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ABSTRACT

The motivation for this thesis comes from ecological questions about the variability

in the population dynamics of butterfly species across geographically diverse locations

within Northern California. The goal of this thesis can be summarized in the following

parts: i) to parameterize and fit the skewed log-logistic model to the observed species

accumulation curves at each location; ii) to develop associations between the estimated

parameters of the accumulation curves (response) and the weather variables (predictors)

for each site, and iii) to analyze the fit of the models and interpret the findings in statis-

tical and ecological terms. Ten locations were analyzed. Annual butterfly species data

were available for the period from 1973 to 2016 with small site to site variation. Weather

variables considered for the models were seasonal and annual precipitation totals and

maximum/minimum seasonal temperatures. We found that a majority of inter-annual

variation in weather was explained by variation in precipitation. Associations between

the parameters of the species accumulation curves were modeled using linear and poly-

nomial regression tools. Fit was assessed using the mean squared error. Models were

developed using each SLL parameter as the response variable and the seasonal weather

variables as the predictors. Through the use of step-wise regression model selection,

an optimal model was developed from this initial model for each site analyzed. All

computing work was done using R software.
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Chapter 1

Introduction

1.1 Organization of the thesis.

This thesis is organized as follows. Chapter 1 contains the introduction. Chapter 2

provides information on the weather and butterfly data that were used for analysis in

this project. Chapter 3 demonstrates the statistical methodology that was employed to

conduct the analysis in the research. Lastly, chapter 4 provides our analysis and findings.

The findings are divided into the following three sections. Section 1 demonstrates the

impact in changes of the parameters on the skewed log-logistic species accumulation

curves. Section 2 explains (1) the approach taken for computing the parameters of the

SLL curves (nls.LM R function in R), (2) the details of the fitted species accumulation

curves for each of the sites researched, and (3) analysis of the goodness of fit. Section

3 contains our results on modeling the relationships between the SLL parameters and

the weather variables for each site. The final chapter is devoted to a summary and

discussion of findings, limitations and future research directions.

1.2 Background: Weather and butterflies

To gain an understanding of the annual changes in weather and the response of

a certain species to these changes is a fundamental area of focus in ecology. With

that goal in mind, we examine a location over a long period of time to observe and

understand the variation in weather and how it affects the wildlife at that location.
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There are several aspects of weather variability to consider when conducting an analysis

of this type for different geographic regions. For example, seasonal precipitation may

be more impactful for a dryer location, whereas high variations in temperature can be

more significant for other locations. By examining the changes in weather variables

across ten different locations, we can better understand the impact of these changes on

insects, specifically the various butterfly species that inhabit these locations. According

to Forister et al. (2018) there are both positive and negative effects on the insect

populations when conditions are warmer and drier. Observing a location over a long

time period allows us to record data on the variability of weather and the corresponding

changes in the observed cumulative number of butterfly species. From previous studies at

these locations we understand that a majority of populations at the lower elevation sites

have been in decline since the mid-1990s, while the populations at the higher elevation

sites have remained relatively unchanged over time, with the exception of a few species

(Forister et al., 2018). This variation in the change of the number of species at high and

low elevation causes challenges for the analysis and interpretation of the relationship

between changes in weather and the corresponding change in the number of butterfly

species at a certain location. There are also other, often unique, factors impacting the

change in the number of species of butterflies at a given location. Due to the varying

importance of different weather variables at each location, the challenge arises in creating

a common model that fits for every location being studied. Therefore, it will be equally

beneficial to understand the individual models for each location in relation to the species

being studied and determine any significant relationships between our models and the

weather variables.

Once we have an understanding of the weather data and the variables to be used

in our analysis, we can shift our focus to the other crucial information: the butterfly

species data. For over 45 years (1973 - 2016), 10 study sites, in the United States across

Northern California, have been monitored and surveyed by Dr. Art Shapiro (UC Davis)

for the number of species of butterflies that call these locations home. The objective

of surveying these sites was to gain a better understanding of how insects respond to a

changing world within a region that encompasses much of the climatological, geologic,

and floristic diversity of this area (Forister et al., 2010). These long term surveying efforts
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resulted in data on the number of butterfly species dating back (in certain locations)

to the 1970’s. These data make studies like ours possible. The data we have obtained

is comprised of the various species of butterflies observed at a given location each year

at each visit. For each site the same fixed path was monitored biweekly during suitable

insect conditions to record the number of unique butterfly species observed on that given

day. From these data sets we are able to compute the cumulative number of butterfly

species that have been observed at a given site on a given observation day. Overall, we

have the cumulative number of species dating back 45 years in certain locations. Our

analysis begins with fitting skewed log-logistic model (SLL) to the species accumulation

curves. Fitting these models means estimating model parameters. Once the parameters

for each year are estimated, we analyze their (potential) relationships with the weather

data. This step aims at better understanding the impact of weather patterns on the

number of butterfly species at a given location. We now turn to the species accumulation

curves and the SLL model.

1.3 Species accumulation curves

Using species accumulation curves is a common practice in understanding the diver-

sity of a given species in a specific region of study. A species accumulation curve shows

the cumulative number of species observed at a given site at a given point in time.

This allows researchers to assess and compare diversity across populations or to

evaluate the need/benefits of additional sampling (Deng et al., 2015). There have been

various models proposed for these curves, such as the general compound Poisson mixture

model used in Deng et al. (2015). In our research we apply the SLL model, which has

been used in epidemiology (Giri, 2021) and other fields. Using this method allows us

the flexibility of having several parameters to use in our analysis when determining a

relationship with the weather variables. The SLL model was built in Sastry and Bhati

(2016). The development of this model and its extended uses, including the estimation

of parameters, are discussed in Arellano-Valle et al. (2005), Fernandez and Steel (1998)

and Sastry and Bhati (2016). We will expand further on the skewed log-logistic model

in chapter 3, Methodology.
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To create the annual butterfly species accumulation curves, we implemented the

skewed log-logistic model for each year of observations at a given site. The benefit of

this model pertains to the number of parameters used to create each curve allowing us to

find potential relationships between each of these parameters and the various weather

variables. The SLL parameters are as follows: skewness coefficient, scale parameter,

inflection point, and carrying capacity. We begin our analysis with developing an un-

derstanding of the change in the SLL curve caused by the change in each parameter

(while all other parameters remain fixed). Our analysis of these parameters can be

found in section 1 of chapter 4, Analysis and Findings.

The fitting of the SLL curves to the cumulative number of species data were com-

pleted using the R package minpack.lm and specifically the nls.LM function. The

nls.LM function estimates parameters of a given function based on the data. We fitted

an SLL curve to each year of species accumulation. An important point to note here is

that the accuracy of these parameter estimates relies greatly on the amount of data we

have for a given year. A more sparse data set (fewer site visits) for a given year results

in a fitted SLL curve being less accurate. We evaluate the goodness of fit of the fitted

SLL curves using the mean squared error and mean absolute error for each year. Our

process of computing and verifying the fitted curves for each year is presented in section

2 of chapter 4.

Each fitted SLL curve has 4 parameters which are then used in the analysis of a

potential association to the weather variables. Our intention is to discover a single

parameter that will effectively provide a relationship with a varying combination of

weather variables across all of the sites in our analysis. Due to the uniqueness of each

site and how weather effects each region, we will begin by creating individual models for

each site. Once the models are completed we will then analyze them for any patterns

or relationships between the models themselves. Our findings for each of the sites can

be found in section 3 of chapter 4.
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Figure 1.1: Sample species accumulation curve

Figure 1.1 is an example of the species accumulation curve utilized within this thesis.

