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Summary

Droughts pose a significant risk to the survival of a community of plants. Although individual

plants may struggle to adapt to a lack of water caused by a drought, existing literature has suggested a

positive relationship between the biodiversity of a plant community and its ability to survive drought

cycles. We have been tasked to verify this claim and build a generalized biome-independent model

that predicts changes in a plant community through cycles of drought.

Our approach was to develop a parameterized partial differential equations model for the growth

of multiple plant species over time on the basis of the amount of water available. Crucially, we also

incorporate spatial dimensions and analysis into the model, which allows us to consider plant dispersal

and water diffusion across physical boundaries. To support this growth model, we also implement a

sub-model for rainfall that can simulate the effect of a variety of droughts by changing drought timing

and severity. Incorporating this into the plant growth model, we model plant growth in Mathematica

using numerical analysis of the partial differential equations. We conduct a sensitivity analysis of

the model’s parameters, simulating the effects of biodiversity by steadily increasing the number of

unique species starting from a control of just one species. We also analyze the impact of different types

of droughts, as well as different types of plants as measured by their resistance and resilience. We

conclude by studying the impacts of external factors, such as pollution or habitat reduction.

Ultimately, we find that although increasing the number of unique plants in a given community

generates inter-species competition, it cumulatively benefits the overall system by increasing the

total amount of long-term plant biomass. However, marginal benefit decreases as total number of

unique species increases: going from one to two unique species generates significant benefits in total

biomass, but changes are smaller when going from two to three, and the transition from three to four

actually decreases total biomass. Meanwhile, our sensitivity analysis finds that changes in resilience

and resistance correspondingly impact total plant biomass but do not affect the general behavior of the

model. In addition, we determine that habitat destruction can cause individual species to dominate a

plant community due to increased spatial competition. We find under certain extreme conditions, a

given species of plants can either survive and dominate in the long-term or go extinct depending on

their initial conditions.

The main advantage of our unique spatial approach over traditional, space-independent models

that only depend upon time, like the classic Lotka-Volterra model, is the the ability to account for

fundamental physical behaviors of plants and ground water—that is, dispersal and diffusion across

a 2D space. Without spatial considerations, one cannot accurately model the fact that generally,

plants and water can only spread to adjacent locations. This also allows us to model phenomenon like

competition for habitation or water at a given location. Finally, the spatial approach also provides the

ability to simulate random initial locations, mirroring the stochasticity of real-world environments, as

well as forecast the impacts of habitat reduction easily. Combined with a realistic model for rainfall

data and drought conditions, our model serves as a comprehensive general phenomenological model

for simulating plant growth in any given community under cycles of droughts.
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1 Introduction

1.1 Background

The study of how drought cycles impact plant communities is crucial for understanding the impacts of

climate change on ecosystems and agriculture. Droughts can significantly alter plant growth, distri-

bution, and productivity, which can have cascading effects on ecosystem functions and services, such

as nutrient cycling, soil stability, and carbon storage. Moreover, droughts can impact agricultural pro-

ductivity, as they reduce crop yields, increase irrigation demands, and exacerbate soil erosion and land

degradation [1]. By studying how droughts affect plant communities, scientists can develop effective

management strategies to mitigate the impacts of droughts on ecosystems. This includes developing

drought-resistant crop varieties, improving water use efficiency, and implementing sustainable land

management practices. Ultimately, understanding the effects of drought on plant communities is cru-

cial for maintaining ecosystem health and supporting sustainable agriculture in the face of climate

change.

Plant species are often geographically grouped together into communities to better understand

species interaction and relationships [2]. The relative composition of the species within communities

is not static, but rather it changes as a response responds to stimuli and stresses. In particular, one

common source of stress that can drastically change the composition of a community is a period of

drought [3].

As different organisms have different characteristics, they react and adapt differently to extreme

conditions. Such responses are well described by the notions of resilience (ability to recover after

extreme conditions) and resistance (ability to persist and grow despite extreme conditions) [4]. Past

research has suggested that localized biodiversity within these communities strengthens the overall

ability of the community to adapt to periods of drought, relative to a more homogeneous community.

Studies have suggested the possibility that the genetic diversity offered by a diverse community provides

a higher chance for species-diverse communities to effectively thrive even during extended periods of

little to no rainfall [5]. However, little research has been done to explore the quantitative extent to

which biodiversity strengthens a community’s ability to persist and grow amid drought, and how this

survivability changes depending on the specific number of species.

1.2 Problem Restatement

To address this question, our team has been tasked to develop a model to predict how the composition

of a plant community changes through drought cycles. The model and its analysis must:

1. Account for species interaction, both competition and mutual support, during drought

2. Evaluate how many species are required to benefit from the biodiversity phenomenon, as well as

assess the impact of an increase in species within a community.

