 
cout« "Next? "; 
cin » next; 
* /  

jif. «««****«*»*«*:)[ Starting the simulation loop *••****•»»•****/ 
for (i = 1, endloop = simulation_number_of_runs; i <= endloop; ++i) { 

simulation_run_count = simulalion_run_count + dt; 

/* ** Invoking demographic stochasticity once every year for all populations ** */ 
i_d = i - I; 
demographic_stochasticity_number_of_runs_d = demographic_stochasticity_number_of_runs; 
d = fmod(i_d, demographic_stochasticity_number_of_runs_d); 
if(d = 0){ 

for (j = 0; j < number_of_species * L.NumberPatches(); ++j) { 
PopU].PopulationDemographicStochasticity(gasdev(&idum), gasdev(&idum)); 

} 

} 

I 
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/* 
cout « "Stage 7" « endl; 
cout « "Next? 
cin » next; 
*! 

/* * The main loop; invoking population growth through the integration method * */ 
for (j = 0; j < number_of_species * L.NumberPatches(); ++j) { 

Poplj].GetPopulationLoc^Growth(); // Local growth: the per-capita growth 
} 

/* 

cout « "Stage 8" « endl; 
cout « "Next? "; 
cin » next; 
*1 
for (j = 0; j < number_of_species * L.NumberPatches(); ++j) { 

Pop|j].PopulationGrowth(); // Incorporating population sizes 
} 

/ *  
cout « "Stage 9" « endl; 
cout« "Next? 
cin » next; 
* /  
for (I = 0; 1 < L. NumberPatches(); ++1) { 

Com[l].CommunityInformation(); // Upgrading the community information for the next 
step 

Com[l].GetCommunityPopulationSizes(l); 
} 

/* 

cout « "Stage 10" « endl; 
cout« "Next? 
cin » next; 
*1 

Invoking threshold density once every year */ 
i_d = i - 1; 
threshoId_density_number_of_runs_d = threshold_density_number_of_runs; 
d = fmod(i_d, threshold_density_number_of_runs_d); 
/* 
cout « "\nStage 1" « endl; 
cout« "Next? "; 
cin » next; 
*f 
if(d = 0){ 

/ *  
cout « "\nStage 2" « endl; 
cout«"Next? 
cin » next; 
*f 
for (1 = 0; 1 < L.NumberPatchesO; ++1) { 

/* 
cout « "\nStage 3" « endl; 
cout« "Next? "; 
cin » next; 
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*! 
for (x = 0; X < number_of_species; ++x) { 

/* 

cout « "\nStage 4" « endl; 
cout« "Next? 
cin » next; 
*/ 
pop = 1 * number_of_species + x; 

if (Pop[pop].PopulationSize() < S[xl.ThresholdDensity()) { // Comparing pop size 
with the 

// threshld value 
/• 

cout « "\nPopulation: " « pop « endl; 
cout « "Population size: " « Pop[pop].PopulationSize() « endl; 
cout « "Threshold: " « S[x].ThresholdDensity() « endl; 
•/ 

Pop[pop].GetPopuIationSize(0); 
t* 
cout « "New population size: " « Pop[pop].PopulationSize() « endl; 
cout« "\nNext? "; 
cin » next; 
*/ 

} 

} 

} 

} 
l^ie */ 

Printing the information on an annual basis *********** */ 
show_run_count = show_run_count++; 
i_d = i; // Makes it a double type for the fmode 
show_number_of_runs_d = show_number_of_runs; // Makes it a double type for the fmode 
d = fmod(i_d, show_number_of_runs_d); 
if(d = 0) { 
cout« endl; 
//fprintf{fp_data, "\n"); 

cout « simulation_run_count « "\t"; 
for (j = 0; j < number_of_species * L.NumberPatchesO; -M-j) { 

printf("%.2f\t". Poplj],Populationsize()); 
fprintf(fp_data, "%.2f\t", Pop[j].PopuIationSize()); 

} 
show_run_count = 0; 
fprintf(fp_data, "\n"); 

} 
f* ************************************************** */ 

/* ******* Invoking catastrophic stochasticity once every year ******** */ 
if ((L.CatastrophicStochasticityChoiceO = 1) II (L.CatastrophicStochasticityChoiceO = 2)) { 

i_d = i - I; 
catastrophic_stochasticity_number_of_runs_d = catastrophic_stochasticity_number_of_runs; 
d = fmod(i_d, catastrophic_stochasticity_number_of_runs_d); 
if(d = 0){ 