1.4 Weather variables and the cumulative number of but-

terfly species

We took into consideration various weather variables including precipitation and

temperature data when exploring a relationship between the yearly cumulative number

of butterfly species and the impact these weather variables have upon them. The sig-

nificance of understanding this relationship according to Parmesan (2000) is that more

detailed climatological analyses to biological processes can aid in the identification of

the impacts of specific facets of climate on natural systems. The challenge arises in

the uniqueness of each location due to many factors including varying habitats, plant

communities, micro-climates, elevation and topography, just to name a few, and the way

weather variables may affect the number of butterfly species at each location. For the

purposes of this thesis we focus on studying possible relationships between the weather
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variables and their impact on the number of species of butterflies observed at each loca-

tion. Each of the additional factors could be an area of study in itself when partitioning

the sites and analyzing changes for a specific species. For our purposes we will differen-

tiate between sites using only their elevation and classifying each site by either high or

low elevation. We describe the weather variables we used as well as the SLL parameter

we selected which was the parameter showing the strongest relationship to the weather

variables for each site studied. Our analysis and findings are described in their entirety

in chapter 4.

1.5 Objectives of this thesis

The objectives of this thesis can be summarized as follows.

• To develop an understanding of the impact of the change in the parameters on the

skewed log-logistic species accumulation curve.

• To develop (parameterize) species accumulation curves and quantify their goodness

of fit.

• To identify any possible association between the SLL accumulation curves’ param-

eters and the weather data for each site researched in this analysis.
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Chapter 2

Data

This chapter is committed to the description of the sources of data we used for this

analysis. There are two primary types of data that we compiled.

• Data on yearly butterfly species counts for each site.

• Yearly weather data for each site under study.

2.1 Butterfly data.

The butterfly data for this thesis was collected during biweekly visits by Dr. Art

Shapiro (UC Davis) to the ten study sites over a period of 29 - 45 years, depending on the

site, when the weather conditions were suitable for observing butterflies. For each site,

a fixed walking route was taken and the various species of butterflies were observed and

noted. This data can be found at https://sites.google.com/view/westernbutterflies/data.

The data set for each site contains the visit date, butterfly species and ordinal day of

visit for that year. This raw data set must be converted to a different format for fur-

ther analysis. The conversion was done using a python script to track the number of

unique species observed per ordinal day for each site in a given year. With the number of

unique species observed, the script maintains a running total of the accumulated number

of unique species per ordinal day. From this transformation, our data set now contains

the following variables: year, ordinal day, number of new species, and cumulative num-

ber of new species. The ordinal day represents the day the site was visited to record
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butterfly data. The number of new species is the number of unique species recorded on

that ordinal day. Finally, the cumulative number of new species is the running total of

unique species recorded for the given year. This transformed data set will be used in

further analysis. In particular, these data will be used to fit the species accumulation

curves with ordinal day running across the x-axis and cumulative number of new species

on the y-axis. The sites that will be analyzed are as follows:

• High Elevation Sites: Castle Peak, Donner Pass, Lang Crossing, Sierra Valley,

Washington.

• Low Elevation Sites: Gates Canyon, Rancho Cordova, West Sacramento, North

Sacramento, Suisun Marsh.

Figure 2.1: Map of sites used in the analysis

The map in Figure 2.1 depicts the study sites for this research. 1: Suisun Marsh. 2:

Gates Canyon. 3: West Sacramento. 4: North Sacramento. 5: Rancho Cordova. 6:

Washington. 7: Lang Crossing. 8: Donner Pass. 9: Sierra Valley. 10: Castle Peak.
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2.2 Weather data

The second data set for this study is comprised of the weather variables for each

of the ten sites spanning a time period of 29 - 45 years. The data were compiled

using the PRISM system (Parameter-Elevation Relationships on Independent Slopes

Model, PRISM weather Group; http://prism.oregonstate.edu) by utilizing the latitude

and longitude coordinates at the center of each site route. The weather variables are as

follows:

• Max temperature: Average daily maximum temperatures per site measured in

degrees Celsius. This variable is recorded on a seasonal basis and as a result there

are four separate variables per year (spring, summer, fall and winter).

• Min temperature: Average daily minimum temperatures per site measured in

degrees Celsius. This variable is recorded on a seasonal basis and as a result there

are four separate variables per year (spring, summer, fall and winter).

• Precipitation: Precipitation per site per year was compiled on a seasonal and

annual basis measured in millimeters (mm). As a result we have spring, summer,

fall, winter, and annual precipitation.

We have obtained the annual weather data from the PRISM system for each site

corresponding to the available butterfly data for each site. As a result, the time period

being analyzed varied from site to site depending on the availability of the butterfly

data. For the sites of North Sacramento, West Sacramento and Washington, the years

analyzed will be 1988 - 2016. Castle Peak will be analyzed for the time period of 1989-

2016. Donner Pass will be analyzed from 1973 to 2016, Lang Crossing from 1974 to 2016,

Rancho Cordova from 1975 to 2016, Suisun Marsh from 1973 to 2016, Sierra Valley for

1982-2016 and Gates Canyon for 1976 - 2016.

As an example, Table 2.1 shows our weather data for the Castle Peak site from 1989

to 2016. The values of the variables were rounded to the nearest tenth. The following

abbreviations were used to fit the table on one page. S: spring, SS: summer, F: fall, W:

winter, t-: minimum temperature, t+: maximum temperature, ppt: precipitation.
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Table 2.1: Weather variables

Year t+

S

t+

SS

t+

F

t+

W

t-

S

t-

SS

t-

F

t-

W

ppt

S

ppt

SS

ppt

F

ppt

W

ppt

ann.