3. Consider the impact of changes in the frequency and severity of droughts

4. Consider the impact of differing types of species within a community

5. Consider the impact of pollution and habitat destruction
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1.3 Existing Literature

Prior to developing our customized model, we researched and analyzed several existing models. Below

are two important examples.

First, we examined the classic Lotka-Volterra Model as a basis to consider competition between

plant species and impacts on growth [6]. An abstracted version of the predator-prey equations are:

3G

3C
= UG − VGH

3H

3C
= XGH − qH

where U and X are the growth rates of each of the prey predator species respectively, while V and X

represent the competitive interaction between the two species.

Although the Lotka-Volterra Model provided a method to factor in competition, we believed its

specificity towards a predator-prey relationship made it difficult to accurately model plant interactions

since those interactions could potentially also be mutually beneficial. At the same time, perhaps the

most important issue regarding the model for our task was the assumption of a constant growth rate. It

does not take into consideration the relationship that growth rate and water scarcity.

To address this resource utilization aspect of plant modeling, we also considered Monod’s equation

for modeling microbial growth rate [7].

` = `<0G
(

 ( + (

where `, the growth rate, is determined by the product of the maximum growth rate and a fraction

where S represents the concentration of a limiting substrate, or resource and K is a constant.

These two models provided a fundamental starting point for our work but were ultimately insufficient

for the problem at hand. In particular, we hoped to account for the following factors that were not

considered in these systems:

1. Multiple species interaction

2. Storage of groundwater

3. The spatial dimensions of the community, which influences plant and water dispersal

4. Different types of droughts

5. Resilience and resistance of plants

6. External factors like pollution and habitat reduction

2 Developing the Plant Community Model

2.1 Assumptions

To simplify the modeling, we establish a few fundamental assumptions, as well as provide justifications

for them:
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• Assumption: Plant biomass is increased solely through plant growth.

– Justification: The problem statement revolves around analyzing the growth plants relative

to weather conditions. Therefore, we find it necessary to only discuss how plant biomass

changes based on plant growth or death, and to ignore other external factors like human

development, predators, etc.

• Assumption: New species of plants do not emerge suddenly in the environment throughout a

given simulation.

– Justification: Similar to the above assumption, we do not consider external influences that

may cause a plant to suddenly arise in an ecosystem. Instead, we will focus our analysis on

the existing plants in an ecosystem and study how their biomasses change with time.

• Assumption: Plants are differentiated solely by their resistance (how easily they die) and resilience

(how easily they grow).

– In the context of analyzing plant growth under extreme weather conditions, the most

important factor to consider is how plants survive within these conditions. Therefore,

we don’t consider factors like plant structure, shape, or size, and instead assume that the

resistance and resilience of a given plant are able to encapsulate its other defining qualities.

2.2 Model Overview and Justification

To explore this problem, our model will attempt to predict how the amount of water in the ground, as

well the total biomass of each species of plant, will change—these factors will serve as the dependent

variables. Specifically, because we are interested in studying the transition rates of these quantities,

we will develop a model based upon differential equations that can naturally characterize changes over

time.

However, we argue that analyzing the system across time alone is insufficient, as the physical

dimensions of an ecological community are highly influential in its development. For one, unlike

models for animals or microorganisms, plants generally do not move, which therefore limits their

water consumption and interactions with other plants at non-adjacent locations. For instance, different

species of plants may not be able to occupy the same physical location in the habitat due water shortages

in that particular location, and the size of the habitat will limit plant growth.

In addition, water dispersal is highly motivated by its diffusion across space and concentration

gradients. Modeling the spatial movement of water within a given area also provides us the ability to

use a more accurate measurement of the amount of water in a given location, rather than total water in

the system, which is far less accurate to plant growth. For instance, the growth of a plant at a given

location is not dependent on the amount of water in the overall system, but rather at the particular

location that it occupies.

Therefore, our model will, in addition to time, consider spatial dimensions as independent variables,

pointing to a need for partial rather than ordinary differential equations; this will also allow us to study

the impact of habitat reduction in later sensitivity analysis.