L.CatastrophicStochasticityO; 
} 

} 

f 
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} 

/* — End of simulation == */ 
cout « "\n\nPlease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar()) != '\n'; +-K:_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if (c_x!=0) { 
cout « "XnDon't play games with mel"; 
cout « "\nPress 'return' NOW." « end!; 

} 

) while (c_x!= 0); 
cout« endl; 
cout« endl; 

/* ***** Printing the output values of the species-diversity indeces ******* */ 
for (1 = 0; 1 < L, NumberPatchesO; ++1) { 

Com[I].GetFisherAlpha(); 
Com[l].PrintCommunity(); 

} 

cout « "Would you like to run another pop growth? (y / n): "; 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != An'; -i-+c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} while (y_or_n_array[0] == 'y'); 

/* The following routine allows for getting information about the landscape, both with respect 
to the input (species, habitats, cell arrangement, and patches) and with respect to the 
output (population sizes, species-diversity indeces, and community information) */ 

cout« "\n\nWould you like to get information on the current landscape? (y / n): "; 
do{ 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != '\n'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] 1= 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[01 != 'y' && y_or_n_array[01 != 'n')); 



if (y_or_n_array[0] == 'y') { 
do { 

cout « "\nVn\n\n\n\n\n\n\n\n\nPress: " « endl; 
cout « "\n[ 1 ] for Species Identification" « endl; 
cout « "\n[2] for Habitat Identification" « endl; 
cout « "\n[3] for Cell Arrangement by Array Design" « endl; 
cout « "\n[4] for List of Patches" « endl; 
cout « "\n[5] for Species Diversity in Different Patches" « endl; 
cout « "\n[6] for List of Non-Zero Populations in Different Patches" « endl; 
cout « "\n[7] for The Future of the World\n\n\n\n\n\n" « endl; 
do { 

cout « "\nChoice: "; 
n 
do { 

real = 0; 
r = 0; 
for (c_i = 0; c_i < 50; ++c_i) { 

char_array[c_i] = 'a'; 
} 

for (c_i = 0, c_xl = 0; (c = getcharO) != Vi'; -i-t-c_i) { 
char_array[c_i] = c; 
-H-c_x 1; 

} 

for (c_i = 0, c_x2 = 0; char_array[c_i] = '0' II char_array[c_i] = ' I' 
II char_array[c_i] = '2' II char_array[c_i] = '3' 11 char_array[c_i] = '4' 
II char_array[c_il = '5' II char_array[c_i] = '6' II char_array[c_i] == 'T 
II char_array[c_i] = '8' II char_array[c_i] = '9'; -H-c_i) { 
++c_x2; 

} 

if (c_xl != c_x2 II c_xl == 0) { 
cout « "\n Something is wrong with your entry."; 
cout « "\n Try again: " ; 

) 
} while (c_xl != c_x2 II c_xl = 0); 
for (real = 0. c_i = 0; c_i < c_x2; ++c_i) { 

—c_x1; 
r = char_array[c_i] - 48; 
real += r * pow( 10, c_x 1); 

} 

U 
choice = real; 
cout« endl; 
if (choice != I && choice != 2 && choice != 3 & choice != 4 && choice != 5 

&& choice != 6 && choice != 7) { 
cout« "\nSorry, but you entered neither of the above option."; 
cout« "\nPlease, enter your choice again.\n" « endl; 

} 

} while (choice != 1 &«& choice != 2 && choice != 3 & choice != 4 && choice 
&& choice != 6 && choice != 7); 

if (choice = 1) { 
for (i = 0; i < number_of_species; ++i) { 

S[i].PrintSpecies(); 
cout« "\n\nPlease. press 'return' to continue."; 
do { 

c_x = 0; 



for (c_i = 0; (c = getchar()) != "Xn"; { 
next_array[c_i] = c; 
++c_x; 