1989 8.8 20.7 15.1 1.8 -3.7 4.4 0.2 -10.7 132.4 34.0 98.1 93.8 1397.1

1990 8.9 21.4 13.4 3.4 -3.9 5.3 -1.2 -10.6 83.4 10.3 101.4 98.6 926.8

1991 5.2 20.5 14.9 4.3 -6.0 4.6 -0.6 -10.1 154.8 30.6 25.8 44.3 1285.4

1992 10.8 20.8 15.9 3.8 -2.9 5.1 0.8 -8.1 49.1 35.3 52.7 108.7 1182.9

1993 7.6 19.4 14.5 0.3 -4.1 3.8 -0.4 -10.3 81.6 18.9 38.8 313.0 1627.1

1994 8.9 22.2 14.0 3.1 -4.3 4.7 -1.1 -9.4 53.5 1.8 53.9 106.2 1172.2

1995 5.5 19.7 12.2 3.2 -4.6 4.7 -1.4 -7.0 230.0 29.9 93.7 228.3 2184.4

1996 7.9 22.3 16.1 4.1 -4.5 6.0 0.2 -6.5 131.7 13.8 5.7 284.2 2613.7

1997 9.5 19.7 12.9 3.4 -3.7 5.1 -0.3 -7.0 31.5 28.4 77.8 286.0 1446.0

1998 4.5 19.8 13.0 2.0 -5.3 5.1 0.4 -7.6 137.2 19.0 80.7 260.1 2161.3

1999 6.0 19.7 11.5 1.8 -5.2 4.6 0.6 -8.8 74.4 18.4 96.5 182.4 1514.2

2001 9.1 21.4 11.6 2.7 -3.9 5.8 -1.0 -9.0 52.6 3.2 58.4 96.9 1368.0

2002 7.2 21.3 14.3 3.1 -4.8 6.1 0.7 -8.3 84.9 4.8 81.8 167.2 1388.3

2003 6.5 21.8 13.3 4.0 -3.9 7.1 0.0 -6.7 112.4 27.0 54.0 179.0 1511.4

2004 9.6 21.3 13.8 2.3 -2.8 6.8 1.0 -6.9 38.2 3.8 33.2 216.7 1262.3

2006 5.9 21.9 12.8 3.5 -3.8 6.9 0.4 -7.1 171.0 1.8 37.9 295.3 1859.5

2007 9.0 21.9 12.6 2.4 -3.5 6.8 0.1 -9.5 47.8 4.8 31.6 132.3 1117.1

2008 7.0 21.5 12.5 1.5 -4.6 6.6 0.3 -8.6 19.2 0.3 37.6 163.0 1252.8

2009 7.8 20.8 14.1 2.9 -3.6 6.1 1.0 -8.6 95.3 12.8 48.4 135.3 1513.1

2010 5.6 20.6 13.3 1.8 -5.3 5.5 0.6 -7.6 121.2 4.0 48.7 177.9 2156.8

2011 5.3 20.0 13.3 2.9 -4.7 5.1 0.9 -7.9 131.3 22.6 116.1 204.2 1457.1

2012 7.9 21.5 13.6 4.2 -3.9 5.7 0.7 -9.5 77.8 4.9 40.7 90.9 1846.2

2013 9.5 21.9 14.6 2.7 -3.1 6.5 1.4 -9.6 46.1 21.9 73.5 136.0 561.8

2014 9.5 22.0 13.4 4.8 -2.8 6.8 0.2 -8.1 55.4 15.3 36.5 86.1 1384.8

2015 9.5 22.2 14.9 6.1 -2.9 7.3 2.1 -5.6 50.0 17.6 52.4 161.8 1078.7

2016 9.0 22.0 14.2 4.1 -2.7 6.0 1.4 -7.0 125.1 6.5 113.3 177.8 2022.8
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Chapter 3

Methodology

In this chapter, we will provide information about the model chosen to create the

annual species accumulation curves, the skewed log-logistic model. Our fitting strategy

follows the methodology used in Giri (2021) for cumulative number of COVID-19 cases.

However, for our purposes we have adapted this methodology to be used in fitting

the accumulated number of butterfly species. We will provide information on how the

parameters of the skewed log-logistic model interact as well as the effects on the overall

curve with changes to each parameter. In addition, we will discuss the R script utilized

to fit the skewed log-logistic curve. Lastly, we will provide a brief discussion of the

goodness of fit of each curve using the mean squared error and mean absolute error.

3.1 Modeling the accumulated number of species

In the field of ecology, a primary goal is to gain an understanding of how many

species of a certain type of taxon occur in a given area or areas of study. Within the

study of species accumulation curves there have been various models used for analysis.

In Deng et al. (2015), a general compound Poisson mixture model was used for the

sampling process. In Good and Toulmin (1956) a general multinomial model was used

to predict the accumulation curves. In a comparison of a climate index and weather

variables on population growth, the climate index-based model was used by Matter and

Roland (2017). To demonstrate the drying process of corn over time, Siatkowski et al.

(2010) used several growth curve functions including: exponential, Gompertz, logistic,
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modified logistic, log-logistic, and Weibull. What is unique about this thesis is the use

of the skewed log-logistic curve in modeling the cumulative number of butterfly species.

There are several factors to consider when analyzing populations in a given area over

time, such as resources or density dependence, that can affect the growth of a species in

that area (Ugland et al., 2003). For the purposes of this research, we will use the SLL

model already used in epidemiology for the cumulative number of COVID-19 cases. The

SLL model is an S-shaped asymmetric curve which is similar to a cumulative probability

distribution function for continuous random variables (Giri, 2021). There are three focus

areas when analyzing these adjusted curves: the initial increase, the inflection point at

which the total number of species begins to level off, and the data after the point of

inflection (Vandermeer, 2010).

While the model provides us with information on the accumulated number of but-

terfly species for a given year and location, it does not provide us with any information

regarding the causes of growth or decline for this period of time. What this model does

provide however are the parameters used to create the SLL curve, which we will use to

find a potential relationship with the weather variables. The number of parameters in

this model provides us with a higher number of response variables to be able to find

optimal models for each site. Within the studies of Gottschalk and Dunn (2005), they

found that a 5 parameter logistic function can dramatically improve their accuracy of

asymmetric assays. Using the SLL curve parameters provides an opportunity to find a

potential relationship between the parameters of the species accumulation curve and the

weather variables. As we have previously stated, the difficulty in this type of research is

that each location is unique and as a result the challenge is determining a relationship

between all of the models developed for different locations. However, thanks to the

number of parameters being used to develop the SLL curves we have more data to use

in the development of these models. While studies on this butterfly data have been done

in the past in (Nice et al., 2019) and studies conducted on various other butterfly data

sets (Nieto-Sanchez, 2015), the driving motivation behind this thesis is the use of the

skew log-logistic model upon a butterfly data set.
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3.2 The skew log-logistic model

In this section we will present the parameters utilized in the skewed log-logistic model

and the method for modeling the species accumulation curves, the methodology follows

Giri (2021). The equation for the skewed log-logistic curve is presented in eq. (3.1):

F (t) = d
{ c

d
+
(
1− c

d

)
G(log t− logµ)

}
, (3.1)

In eq. (3.1), G(x) is the cumulative distribution function (CDF) of a logistic distribution

with σ as the scale parameter . G(x) has the following equation:

G(x) =
1

1 + e−σx
, x ∈ R. (3.2)

This logistic distribution with the CDF G(x) in eq. (3.2) is symmetric around x = 0,

therefore its probability density function (PDF) g(x) given in eq. (3.3) is symmetric

around zero. The PDF g(x) is provided below in eq. (3.3):

g(x) =
σe−σx

[1 + e−σx]2
, x ∈ R. (3.3)

Next, we consider the function F (t) in eq. (3.1) with G(·) provided in eq. (3.2). F (t)

is a symmetric generalized logistic curve. In order to add skewness to the generalized

logistic model, we have multiple methods at our disposal. We continue with the method

provided in Fernandez and Steel (1998), with k > 0 and the inverse 1/k > 0, are used

to derive a skewed PDF g̃(·) eq. (3.4) from the symmetric g(·) .

g̃(x) =
2κ

κ2 + 1


g(xκ) for x ≥ 0,

g
(
x
κ

)
for x < 0.

(3.4)

The PDF g̃(x) and CDF G̃(x) are presented in eq. (3.5) and eq. (3.6).

g̃(x) =
2σκ

κ2 + 1


e−σκx

[1+e−σκx]2
for x ≥ 0,

e−σx/κ

[1+e−σx/κ]
2 for x < 0,

(3.5)
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and

G̃(x) =


κ2−1
κ2+1

+ 2
κ2+1

1
1+e−σκx for x ≥ 0,

2κ2

κ2+1
e−σx/κ

1+e−σx/κ for x < 0.

(3.6)

The analysis of the skewed generalized logistic distribution is provided by Arellano-

Valle et al. (2005) and Sastry and Bhati (2016). The special case when k = 1 is the

symmetric generalized logistic model. We can then replaceG(·) in eq. (3.1) with the G̃(x)

to obtain the skewed logistic growth curve provided in eq. (3.7). This methodology was

presented in Giri (2021) and has been adapted for the use in the species accumulation

curves of butterflies.

F (t) = d
{ c

d
+
(
1− c

d

)
G̃(log t− logµ)

}
. (3.7)

The parameters of interest in eq. (3.7) are defined below:

• Parameter c: Initial number of species of butterflies per year per site. For our

purposes this research c will be set to zero at the beginning of each year.

• Parameter d: The carrying capacity d represents the maximum total number of

species per site.

• Parameter µ: The inflection point of the skewed log-logistic growth curve. It

is the day, where the total number of observed new species is maximum, so that

the rate of change of the cumulative number of species changes and the number

of new species observed on subsequent days begins to decrease for that year.

• Parameter σ: The scale parameter. This parameter provides information about

the scale of the growth curve.