Within the model, we will incorporate parameters that allow us to explore and capture the following

conditions:
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• The number of unique plant species

• The resilience and resistance of each species

• The amount of weekly rainfall

• The frequency and magnitude of droughts

Note that as a whole, except for the independent variable of time, the model is dimensionless; that

is, we are not measuring specific amounts of biomass, groundwater, rainfall, etc. This is done because

the purpose of this research is to determine the broader qualitative and relative impacts of different

factors on plant growth, rather than predict the precise amount of plants that exist in a particular

region under a precise set of parameter values. The latter investigation can likely not be conducted

with a phenomenological, mechanistic mathematical model that yields deep insight into the nature

and behavior of plant interactions with their communities, which is the ultimate goal of this research

and the overall problem statement. Therefore, we believe it is much more meaningful to produce

a dimensionless model that can be adapted to any given plant community, whose results provide

fundamental information about how species interact under different conditions, both internal—like

plant resilience and resistance—and external—like drought, pollution, or habitat reduction. The

independent variable of time is dimensionalized for the purpose of parameter value calculations and to

provide some basic context to our findings, but even it can be nondimensionalized without changing

the underlying validity of the model.

Figure 1: A visual representation of the model and its dynamics
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2.3 Variables and Notation

In the model, we will introduce several variables and parameters. A summary is provided here:

Variable Notation Meaning

number of species : the number of unique species in the system

species biomass =8 the total plant biomass of species 8

total plant biomass # total plant biomass of all species

water F total ground water

spatial dimensions G, H the 2D space being modeled

time C time, measured in week

plant growth rate 28 the growth rate of species 8

plant mortality rate <8 the mortality rate of species 8

water flow from concentration

differences
E

speed of water in moving from high to low

concentration

water flow from diffusion 3 speed of water along flat terrain

rainfall 0C rainfall per week at time C

habitat size L length and width of the (square) habitat

Table 1: A summary of the variables and parameters that will be introduced in the model.

2.4 Plant Biomass

We first derive an equation modeling the total biomass of each species 8, represented by =8 (G, H, C),

which can be influenced by three factors: plant growth, plant death, and plant dispersal across the

habitat.

Plant growth is determined by the growth rate of the given species, the amount of water available,

and the amount of plants there currently are. Literature suggests that plant growth is not linear, and

that an abundance of the same species of plants in a given area encourages further plant growth

[8]. Therefore, we propose an interaction term defined by the plant growth rate, a quadratic form of

current plant biomass, and water availability. Plant biomass is lost solely through plant death, which

is dependent on the current plant biomass and the mortality rate of the species, <8. Finally, plant

dispersal can be modeled by a general diffusion equation across G and H. Taken together, this produces

the following PDE:

m=8

mC
= 28F=

2
8 − <=8 +

m2=8

mG2
+
m2=8

mH2
(1)

2.5 Water and Rainfall

We next derive an equation modeling the amount of water in the ground, which is affected by rainfall,

drainage (which includes evaporation), and dispersal across the habitat. Water enters the system through
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time-dependent rainfall, 0C , and is lost due to drainage at a rate proportional to the current amount of

water in the ground. Water also is lost due to plant consumption, which should also be modeled by

a quadratic interaction of the total plant biomass and water availability, given the idea that a higher

biomass further encourages future growth.

Regarding dispersal, water flows from high to low concentration at a speed E, introducing an

interaction term between E and the gradient of F. Water can also flow across flatland at a speed 3,

introducing a scaled diffusion equation for F. Therefore, we propose:

mF

mC
= 0C − F − F#2 + E(

mF

mG
+
mF

mH
) + 3 (

m2F

mG2
+
m2F

mH2
) (2)

2.6 Species Competition

A crucial component of our model is the ability to study the interactions between multiple unique

species in the system. Such is why we separate total plant biomass # into the biomass of each plant

species 8, which allows us to write separate equations for each plant species and the total biomass as

the sum of these equations. Mathematically, this produces the system:

m=1

mC
= 21F=

2
1 − <=1 +

m2=1

mG2
+
m2=1

mH2

...

m=:

mC
= 2:F=

2
: − <=: +

m2=:

mG2
+
m2=:

mH2

m#

mC
=

m=1

mC
+ . . . +

m=:

mC

mF

mC
= 0C − F − F#2 + E(

mF

mG
+
mF

mH
) + 3 (

m2F

mG2
+
m2F

mH2
)

(3)

To study the phenomenon of how unique species interact, compete, cooperate, and ultimately

influence the drought adaptability of the plant community, we can increase the total number of species,

: .

2.7 Rainfall, Droughts, Species Types, and Pollution

Through the time-dependent parameter 0C , we can change the amount of rainfall that the system receives

over a given period of time. In doing so, we can consider periods of drought (i.e., reduced rainfall), as

well as tune the length, frequency, and magnitude of such droughts. Finally, through the parameters 28
and <8, which control the resilience and resistance of plants, respectively, we can simulate the impact

of different types of plant species with different properties, as well as varying amount of pollution,

which would affect plants’ abilities to grow and their tendencies to die. We will conduct sensitivity

analysis of these parameters during our analysis of the model.
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2.8 Initial and Boundary Conditions

As with all systems of PDEs, we must also establish initial and boundary conditions. The initial

biomass of each plant species will be taken to be the value of 1 at a random location within the habitat,

representing a small cluster of seeds or spores dispersed randomly at the beginning of the simulation.