} 

if (c_x!= 0) { 
cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 
} 

1 
else if (choice = 2) { 

for (i = 0; i < number_of_habitats; -H-i) { 
H[i].PrintHabitat(); 
cout « "\n\nPlease, press 'return' to continue." 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar()) != '\n'; -H-c_i) { 

next_array[c_i] = c; 
++c_x; 

i 
if(c_x"= 0) { 

cout « "XnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 

} 
} 

else if (choice = 3) { 
cout « "\n\n\n\n\n\n\n\n\t"; 
for (i = 0; i < number_of_columns; ++i) { 

cout « i « " "; 
} 

for (i = 0; i < number_of_rows; -M-i) { 
cout « "\n\n "; 
cout « i « " "; 
for 0 = Ou < number_of_columns; ++j) { 

cout « "[" « C[i][j].CellHabitatName() « 
} 

} 
cout «"\n\n\n\n" « endl; 

} 

else if (choice = 4) { 
for (1 = 0; 1 < L. NumberPatchesO; ++1) { 

P[l].PrintPatch(); 
} 

} 

else if (choice = 5) { 
for (I = 0; I < L. NumberPatchesO; ++I) { 

Com[l].PrintCommunity(); 
} 

} 

else if (choice = 6) { 
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cout « "\n\n\n\n\n\nWARNING: Carrying capacity (K) for a population with a negative r" « 
endl; 

cout « "\t(birth - death) is meaningless.\n\n" « endl; 
printf("\t\t%8s%I4s%16s%15s", "r", "K", "N", "N/K"); 
for (1 = 0; I < L. NumberPatches(); ++1) { 

printf("\nCommunity %d : I + 1); 
for (x = 0, j = 0; x < number_of_species; ++x) { 
j = 1 * number_of_species + x; 
printf("\n Population %d\t%l0.4f\t%10,4At%10.4f\t%.4f', j + 1, 

Pop[j].PopulationIntrinsicRateOf[ncrease(), 
PopU].CarryingCapacity(),Pop[j].PopulationSize(), 
Pop[j].PopulationSize()/Pop(j].CarryingCapacity()); 

} 

cout « "\n\nPIease, press 'return' to continue."; 
do { 

c_x = 0; 
for (c_i = 0; (c = getcharO) != "Xn"; ++c_i) { 

next_array[c_i] = c; 
++c_x; 

} 

if(c_x!= 0) { 
cout « "VnDon't play games with me!"; 
cout « "\nPress 'return' NOW." « endl; 

} 

} while (c_x!= 0); 

else if (choice = 7) { 
cout « "\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n" « endl; 
cout « 

"\n • « 
endl; 

cout « "\n DO YOU REALLY THINK I CAN TELL YOU THE FUTURE OF THE 
WORLD?" « endl; 

cout « "\n ... BUT THANK YOU FOR BELIEVING IN MY MODEL!!!" « endl; 
cout « 

"\n "« 
endl; 

cout « "\n\n\n\n\n\n\n\n" « endl; 
} 

cout « "\n\nWould you like to get more information? (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != '\n'; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 
if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer: "; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} while (y_or_n_array[0] = 'y'); 

I 
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/* Allowing for repeating the population growth simulation with the same values for the 
global-scale processes */ 

cout« "\n\nWould you like another population-growth run with the same catastrophic"; 
cout « "\nstochasticity regime? (y / n): 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

1 
if (c_x != I II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 

cout « "\n Sorry, but your entry was neither 'y'. nor n' 
cout « "\n Please repeat your answer; 

} 

) while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
1 while (y_or_n_array[0] = 'y'); 

/* Allowing for repeating the population growth simulation with the ondon of changing the 
values for the global-scale processes */ 

cout « "\n\n Would you like another population-growth run with the opuon of changing 
cout « "\ndispersion and catastrophic stochasticity regime? (y / n): "; 
do { 

c_x = 0; 

for (c_i = 0; (c = getchar ()) != ^n'; -t-t-c_i) { 
y_or_n_array[cJ] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer; 

} 

} while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')); 
} while (y_or_n_array[0] = 'y'); 

/* Allowing for rerunning the entire application, including the input of new values for the species. 
habitats, and cell arrangement */ 

cout « "\n\nWould you like to rerun the entire program (y / n); 
do { 

c_x = 0; 
for (c_i = 0; (c = getchar ()) != "Xn"; ++c_i) { 

y_or_n_array[c_i] = c; 
++c_x; 

} 

if (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[0] != 'n')) { 
cout « "\n Sorry, but your entry was neither 'y', nor 'n'."; 
cout « "\n Please repeat your answer; 

} 
) while (c_x != 1 II (y_or_n_array[0] != 'y' && y_or_n_array[01 != 'n')); 
1 while (y_or_n_array[0] == 'y'): 
/* ==THEEND */ 

} 
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