• Parameter k: (hidden in the formula for G̃). Skewness parameter. This param-

eter provides information about the yearly rates of growth of the accumulation of

butterfly species before and after the inflection point.
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We would like to note that the CDFs G(·) and G̃(·) may differ in symmetry and in

the calculated value of the function at the point of inflection. However, the point of

inflection for both equations G(·) and G̃(·) is x = 0, we see that in eq. (3.8) G(0) = 1/2,

but

G̃(0) =
κ2

κ2 + 1
, (3.8)

this results in any value within the interval (0, 1). We also note that, while the derivative

of G(·) is symmetric at the point of inflection, the derivative of ˜G(·) is not. Thus, we

have eq. (3.9)

g̃(x) =
d

dt
G̃(t)

∣∣∣∣
t=x

= g̃
(
−xκsign(x)

)
=

d

dt
G̃(t)

∣∣∣∣
t=−xκsign(x)

, (3.9)

here sign(x) is the signum function, which is equal to 1 for x < 0, −1 for x > 0, and

zero for x = 0. As a result this curve can therefore be increasing at a rate that is faster

prior to the point of inflection than the rate it decreases after the inflection point and

vice versa which allows for more flexibility in our curve.

In order to estimate the parameters of the skewed log-logistic curve given by eq. (3.7)

we call upon an R function nls.lm, which fits a non-linear curve using the Levenberg-

Marquardt algorithm. This R function selects parameters that minimize the mean

squared error between the SLL model and the provided data. To execute the nls.lm

function we must first provide positive initial values for all parameters with their lower

bounds set to zero.
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Chapter 4

Analysis and Findings

In this chapter we will present our analysis and findings. This chapter will be divided

into the following sections:

• Section 4.1 will demonstrate the impact of each parameter on the skewed log-

logistic species accumulation curve.

• Section 4.2 will provide the fitted SLL curves as well as an analysis of the measure

of fit between the observed data and the SLL curve for each year at each site.

• Section 4.3 provides an analysis of the relationships between the SLL parameters

and the weather variables for each of our research sites.

In this first section we will analyze the impact of the value of each parameter on

the SLL (skewed log-logistic) species accumulation curve. We will then proceed to fit

the SLL species accumulation curves for each of the sites for each of the years with

data. For each site we present yearly plots of the species accumulation curve. The plot

will contain the empirical number of species observed as well as the fitted accumulation

curve for that year. In order to fit the curve we will call upon the nls.LM function from

R’s minpack.lm package. In each plot we shall report the estimated parameters of the

skew log-logistic model. To provide evidence of the goodness of fit, we will also provide

the mean squared error and mean absolute error for each plot.

Next, we will describe the weather variables that were chosen to compare with our

SLL parameters and their relationships for each site. Due to the geographical complexity
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of each site, various combinations of weather variables will be used in the search for the

optimal model for each site. Finally, we will analyze the association between our SLL

parameters and the weather variables chosen in the optimal model derived for each site.

4.1 Impact of the parameters on the SLL species curve

We will now describe the dependence of the parameters on the skewed log-logistic

curve and the methods used for inputting the data based initial values as our parameters.

4.1.1 Carrying capacity (d)

Figure 4.1: Change in the species accumulation curve with respect to the carrying

capacity (d)

The carrying capacity represents the total number of accumulated species recorded

at the end of the year. For our purposes this reflects the final number of accumulated

species recorded at the site for a given year. Graphically, this parameter is the y-value

corresponding to the last day of observation for a given year. While this parameter in
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theory represents a whole number, due to the use of the nls.LM function this parameter

is calculated as an estimate and as a result can be a decimal. It is rounded to the nearest

hundredth decimal.

In Figure 4.1 we used the data of the Suisun Marsh site for the year 1999. The plot

represents the change in the carrying capacity parameter, d, with all other parameters

remaining fixed. The skewness k parameter is fixed to 1.758, scale σ is fixed to 3.780,

the inflection point µ is 179.910, and the initial value of the carrying capacity (d) is

33.259. It can be observed that with a higher carrying capacity the plot reaches higher

values of the cumulative number of species, whereas a smaller carrying capacity results

in smaller values of the cumulative number of species.

4.1.2 Inflection point (µ)

Figure 4.2: Change in the species accumulation curve with respect to the inflection point

(µ)

The inflection point of the species accumulation curve is the point where the daily

observed number of new butterfly species attains its maximum and the new daily ob-
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served number of species begins to decline. Graphically speaking, this is the point on the

x-axis where the shape of the curve changes from concave upward to concave downward.

This parameter is of particular interest in our analysis as we will attempt to connect it

to the weather variables. We will discuss this parameter further in the next section.

In Figure 4.2 we used the data of the Suisun Marsh site for the year 1999. The

plot represents the change of the curve in response to the change in the inflection point,

µ, with all other parameters remaining fixed. The carrying capacity d is 33.259, the

skewness parameter k is 1.758, the scale σ is fixed to 3.780, and the initial value of the

inflection point µ is 179.910. From a graphical perspective we can see that the curve

is moving towards the left on the x-axis with a decrease in the value of the inflection

point.

4.1.3 Skewness coefficient (k)

Figure 4.3: Change in the species accumulation curve with respect to the skewness

coefficient (k)

The skewness coefficient k is one of our parameters of interest in this study as it
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determines the rate of growth of the cumulative number of species, and can vary before

and after the point of inflection. The greater the k, the faster the growth before the

inflection point and as a result the slower the growth after the inflection point. In the

next section we will discuss the importance of k and the dependence of the accumulation

curve on this parameter.

In the Figure 4.3 we used the data of the Suisun Marsh site for the year 1999.

The plot represents the change in the skewness coefficient parameter, k, with all other

parameters remaining fixed. The carrying capacity d is 33.259, the scale σ is fixed to

3.780, the inflection point µ is 179.910 and the initial value of the skewness coefficient k

is 1.758. As we can see from the plot, the greater the value of the skewness coefficient,

k, the faster the change from the initial growth to leveling off. Graphically speaking,

the larger the k-value, the sharper the curvature of the line will be and vice-versa. With

a smaller skewness coefficient the line has a softer curvature when leveling off.

To further understand this parameter we will examine two cases where k > 1 and k <

1. We will begin this analysis of the impact of k on the rate of the species accumulation

curve by looking at the derivative g̃(x) of the cumulative growth function G̃(x) which

is presented in eq. (3.9). Let us look at the first case and suppose that k > 1 and let

x > 0. Thus, we have

g̃(x) = g̃(−xksign(x)) = g̃(−kx).

Note that g̃(x) is increasing for x < 0 and −kx < −x, therefore g̃(−x) > g̃(x). As

a result, when k > 1 the increase in daily cumulative number of species prior to the

inflection point (maximum daily number of new butterfly species) is faster than the

decrease of daily number of new butterfly species after the inflection point. This shows

that the rate of number of new butterfly species observed before the inflection point

is greater than the speed of leveling off or after the inflection point. We now look at

the second case where k < 1 and we note that the reverse process is true. The rate

of number of new species observed is slower before the inflection point versus after the

inflection point.
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Figure 4.4: Change in rate of skewness coefficient (k)

We provide Figure 4.4 to provide a visualization of the two cases and to understand

the impact of the skewness coefficient. This plot shows the two cases with k < 1

represented in red and k ≥ 1 represented in blue. This plot demonstrates the changes

in the rate of number of new butterfly species observed before and after the inflection

point.
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4.1.4 Scale parameter (σ)

Figure 4.5: Change in the species accumulation curve with respect to scale (σ)

The scale parameter σ controls the scale of the species accumulation curve. This

parameter is calculated by utilizing the initial values of the other parameters, d, µ, and

k. This parameter is of significant importance to our analysis, as we will attempt to use

it as a possible response variable when modeling relationships with weather variables.

Further discussion of this parameter is provided in the next section.