The initial amount of water in the ground will be the amount of rainfall at C = 0.

We will impose periodic boundary conditions for both the biomass of each plant species and the

water in the ground. This is a fair and commonly used condition statement in mathematical modeling,

as we are attempting to approximate a large, semi-infinite system by using a unit cell. Topologically, the

space made by the two-dimensional periodic boundary conditions can be thought of as being mapped

onto a compact space. Taken together, and recalling the parameter !, this yields:

=1(G, H, 0) = =10(G, H)

...

=: (G, H, 0) = =:0(G, H)

# (G, H, 0) = =10(G, H) + . . . + =:0(G, H)

F(G, H, 0) = 00

(4)

for initial conditions, and

=1(0, H, C) = =1(!, H, C)

=1(G, 0, C) = =1(G, !, C)

...

=: (0, H, C) = =: (!, H, C)

=: (G, 0, C) = =: (G, !, C)

# (0, H, C) = # (!, H, C)

# (G, 0, C) = # (G, !, C)

F(0, H, C) = F(!, H, C)

F(G, 0, C) = F(G, !, C)

(5)

for boundary conditions.

2.9 Model Analysis

Because of its highly nonlinear nature, the PDEs developed do not have analytical solutions. There-

fore, to study the system given in (3), we conduct numerical analysis of the PDEs in Mathematica.

Specifically, we use the numerical method of lines, which solves PDEs by discretizing the equation in

all but one dimension, then integrating the semi-discrete problem as a system of ordinary differential

equations (ODEs) or differential-algebraic equations (DAEs).
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3 Rainfall and Drought Model

3.1 General Rain Model

Alongside the Plant Community Model, we also developed a rainfall model to simulate natural rainfall

and periods of drought and recovery. To this end, we began with a general rain model, with an average

rainfall chance and rainfall volume. After uniform randomization on the rainfall chance to determine

the chance of rain on a week-to-week basis, another layer of randomization was applied to the average

volume of rain.

We then modified the two values with a seasonal variability index, which represents the magnitude

of seasonal variation. For example, certain communities may experience seasonal monsoons while

others, such as in a desert, may have minimal seasonal variability. Because of the periodic nature

of seasons, we applied this seasonal variability to a sine function to appropriately model a seasonal

coefficient applied to each week’s rainfall:

+ ∗ (sin(
2c

52
(3 mod 52)) +

51

52
)

where V is the seasonal variability index, d is the week number, and where sin( 2c
52
G) has period of 52

weeks.

3.2 Drought-Adjusted Model

Figure 2: Weekly rainfall for 1000 weeks of data containing three separate. Specifically, droughts

occur from C = 200 to C = 250, C = 500 to C = 600, and C = 750 to C = 900

After developing a rain model, we then overlaid periods of droughts over a 1000 week general rain

model. Some droughts were also deliberately placed within the rainy season to address the problem

statement’s task of including drought in times when precipitation is abundant.

We also created parameters to limit the ranges of the length of the drought and the severity (as in

the percent decrease in the amount of rain when it does rain). With the three parameters of drought

appearance, length, and severity we thus could generate unique ”drought scenarios”, which provides a

more comprehensive model of droughts than a usage of uniformly long and severe droughts.

Once we decided on parameters, we then applied our set drought model on a randomized thousand-

week rain period with the general rain model. We analyze the impact of different drought scenarios

derived from different parameters in section 4.2.
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Figure 3: Rainfall and Drought Diagram. The first line of circles represent modifiers that change the

chance of the following conditional—whether or not there will be rain. Each iteration represents the

decision tree for a week, with the loop occurring for 1000 weeks.

4 Results

4.1 Number of Unique Plant Species

One primary purpose of this research is to investigate the interactions between different species amid

cycles of drought, which are undeniably related [9, 10, 11]. Therefore, we first study how the system

changes depending upon the number of unique species, beginning first with : = 1 (i.e., a plant

community with just one type of plant), which will serve both as a control group and validation of the

model’s performance.
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(a) C = 200C = 200C = 200: before the

first drought. The plants

appear to be forming vege-

tative strips within the habi-

tat

(b) C = 750C = 750C = 750: before the

third drought. The plants

still form strips, though

each strip is thicker and

more concentrated.

(c) C = 900C = 900C = 900: after the third

drought. Following the

drought, the clusters are

plants are smaller and less

concentrated.

(d) C = 1000C = 1000C = 1000: recover-

ing from drought. The

plants are able to make a

full recovery following the

drought.

(e) Total biomass of the system over time.

Figure 4: The change of a community with just one species of plant over time.

Figures 4a-4d provide spatial density plots of the plant community at a given point in time; that

is, for any given spatial coordinate in the habitat, the color of the location represents the biomass of

the plant at that given location at the specified point in time. Figure 4e represents a graph of the total

plant biomass in over the 1000 week period. Note how the periods of sudden decline correspond to the

periods of drought shown in Figure 2.

The results shown in Figure 4 verify the model’s validity. Indeed, the patterns shown in Figures

4a-4d match real-world plant formations in communities with just one species (see Figure 5).

(a) Patterned vegetation formations in

South Africa, which mirror the forma-

tions in Figure 4a and 4c.

(b) Striped vegetation formations in Niger,

which mirror the formations in Figure 4b

and 4d.

Figure 5: Real-world plant formations that mirror the model’s results [12]
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With this functional model, we then expand the model to include two unique species (: = 2).

(a) Species 1 of 2 (b) Species 2 of 2

(c) Total biomass of the system over time.

Figure 6: The change of a community with two species of plants over time. All snapshots are taken

at C = 1000.

Figure 6a and 6b provide fascinating insight into the behavior of the two plants, which appear to be

directly competing for space. Indeed, in any given location, either the first species or second species

thrives, but never both—this makes sense under the model’s definition, as only one species of plant is

ultimately able to utilize the water at any given spatial coordinate in the long-term.

Figure 6c, when observed relative to Figure 4e, shows us that in spite of the species competition, the

total biomass increases significantly—in fact by over two times. This indicates the existence of species

cooperation, which can be explained mechanistically by the fact that more plants in the system preserves

water by optimizing water utilization; that is, less water is allowed to leave the system through drainage

because it is being conserved within plants. In addition, observe that in the two-species scenario,

plants physically occupy the entire system, while the plants in the one-species scenario form clusters

and strips that fail to occupy the entire habitat. This mirrors the process of diversification: with a more

diverse array of plant species, more spatial domains within the habitat can be occupied.

We will now explore whether these results hold as the number of unique plant species continues

to rise. In particular, we hope to investigate how patterns of species competition change and evolve

as there multiple competitive interaction occurring over space and water at any given time and spatial

coordinate. Therefore, we first the system to : = 3, which simulates a plant community with three

unique species.
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(a) Species 1 of 3 (b) Species 2 of 3 (c) Species 3 of 3

(d) Total biomass of the system over time.

Figure 7: The change of a community with three species of plants over time. All snapshots are

taken at C = 1000.

Unlike the : = 2 instance, where at any given spatial coordinate only one plant is able to thrive,

species competition is not as easily observed in the : = 3 case. However, the phenomenon of the

three species competing with each other for water can still be identified: for instance, consider the

small region, roughly defined by ((0, 100), (100, 200)), where species 3—which occupies most of

the habitat—fails to grow, as shown in Figure 7c. Within this region, the upper portion is occupied

by species 1, while the lower-left portion is occupied by species 2—the boundaries are simply not as

well-defined as in the two-species scenario. In addition, one may observe that at any given spatial

coordinate, not all three species appear to thrive.

However, we are again interested in measuring the success and growth of the overall system, as

measured by total plant biomass. Figure 7c shows that again, despite inter-species competition, the total

amount of biomass in the system increases—though by a notably less margin than the increase from

one to two species. Indeed, the total biomass now peaks about 20% higher than it did in the two-plant

scenario between droughts, which is significant but not nearly as significant as in the increase from one

to two plants. This suggests that the system does not benefit indefinitely from more biodiversity, and

that as the number of unique species rises, the increased inter-species competition that results produces

increasingly detrimental effects on the total biomass of the system.

To investigate this phenomenon further, we experiment with : = 4.
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(a) Species 1 of 4 (b) Species 2 of 4 (c) Species 3 of 4 (d) Species 4 of 4

(e) Total biomass of the system over time. Note that the sim-

ulation begins roughly one-third of the way through, at C = 350.

This was done to save computation time, as numerically solving a

system of five PDEs can be incredibly time-consuming.

Figure 8: The change of a community with four species of plants over time. All snapshots are taken

at C = 1000.