In Figure 4.5 we used the data of the Suisun Marsh site for the year 1999. The plot

represents the change in the scale parameter, σ, with all other parameters remaining

fixed. The carry capacity d is 33.259, the skewness coefficient k is fixed at 1.758, the

inflection point µ is 179.910 and the initial value of the the scale σ is 3.780. The larger

the scale parameter, the steeper vertical climb of the accumulation curve.
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4.2 Fitting the SLL species accumulation curves

In this section we will discuss the methods and results of fitting the SLL species

accumulation curves. We begin with the selection of the initial values used for each

parameter in the computation of the nls.lm function in R. The selection of the initial

values is crucial in the speed and accuracy of the algorithm returning the estimates of

our parameters (Wicklin, 2014). Next, we will discuss the computed parameters for each

site for the time period of recorded butterfly data we have for that given site. Finally,

we will present the fitted curves for each site for a sample number of years along with a

discussion of the goodness of fit of the SLL accumulation curves for each site in terms

of the mean absolute error (MAE) and mean squared error (MSE).

4.2.1 Computation of initial values

Initial value for the carrying capacity d: The cumulative number of species on the

last day of recorded observation for that year was used as the initial value for carrying

capacity.

Initial value for µ: In order to find the inflection point of the species accumulation

curve, we used the Extremum Distance Estimator (EDE) contained in the R function

”ede” to calculate this point for each year and each site, (Christopoulos, 2014).

Initial value for k: Once the day (x-value) of the inflection point µ was obtained, we

can then compute the corresponding y-value which is the cumulative number of species

on that day, F̂ (µ). Finally, we substitute the initial value of d to eq. (3.7) and obtain:

F̂ (µ) =
dk2

k2 + 1
,

here F̂ (µ) and d are known and we can solve for k to obtain eq. (4.1):

k =

√
F̂ (µ)

d− f̂(µ)
. (4.1)

Initial value for σ. In order to derive the initial value for σ we solved eq. (3.7) for σ
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at each value of x in eq. (4.2):

σ(x) =


−log(d(

2k2

k2+1
F (x)

)−1)k

log(x)−log(µ) for x ≥ 0,

−log( 2d
(F (x)(k2+1)−(k2−1)d)

−1)

k(log(x)−log(µ)) for x < 0.

(4.2)

From here, we then take the average of the results to obtain our initial value for σ. The

methods and R script for this analysis were developed in Giri (2021) and were adapted

and modified to fit our purposes of creating species accumulation curves.
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4.2.2 Goodness of fit analysis

We measured goodness of fit of the SLL model to the observed number of accumu-

lated species using two methods: the mean squared error (MSE) of the fitted curve and

mean absolute error (MAE) of the fitted curve. Using the observed values, F (t), and

the fitted, F̂ (t), values of the species accumulation curve, the mean squared error was

defined as follows:

MSE = (1/n)
n∑

t=1

(F (t)− F̂ (t))2, where t = 1, 2, . . . , n, (4.3)

and n is the number of observations (site visits) for a given year.

Using the observed values, F (t), and the fitted, F̂ (t), values of the species accumu-

lation curve, the mean absolute error was defined as follows:

MAE = (1/n)

n∑
t=1

∣∣∣F (t)− F̂ (t)
∣∣∣ , where t = 1, 2, . . . , n, (4.4)

and n is the number of observations (site visits) for a given year.

In the tables in the next section we provide the computed mean squared error (MSE)

and mean absolute error (MAE) for each site for each year. While the range of com-

puted errors varies from site to site, we see an overall relatively good fit for the SLL

curves computed for all years and sites. While the MSE is relative for each site, we

have chosen to provide the MAE as well to provide another calculation of error which

is more consistent when analyzing the fit from site to site. The MAE represents the

average absolute value of the difference between observed and estimated (by the SLL

curve) cumulative number of species. It is the average absolute error of the cumulative

number of species estimated using the SLL curve. By analyzing the goodness of fit for

each site, we can see that the use of the SLL curve for fitting our data points provided

a reasonably good fit.

4.2.3 Fitted species accumulation curves by site

In this subsection, we will present the results of the estimation of parameters used in

the fitting the species accumulation curves of the skew log-logistic model for each year
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of the given site to the butterfly data. For each site, the data is presented on an annual

basis for the following parameters: skewness coefficient k, scale parameter σ, carrying

capacity d, and inflection point µ with the fitted SLL species accumulation curves. The

SLL species accumulation curve model was fit to the data using R’s minpack.lm package

and the nlsLM function. In table (4.1) we have provided the range of SLL parameters

for each site as well as the number of visits per year per site, although this parameter is

not used in the creation of the SLL curve, it is relevant in understanding the data and

accuracy of modeling for each year. For each location we will provide one SLL curve

for each decade of recorded data. Each curve will contain the ordinal number of days

along the x-axis and the cumulative number of species along the y-axis. The fitted SLL

curve is provided for each plot presented as well as the values of each parameter in the

caption under each graph.

Table 4.1: Summary of the range of fitted parameters for all sites

Site k σ d µ Visits

GC (0.11, 4.12) (2.36, 48.12) (45.19, 66.4) (38.08, 201.03) (7, 32)

SM (0.05, 5.35) (0.92, 38.23) (29.03, 85.48) (22.69, 357.67) (17, 35)

WS (0.37, 9.01) (1.44, 12.03) (28.7, 56.18) (46.98, 469.36) (18, 35)

NS (0.27, 4.2) (2.13, 7.81) (33.06, 45.58) (49.63, 226.41) (12, 33)

RC (0.05, 4.2) (0.75, 46.73) (31.75, 204.34) (42.26, 298.3) (9, 38)

W (0.09, 2.84) (2.89, 9.86) (58.4, 87.7) (44.28, 208.95) (13, 25)

LC (0.11, 2.56) (4.89, 71.04) (47.12, 84.21) (111.1, 214.24) (6, 20)

SV (0.05, 3.94) (4, 29.22) (44.08, 69.27) (80.4, 236.62) (5, 20)

DP (0.05, 1.64) (6.12, 264.7) (63.47, 91.73) (127.03, 194.53) (7, 23)

CP (0.04, 1.76) (9.76, 349.19) (44.13, 79.1) (123.37, 226.0) (4, 10)

The following abbreviations where used for each site in table (4.1) : GC: Gates

Canyon, SM: Suisun Marsh, WS: West Sacramento, NS: North Sacramento, RC: Rancho

Cordova, W: Washington, LC: Lang Crossing, SV: Sierra Valley, DP: Donner Pass, CP:

Castle Peak.
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We will now present the selected SLL curves for each site as well as a table that con-

tains the estimated parameters, number of visits, mean squared error (MSE) and mean

absolute error (MAE) for all years used in the analysis of each site. We will present

the sites in order of geographic location moving from west to east beginning with Gates

Canyon and ending with Castle Peak.

Fitted parameters and the species accumulation curves for Gates Canyon

Tables 4.2 and 4.2 are comprised of the fitted parameters for the Gates Canyon site

as well as the MSE and MAE for each year to demonstrate the goodness of fit for each

year. The tables are formatted on a yearly basis displaying the parameters for the years

1976 - 2016. Please note that for the years 1999 and 2006 the nlsLM function was

unable to provide an accurate estimate of the skewness coefficient and scale parameters.