This scenario also raises fascinating insight into the nature of inter-species competition. As Figure

8 shows, in the four-species case, the total biomass at the end of the simulation is lower than in the

three-species case, suggesting that the number of unique plant species cannot increase indefinitely at the

benefit of the overall system. Indeed, at a certain point, the amount of competition generated between

the plant species for water negates the total amount of water conserved within the system due to the

plants. This threshold is not necessary four species, and can depend on the random initial conditions and

the parameters; however, this insight reveals the fact that phenomenologically, increasing the amount

of unique plant species infinitely does not necessarily benefit the overall system.

4.2 Different Types of Droughts

We can also consider different types of droughts that impact the system; in particular, we examine

their severity (how significant the decline in rainfall is), duration (how long the drought is), and their

frequency (how many droughts occur within the simulation). To ensure that the qualities of the drought

are affecting the model’s results, we will keep all other parameters constant. We select : = 2 for the

sake of reducing computation times while still considering the effect of inter-species competition.

First, we examine a more severe drought of the one used initially, where the levels of rainfall during

periods of drought are even lower than the ones shown in Figure 2.
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(a) C = 200C = 200C = 200: species 1 before

the first drought.

(b) C = 600C = 600C = 600: species 1 after

the second drought.

(c) C = 750C = 750C = 750: species 1 before

the third drought.

(d) C = 1000C = 1000C = 1000: species 1 in re-

covery from drought

(e) C = 200C = 200C = 200: species 2 before

the first drought.

(f) C = 750C = 750C = 750: species 2 before

the third drought.

(g) C = 600C = 600C = 600: species 2 after

the second drought.

(h) C = 1000C = 1000C = 1000: species 2 in re-

covery from drought

(i) Total biomass of the system over time

Figure 9: Dynamics of the two-plant system with severe drought cycles.

Figure 9c shows the impact of the increased severity: following periods of drought, there are almost

no plants remaining, though the clustered shapes of the plants remain. However, the plants are able

to make a quick recovery from these periods of drought, as they have not completely gone extinct, as

shown in Figures 9e-9h. Figure 9i highlights the drastic peaks and troughs that occur as a result of the

severe droughts, with the total biomass of the system nearly falling to zero at certain points.

Next, we consider greater frequencies of droughts, where the severity of the droughts is lower

but they occur more often. Specifically, we expand upon the rainfall model shown in Figure 2, and

incorporate droughts from C = 200 to C = 300, C = 400 to C = 500, C = 600 to C = 700, and C = 800 to

C = 900.
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(a) C = 200C = 200C = 200: species 1 before the first

drought.

(b) C = 650C = 650C = 650: species 1 after a second

drought.

(c) C = 1000C = 1000C = 1000: species 1 in recovery

from drought

(d) C = 200C = 200C = 200: species 2 before the first

drought.

(e) C = 650C = 650C = 650: species 2 after a second

drought.

(f) C = 1000C = 1000C = 1000: species 2 in recovery

from drought

(g) Total biomass of the system over time

Figure 10: Dynamics of the two-plant system with more frequent drought cycles.

Figure 10 shows that more frequent droughts, unlike more severe droughts, do not ever threaten

the overall existence of the plant community. Indeed, Figure 10c and 10d show that the plants are still

considerably alive after periods of drought, while Figure 10g illustrates that the differences between

drought and non-drought periods are not as extreme. This suggests that generally, more frequent but

less severe droughts are preferable to their alternative.

5 Sensitivity Analysis

We are also interested in studying the types of plant species within the system, as well as other factors

such as pollution and habitat reduction.

5.1 Types of Species

The parameterization of growth rates and mortality rates allow us to study different types of plants—in

particular, we focus on two main characteristics that are commo in ecological classification: resilience
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and resistance. Resilience is defined as the ability of a plant as a species to recover after a drought;

that is, its ability to reproduce to return to its previous biomass. Resistance is defined as the ability of

individual plants within a species to survive environmental stress

Thus, we can use the growth rate parameter 28 as a proxy to measure the impact of plant species

resilience. Specifically, recalling a baseline value of 28 = 1, we investigate two cases: 28 = 0.8, where

plants are less resilient, and 28 = 1.2, where plants are more resilient.

(a) Species 1 of 2 with 2 = 0.82 = 0.82 = 0.8 . (b) Species 2 of 2 with 2 = 0.82 = 0.82 = 0.8.

(c) Biomass over time with 2 = 0.82 = 0.82 = 0.8.

Figure 11: A two-plant community with lower resilience levels. All snapshots are taken at C = 1000.

Introducing species of plants with lower resilience (i.e., lower growth rates), produces similar

results to the original simulation shown in Figure 6. However, as expected, observe that the overall

biomass of each plant species has been significantly reduced. In particular, though the growth factor

was reduced by just 20%, the overall biomass of the system—when compared to the results shown in

Figure 6c—increased by significantly more, suggesting that plant resilience drives growth in more than

just a linear fashion. This makes sense when examined against the model itself, where the system of

PDEs are composed of several interaction terms that generate complex, nonlinear relationships between

the parameters and dependent variables.
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(a) Species 1 of 2 with 2 = 1.22 = 1.22 = 1.2. (b) Species 2 of 2 with 2 = 1.22 = 1.22 = 1.2.

(c) Biomass over time with 2 = 1.22 = 1.22 = 1.2

Figure 12: A two-plant community with higher resilience levels. All snapshots are taken at C = 1000.

Meanwhile, introducing plants with greater resilience (higher growth rates), yields similarly corre-

sponding effects. While Figure 12c shows that the overall behavior of the system is relatively consistent

as the original example, the overall biomass of each species is significant higher. Again, the resulting

increases in biomass are greater than the raw increase in resilience, suggesting a nonlinear relationship

that is produced by the highly interconnected nature of the model. Specifically, as the biomass of plants

increases, more water is conserved in the overall system, meaning less water is lost out of the system

from evaporation.

5.2 Resistance and Pollution

Continuing our analysis to consider the impact of changes in the resistance of plant species, we can

use the plant mortality rate, <8, as a proxy for resistance. Logically, plants with higher resistance have

lower mortality rates compared to plants with lower resistance during similar environmental conditions.

Our model also can accounts for changes in the system based on the presence of pollution within

the system. We know that plants affected by pollution exhibit higher mortality rates at equivalent water

consumption levels [13]. Indeed, the resilience characteristic of plants which measures its ability to

handle stress can also be applied to the environmental stress of pollution.

Thus, we simulate the impact of the presence or absence of habitat-wide pollution on the basis of

plant resistance by changing the mortality rate <8 of the plant species. Specifically, given our baseline

value of < = 0.05, we simulated scenarios with < = 0.03, where there is reduced pollution, and

< = 0.07, where there is increased pollution.
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(a) Species 1 of 2 with< = 0.03< = 0.03< = 0.03. (b) Species 2 of 2 with < = 0.03< = 0.03< = 0.03.

(c) Biomass over time with< = 0.03< = 0.03< = 0.03.

Figure 13: A two-plant community as affected by lower levels pollution, producing a lower

mortality rates. All snapshots are taken at C = 1000.

Figure 13 shows the consequences of reducing pollution and therefore mortality rates. As expected,

total plant biomass is increased over time, though the overall behavior of the system remains similar.

The clustering patterns of the plants are relatively consistent to previous findings.

(a) Species 1 of 2 with< = 0.07< = 0.07< = 0.07. (b) Species 2 of 2 with < = 0.07< = 0.07< = 0.07.

(c) Biomass over time with< = 0.07< = 0.07< = 0.07.

Figure 14: Two-plant communities as affected by higher levels pollution, producing a higher

mortality rates. All snapshots are taken at C = 1000.
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Similarly, Figure 14 shows the consequences of increasing pollution levels, thereby driving up

mortality rates of plants. In this case, plant biomass decreases at all periods of time, but again the

behavior of the overall system remains consistent. Notice that in both scenarios, the total biomass of the

system increases or decreases by a greater factor than just the raw change in mortality rate, emphasizing

how the interconnected of the PDE system equates to nonlinear responses to parameter values.

5.3 Habitat Reduction

Habitat reduction is another key factor that should be considered when modeling plant growth, becoming

increasingly important in modern-day climates. Due to the spatial capabilities of our model, we can

easily model habitat reduction by reducing the total region available for plants, as governed by !.

We explore two possible reductions: one minor one, given by ! = 300, and one major one, given

by ! = 100.

(a) Species 1 of 2 with ! = 300! = 300! = 300. (b) Species 2 of 2 with ! = 300! = 300! = 300.

(c) Biomass over time with ! = 300! = 300! = 300

Figure 15: System dynamics with a minor habitat reduction

When the habitat experiences a minor reduction in size, the behavior of the plant growth appears

similar, though with fewer independent clusters, as shown in Figures 15a and 15b. This makes sense,

as a reduction in the total area available for the plants to grow will naturally reduce the number of

clusters they can form. However, as shown in Figure 15c, the overall dynamics of the system appear

similar to the original; the only difference is the total biomass, which has reduced as expected.
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(a) Species 1 of 2 with ! = 100! = 100! = 100. (b) Species 2 of 2 with ! = 100! = 100! = 100.

(c) Biomass over time with ! = 100! = 100! = 100.