This is due to repetition of the number of observed species at and around the point of

inflection causing no curvature and a sharp plateau. We have chosen to provide one SLL

curve from each decade during the observed period for this site to demonstrate various

goodness of fit.
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Table 4.2: Gates Canyon fitted parameters

Year k σ d µ Visits MSE MAE

1976 1.99 2.36 61.94 126.64 20 4.39 1.65

1977 0.11 48.12 45.19 75.45 7 0.79 0.53

1978 1.70 4.78 59.23 118.02 24 0.71 0.69

1979 1.81 3.76 55.77 119.21 14 0.28 0.41

1980 1.19 3.41 57.00 105.09 16 0.69 0.67

1981 1.29 3.52 55.70 101.03 12 0.65 0.69

1982 1.47 3.41 54.64 124.24 14 1.37 0.87

1983 2.35 5.06 52.12 158.35 16 1.85 0.95

1984 0.96 3.09 60.19 79.11 18 1.18 0.82

1985 1.68 3.69 57.63 115.95 17 2.33 1.32

1986 1.30 3.08 57.61 103.28 18 2.49 1.08

1987 1.68 3.97 58.33 113.82 21 6.35 1.93

1988 0.95 3.36 60.41 61.14 22 0.46 0.62
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Table 4.3: Gates Canyon fitted parameters continued

Year k σ d µ Visits MSE MAE

1989 1.45 3.99 57.40 112.59 21 3.88 1.47

1990 1.66 3.31 56.72 111.04 27 5.44 1.85

1991 0.13 8.75 66.40 38.08 23 5.86 1.63

1992 1.14 3.21 63.50 90.19 26 1.51 0.91

1993 0.11 21.40 61.29 54.32 22 1.67 1.03

1994 2.07 4.50 61.51 129.29 21 1.23 0.95

1995 1.87 3.42 60.26 201.03 25 0.90 0.70

1996 1.58 3.45 60.94 116.03 25 1.49 0.76

1997 1.02 4.34 61.93 83.19 28 1.57 0.82

1998 1.40 3.27 55.02 142.57 26 1.77 0.87

1999 - - 54.40 175.70 28 5.03 1.64

2000 1.60 3.51 54.76 123.46 28 0.77 0.73

2001 1.61 3.60 59.62 117.39 25 1.92 1.04

2002 1.46 3.28 58.32 133.23 25 3.30 1.35

2003 4.12 6.54 60.55 193.15 26 2.43 1.24

2004 0.55 5.26 58.27 66.33 27 3.24 1.13

2005 1.30 2.92 59.50 115.40 30 2.87 1.27

2006 - - - - 27 5.44 1.69

2007 1.11 2.77 60.62 82.77 27 2.22 1.15

2008 0.97 3.26 61.13 94.19 23 0.61 0.59

2009 1.55 2.94 58.75 147.37 27 1.72 1.04

2010 1.53 3.61 59.38 139.26 28 0.67 0.59

2011 1.82 2.90 60.24 162.72 28 2.35 1.07

2012 1.98 2.95 59.62 147.21 32 2.58 1.24

2013 1.22 3.03 57.35 106.85 31 0.86 0.67

2014 1.83 3.00 50.69 130.89 29 1.52 0.91

2015 0.96 2.63 63.21 80.39 31 1.13 0.89

2016 1.96 3.61 55.38 131.93 29 2.02 1.10
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Figure 4.6: SLL species accumulation curve - Gates Canyon 1978

Figure 4.6 shows the SLL curve for Gates Canyon for 1978. The parameters for that

year are: k = 1.70, σ = 4.78, d = 59.23 and µ = 118.02. MSE = 0.709 and MAE = 0.69
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Figure 4.7: SLL species accumulation curve - Gates Canyon 1984

Figure 4.7 shows the SLL curve for Gates Canyon for 1984. The parameters for that

year are: k = 0.96, σ = 3.09, d = 60.19 and µ = 79.11. MSE = 1.183 and MAE = 0.82
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Figure 4.8: SLL species accumulation curve - Gates Canyon 1997

Figure 4.8 shows the SLL curve for Gates Canyon for 1997. The parameters for that

year are: k = 1.02, σ = 4.34, d = 61.93 and µ = 83.19. MSE = 1.571 and MAE = 0.82
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Figure 4.9: SLL species accumulation curve - Gates Canyon 2007

Figure 4.9 shows the SLL curve for Gates Canyon for 2007. The parameters for that

year are: k = 1.11, σ = 2.77, d = 60.62 and µ = 82.77. MSE = 2.221 and MAE = 1.15
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Figure 4.10: SLL species accumulation curve - Gates Canyon 2015

Figure 4.10 shows the SLL curve for Gates Canyon for 2015. The parameters for that

year are: k = 0.96, σ = 2.63, d = 63.21 and µ = 80.39. MSE = 1.13 and MAE = 0.89

We have chosen to select these years as examples to provide examples of years with a

skewness parameter greater than 1 and less than 1. Figure 4.7 has a skewness parameter

equal to 0.96, while Figure 4.9 has k = 1.11. The range for the mean absolute error for

all years of Gates Canyon is 0.41 to 1.93. This demonstrates a goodness of fit where the

maximum error occurred in the year 1987 showing a difference of 2 cumulative species

between the estimated SLL curve and our observed number of species. This low MAE

demonstrates the effectiveness of the use of the SLL curve in modeling the species ac-

cumulation curve for Gates Canyon.

Fitted parameters and the species accumulation curves for Suisun Marsh

Tables 4.4 and 4.5 contain the fitted parameters for the Suisun Marsh site as well as

the MSE and MAE for each year to demonstrate the goodness of fit for each year. The

tables are formatted on a yearly basis and displays the parameters for each year for the
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Suisun Marsh site from 1973 - 2016. We have chosen to provide one SLL curve from

each decade during the observed period for this site to demonstrate various goodness of

fit.

Table 4.4: Suisun Marsh fitted parameters

Year k σ d µ Visits MSE MAE

1973 0.91 2.42 44.01 138.99 18 1.50 0.98

1974 0.72 1.47 53.88 88.83 32 1.56 1.01

1975 3.64 4.96 36.1 243.57 26 0.64 0.58

1976 0.12 5.32 57.18 22.69 30 3.37 1.47

1977 0.05 38.23 40.17 50.89 26 1.50 0.96

1978 1.38 3.13 38.31 133.47 34 1.44 0.90

1979 0.09 16.58 38.4 53.56 17 0.97 0.84

1980 2.33 3.74 31.88 199.54 19 0.90 0.76

1981 3.74 7.84 32.98 154.17 19 0.62 0.47

1982 3.54 4.51 32.12 242.02 18 0.70 0.65

1983 2.75 5.52 30.85 219.42 18 1.76 1.00

1984 0.12 12.71 37.04 47.62 19 1.03 0.77

1985 0.94 1.74 49.38 133.47 18 1.56 1.00

1986 1.39 2.53 38.86 150.45 19 0.83 0.73

1987 1.54 2.39 37.73 151.18 21 1.15 0.78

1988 0.65 2.15 42.45 53.73 22 1.16 0.86

1989 1.29 3.2 37.2 98.38 24 1.83 0.96
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Table 4.5: Suisun Marsh fitted parameters continued

Year k σ d µ Visits MSE MAE

1990 1.19 1.81 38.74 110.72 25 1.49 0.93

1991 3.46 4.25 46.32 357.67 28 1.10 0.91

1992 1.38 2.62 41.05 125.61 24 0.30 0.42

1993 1.28 2.69 38.54 140.07 26 1.33 0.90

1994 0.84 2.88 36.62 82.15 21 1.39 0.84

1995 2.39 3.64 40.64 314.84 22 0.59 0.59

1996 4.03 4.19 42.16 281.05 25 2.15 1.00

1997 0.51 2.98 42.71 55.89 26 2.21 1.21

1998 3.86 5.31 40.39 345.04 26 1.41 0.89

1999 1.76 3.78 33.26 179.91 30 0.54 0.54

2000 3.33 3.78 34.25 250.21 30 0.98 0.70

2001 0.51 1.77 45.31 54.74 29 1.15 0.82

2002 0.49 1.59 52.4 62.44 29 0.68 0.63

2003 0.53 0.92 85.48 100.1 35 0.74 0.73

2004 0.6 3.79 34.65 69.42 28 1.55 0.94

2005 1.15 2.26 41.57 155.24 29 2.54 1.25

2006 5.35 7.71 29.03 282.62 31 0.97 0.73

2007 0.75 2.89 34.45 60.53 31 2.44 1.07

2008 0.5 2.52 43.02 66.5 28 0.51 0.58

2009 0.8 1.61 41.8 96.12 28 1.55 0.99

2010 1.04 2.09 33.16 119.01 29 1.73 1.07

2011 1.73 3.15 30.68 190.94 28 0.62 0.58

2012 1.41 1.87 36.37 112.66 30 0.53 0.52

2013 0.62 1.73 44.78 63.48 30 0.45 0.52

2014 2.22 2.8 34.11 158.24 31 0.78 0.57

2015 0.57 1.89 39.75 49.62 29 0.61 0.59

2016 2.47 3.25 35.13 192.91 28 1.84 0.95
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Figure 4.11: SLL species accumulation curve - Suisun Marsh 1978

Figure 4.11 shows the SLL curve for Suisun Marsh for 1978. The parameters for that

year are: k = 1.38, σ = 3.13, d = 38.31 and µ = 133.47. MSE = 1.444 and MAE = 0.90
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Figure 4.12: SLL species accumulation curve - Suisun Marsh 1988

Figure 4.12 shows the SLL curve for Suisun Marsh for 1988. The parameters for that

year are: k = 0.65, σ = 2.15, d = 42.45 and µ = 53.73. MSE = 1.155 and MAE = 0.86
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Figure 4.13: SLL species accumulation curve - Suisun Marsh 1993

Figure 4.13 shows the SLL curve for Suisun Marsh for 1993. The parameters for that

year are: k = 1.28, σ = 2.69, d = 38.54 and µ = 140.07. MSE = 1.334 and MAE = 0.90
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Figure 4.14: SLL species accumulation curve - Suisun Marsh 2004

Figure 4.14 shows the SLL curve for Suisun Marsh for 2004. The parameters for that

year are: k = 0.60, σ = 3.79, d = 34.65 and µ = 69.42. MSE = 1.552 and MAE = 0.94
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Figure 4.15: SLL species accumulation curve - Suisun Marsh 2013

Figure 4.15 shows the SLL curve for Suisun Marsh for 2013. The parameters for that

year are: k = 0.62, σ = 1.73, d = 44.78 and µ = 63.48. MSE = 0.45 and MAE = 0.52

The years chosen provide examples with a skewness parameter greater than 1 and

less than 1. Figure 4.14 has a skewness parameter equal to 0.60, while Figure 4.11 has

k = 1.38. The range for the calculated mean absolute error for Suisun Marsh is 0.42 to

1.47. This relatively low range demonstrates the effectiveness of using the SLL curve in

estimating the species accumulation of this site.

Fitted parameters and the species accumulation curves for West Sacramento

Table 4.6 is comprised of the fitted parameters for the West Sacramento site as well

as the MSE and MAE for each year to demonstrate the goodness of fit for each year.

The table is formatted on a yearly basis displaying the parameters for each year for the

West Sacramento site from 1988 - 2016. We have chosen to provide one SLL curve from

each decade during the observed period for this site to demonstrate various goodness of

fit.
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Table 4.6: West Sacramento fitted parameters

Year k σ d µ Visits MSE MAE

1988 0.61 2.07 42.58 49.47 18 0.86 0.77

1989 1.08 2.97 39.04 97.78 26 1.37 0.99

1990 1.08 3.35 40.01 86.85 29 1.94 0.92

1991 3.37 5.45 33.07 232.83 26 0.88 0.71

1992 0.76 3.01 45.28 83.63 26 2.14 1.15

1993 2.09 3.64 39.17 184.68 25 3.21 1.15

1994 1.12 3.19 39.03 103.5 22 0.67 0.60

1995 9.01 12.03 56.18 469.36 26 1.52 0.98

1996 2.24 2.9 34.35 179.48 27 2.43 0.98

1997 1.37 3.19 36.6 121.22 26 0.80 0.64

1998 1.84 3.04 32.52 166.5 27 2.55 1.11

1999 1.3 3.04 32.46 122.4 26 0.92 0.62

2000 1.29 3.67 36.94 118.35 29 1.19 0.77

2001 1.75 2.89 35.07 127.51 29 0.60 0.57

2002 0.92 2.78 35.97 99.83 31 0.55 0.61

2003 0.64 2.36 33.86 70.72 31 1.82 0.98

2004 0.45 3 42.05 64.51 28 2.06 1.04

2005 0.4 2.69 36.77 50.09 31 1.16 0.85

2006 2.95 4.81 31.14 246.79 30 1.40 0.89

2007 0.86 3.55 33.32 70.71 27 0.56 0.52

2008 1.05 3.59 28.7 96.38 29 1.00 0.77

2009 1.09 1.82 35.1 122.8 31 1.61 1.01

2010 0.55 2.44 35.36 82.97 31 0.76 0.69

2011 0.37 3.72 30.7 67.81 28 1.37 0.99

2012 0.8 1.44 43.32 72.01 35 1.08 0.84

2013 0.96 2.76 36.57 82.12 32 1.15 0.92

2014 1.08 1.7 41.41 76.52 30 1.73 0.93

2015 0.52 2.15 41.51 46.98 31 1.44 0.94

2016 0.56 3.09 37.19 55.74 29 1.05 0.85
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Figure 4.16: SLL species accumulation curve - West Sacramento 1989

Figure 4.16 shows the SLL curve for West Sacramento for 1989. The parameters for

that year are: k = 1.08, σ = 2.97, d = 39.04 and µ = 97.78. MSE = 1.374 and MAE =

0.99
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Figure 4.17: SLL species accumulation curve - West Sacramento 1997

Figure 4.17 shows the SLL curve for West Sacramento for 1997. The parameters for

that year are: k = 1.37, σ = 3.19, d = 36.60 and µ = 121.22. MSE = 0.802 and MAE

= 0.64
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Figure 4.18: SLL species accumulation curve - West Sacramento 2008

Figure 4.18 shows the SLL curve for West Sacramento for 2008. The parameters for

that year are: k = 1.05, σ = 3.59, d = 28.70 and µ = 96.38. MSE = 1.003 and MAE =

0.77
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Figure 4.19: SLL species accumulation curve - West Sacramento 2013

Figure 4.19 shows the SLL curve for West Sacramento for 2013. The parameters for

that year are: k = 0.96, σ = 2.76, d = 36.57 and µ = 82.12. MSE = 1.145 and MAE =

0.92

These figures demonstrate years with a k greater and less than 1. Figure 4.19 has

a k equal to 0.96, while Figure 4.17 has k = 1.37. The range of MAE for all years in

the West Sacramento site is 0.52 to 1.15 showing a low error with at most 1.15 species

variance between the estimated SLL curve and the observed number of species.

Fitted parameters and the species accumulation curves for North Sacramento

Table 4.7 is comprised of the fitted parameters for the North Sacramento site as well

as the MSE and MAE for each year to demonstrate the goodness of fit for each year.

The table is formatted on a yearly basis displaying the parameters for each year for the

North Sacramento site from 1988 - 2016. We have chosen to provide one SLL curve from

each decade during the observed period for this site to demonstrate various goodness of

fit.
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Table 4.7: North Sacramento fitted parameters