Figure 16: System dynamics with a major habitat reduction

Figure 16 provides another set of highly interesting results. Indeed, when the given habitat is

small enough, one plant dies completely while the other manages to survive, spreading throughout

the entire system. This further supports the existence of spatial competition between species, which

is emphasized when the habitat is reduced dramatically. Figure 16c highlights how the first species

gradually dies over time and fails to revitalize, even in spite of periods of sufficient rainfall, while the

second species takes over completely, presumably due to a more optimal set of initial conditions.

This test with two species reveals an a crucial overall negative effect of habitat destruction; there

exists a point of when the smaller spatial habitat can no longer support two species due to intensified

competition for limited resources, resulting in the extinction of one of the two species. This concept

connecting habitat reduction and biodiversity reduction can be applied to any number of species. The

eventual outcome of habitat destruction taken to the extreme is therefore arguably a single surviving

species with is the best at competing against other species, but importantly not necessarily the best at

surviving environmental stresses like drought.

Thus, when considering habitat destruction in conjunction with cycles of drought, we see from

our plant community model that the resulting fewer species from habitat destruction implies that the

community becomes more vulnerable and less stable to droughts.
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6 Strengths and Weaknesses

6.1 Strengths

• The use of a spatial model is dynamic and comprehensive. We not only consider rainfall but

also the diffusion of groundwater which accounts for the natural permeability of the ground.

Location-specific competition fits the reality of the localization of immobile plants and the

natural clumping of plants through real-world drought scenarios.

• The randomization built into our two models simulates the real world. Random initial seeding

results in more natural initial plant dispersion. The randomization of daily rainfall within certain

ranges further conforms more to nature than a constant rain function.

• Our parameterized rain and drought model can simulate a wide range of different droughts.

The choice in length, severity and appearance results in greater objectivity and control when

analyzing the impact of drought cycles on the plant community model. This is in contrast to

real-world data where all data is observational, potentially incomplete, and not as controlled to

effectively isolate and test the three parameters.

• The development of a phenomenological, mechanistic model (e.g. one that is based on the

theoretical relationship between the variables) rather than a data-driven model allows us to

model the interconnectedness of the system and robustly evaluate the relationship between

various aspects of the plant community.

6.2 Weaknesses

• Our model requires the use of significant computational power, as our model considers water

availability and plant competition for each point within a 500 by 500 spatial map for each of the

1000 weeks. The linear increase in the number of distinct species results in a non-linear increase

in runtime due to the increased complexity of modeling competition for each of the species.

• Our model only considers the impact of the variability of water scarcity and its corresponding

effect on plant competition and assumes other factors such as soil nutrients and exposure to

sunlight are constant for all plant communities.

7 Conclusion

Our plant growth model provides evidence which supports the initial observation that increased bio-

diversity can support a plant community’s survivability during drought cycles. Incorporating custom-

generated rainfall data that simulates multiple cycles of droughts, we addressed each of the points

presented in the initial problem restatement:

1. In spite of inter-species competition in times of drought, multiple species of plants mutually

benefit from one another as an increase in total biomass of plants allows for greater water

conservation from evaporation or drainage.
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2. Only two species are required to benefit from the biodiversity phenomenon. This is also where

the greatest marginal benefit occurs, with diminishing returns for each additional species onward.

As the number of plants increases, we see a greater spatial occupation of biomass within the

spatial density plots. This simulates how differences in the environmental niches of distinct

species improve plant coverage and thus reduce water loss from drainage.

3. The frequency of droughts is not as damaging to the overall biomass of a plant community as

the severity. Plants generally recover from high frequency but low severity droughts while there

remains a risk of extinction or near biomass disappearance for species during severe droughts.

4. Resilience and resistance characteristics of each species affects the species’ growth and mortality

rate, respectively. A decrease in resilience and higher pollution result in reduced long-term

biomass, as expected.

5. Given the spatial nature of our model, simulating habitat reduction was simply reduction in the

total area available to plants to grow. We discovered that competition intensified given the same

number of species, and that in highly restricted areas, species can even dominate the system or

become extinct entirely.

Therefore, to ensure the long-term viability of a plant community, biodiversity must be protected and

maintained. Presence of biodiversity in plant community comes at the cost of inter-species competition,

which therefore naturally reduces the biomass of each individual species in the environment, but is

helpful by increasing net total plant biomass and increasing the chances of surviving and adapting to

cycles of drought and other unexpected stresses.

8 Future Exploration

Our current model assumes that regardless of the environment, water escapes at a rate proportional to

the current amount of water with the same constant of proportionality for all biomes. Developing a

system based on climate and soil data for different biomes will allow to apply our models to a more

diverse set of conditions with no modifications to core model itself. Additionally, expanding our model

to describe complex, non-flat terrain such as mountains and hills can offer more insights into which

areas are most survivable for the plants in drought conditions.
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