Year k σ d µ Visits MSE MAE

1988 0.83 2.69 41.75 71.06 12 0.47 0.51

1989 1.14 4.04 42.84 95.19 20 0.40 0.54

1990 2.26 4.9 45.58 122.73 24 3.83 1.41

1991 2.3 4.25 36.84 173.5 25 1.02 0.73

1992 0.81 3.91 43.25 82.45 25 1.45 0.91

1993 1.6 4.16 40.87 140.19 24 0.75 0.68

1994 1.26 3.71 43.52 120.69 21 0.55 0.58

1995 3.03 6.48 38 214.69 24 1.45 0.81

1996 0.68 3.4 41.74 77.38 26 2.09 1.00

1997 0.89 3.27 39.99 82.84 25 0.89 0.77

1998 4.2 7.81 39.85 226.41 27 1.49 0.95

1999 1 3.63 36.67 103.77 28 0.58 0.54

2000 2.34 5.21 37.91 177.64 27 2.78 1.15

2001 0.81 2.57 38.88 77.48 29 2.11 1.17

2002 0.83 2.94 37.07 86.67 28 0.48 0.56

2003 0.66 2.13 39.81 61.85 30 2.60 1.11

2004 0.34 4.41 38.82 56.82 25 3.11 1.43

2005 1.43 2.97 34.75 141.81 27 0.64 0.57

2006 2.15 4.71 34.48 204.66 31 1.70 0.98

2007 0.88 3.07 38.5 86.25 30 1.05 0.76

2008 0.27 4.47 45.31 49.63 28 1.19 0.81

2009 0.96 2.98 39 106.64 30 2.17 1.16

2010 0.62 3.05 36.9 85.73 30 0.86 0.71

2011 2.38 5.26 33.06 193.65 32 1.43 0.81

2012 1.06 2.18 41.47 93.43 33 1.67 1.04

2013 1.18 3.24 38.24 107.65 31 0.79 0.75

2014 1.94 3.39 35.06 129.77 32 0.71 0.55

2015 1.07 2.49 40.25 88.18 31 0.69 0.59

2016 1.67 3.73 41.78 143.1 31 1.47 0.86
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Figure 4.20: SLL species accumulation curve - North Sacramento 1988

Figure 4.20 shows the SLL curve for North Sacramento for 1988. The parameters for

that year are: k = 0.83, σ = 2.69, d = 41.75 and µ = 71.06. MSE = 0.474 and MAE =

0.51
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Figure 4.21: SLL species accumulation curve - North Sacramento 1996

Figure 4.21 shows the SLL curve for North Sacramento for 1996. The parameters for

that year are: k = 0.68, σ = 3.40, d = 41.74 and µ = 77.38. MSE = 2.094 and MAE =

1.00
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Figure 4.22: SLL species accumulation curve - North Sacramento 2007

Figure 4.22 shows the SLL curve for North Sacramento for 2007. The parameters for

that year are: k = 0.88, σ = 3.07, d = 38.50 and µ = 86.25. MSE = 1.052 and MAE =

0.76
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Figure 4.23: SLL species accumulation curve - North Sacramento 2012

Figure 4.23 shows the SLL curve for North Sacramento for 2012. The parameters for

that year are: k = 1.06, σ = 2.18, d = 41.47 and µ = 93.43. MSE = 1.674 and MAE =

1.04

The figures provided show examples of a skewness parameter k greater and less than

1. Figure 4.21 has a skewness parameter equal to 0.68, while Figure 4.23 has k = 1.06.

The range of MAE for all years for this site is 0.51 to 1.43. This demonstrates the

effectiveness of our fit through the use of the SLL curve. The MAE shows that the

error between our observed number of species and our estimated SLL curve is at most

a difference of 1.43 species for this site.

Fitted parameters and the species accumulation curves for Rancho Cordova

Tables 4.8 and 4.9 are comprised of the fitted parameters for the Rancho Cordova

site as well as the MSE and MAE for each year to demonstrate the goodness of fit for

each year. The tables are formatted on a yearly basis with the parameters of the SLL

curve for the years 1975 - 2016 as well as the number of visits for each year. We have
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chosen to provide one SLL curve from each decade during the observed period for this

site to demonstrate various goodness of fit.

Table 4.8: Rancho Cordova fitted parameters

Year k σ d µ Visits MSE MAE

1975 1.14 5.96 32.77 131.48 9 0.12 0.29

1976 1.27 2.11 42.51 90.53 38 1.02 0.79

1977 0.06 42.77 40.54 52.66 32 1.93 1.20

1978 1.13 3.75 43.88 108.44 30 1.32 0.91

1979 1.07 5.41 43.08 89.02 20 1.43 1.06

1980 0.89 3.45 44.84 99.81 19 1.08 0.83

1981 0.86 2.84 40.00 74.79 19 0.75 0.66

1982 1.23 2.60 39.93 119.58 19 0.89 0.71

1983 1.91 3.30 41.27 166.22 18 1.93 1.11

1984 0.86 2.85 44.21 78.71 20 2.50 1.22

1985 1.30 4.37 45.78 118.22 17 1.91 1.01

1986 0.48 3.20 46.71 59.16 19 0.90 0.76

1987 1.20 3.27 42.86 85.64 21 4.51 1.83

1988 0.70 3.33 43.32 51.38 19 0.34 0.43

1989 0.78 3.23 40.56 66.03 20 1.69 0.97

1990 1.20 3.78 40.61 88.85 24 4.03 1.66



53

Table 4.9: Rancho Cordova fitted parameters continued

Year k σ d µ Visits MSE MAE

1991 0.61 3.77 37.81 78.49 21 2.64 1.24

1992 0.68 4.21 36.72 69.67 22 0.39 0.48

1993 0.62 3.01 45.34 80.52 22 1.30 0.92

1994 0.89 2.96 42.78 86.09 21 0.99 0.83

1995 4.20 5.88 39.26 298.30 25 0.80 0.75

1996 1.25 2.94 41.91 106.54 24 3.57 1.51

1997 0.69 3.14 42.97 84.57 28 1.88 1.18

1998 0.59 2.88 42.07 77.26 26 2.44 1.15

1999 1.07 3.71 37.39 107.99 28 2.02 1.17

2000 0.49 3.99 42.27 74.52 25 2.81 1.41

2001 0.54 4.84 33.83 62.92 24 1.50 0.99

2002 0.59 3.25 35.63 68.44 24 0.70 0.62

2003 0.61 4.11 31.75 66.21 28 1.69 1.00

2004 0.05 46.73 32.80 52.77 24 1.65 0.98

2005 0.44 2.66 43.64 62.31 27 1.21 0.88

2006 1.50 2.41 34.89 163.04 27 1.54 1.08

2007 1.06 3.37 39.94 93.28 27 2.13 1.19

2008 0.08 24.51 38.06 55.12 27 2.37 1.24

2009 0.72 3.99 34.22 67.49 26 1.36 0.97

2010 0.07 18.81 38.89 42.26 26 2.65 1.30

2011 0.24 0.75 204.34 93.41 31 2.53 1.27

2012 0.83 1.08 45.70 77.49 31 1.23 0.87

2013 0.41 2.73 46.64 53.08 28 0.91 0.68

2014 2.00 2.77 34.21 158.81 30 0.37 0.44

2015 0.55 2.49 41.42 48.90 30 0.61 0.59

2016 0.76 2.74 39.75 77.28 30 1.12 0.81
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Figure 4.24: SLL species accumulation curve - Rancho Cordova 1978

Figure 4.24 shows the SLL curve for Rancho Cordova for 1978. The parameters for that

year are: k = 1.13, σ = 3.75, d = 43.88 and µ = 108.44. MSE = 1.319 and MAE = 0.91
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Figure 4.25: SLL species accumulation curve - Rancho Cordova 1985

Figure 4.25 shows the SLL curve for Rancho Cordova for 1985. The parameters for that

year are: k = 1.30, σ = 4.37, d = 45.78 and µ = 118.22. MSE = 1.906 and MAE = 1.01
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Figure 4.26: SLL species accumulation curve - Rancho Cordova 1996

Figure 4.26 shows the SLL curve for Rancho Cordova for 1996. The parameters for that

year are: k = 1.25, σ = 2.94, d = 41.91 and µ = 106.54. MSE = 3.567 and MAE = 1.51
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Figure 4.27: SLL species accumulation curve - Rancho Cordova 2007

Figure 4.27 shows the SLL curve for Rancho Cordova for 2007. The parameters for that

year are: k = 1.06, σ = 3.37, d = 39.94 and µ = 93.28. MSE = 2.126 and MAE = 1.19
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Figure 4.28: SLL species accumulation curve - Rancho Cordova 2015

Figure 4.28 shows the SLL curve for Rancho Cordova for 2015. The parameters for that

year are: k = 0.55, σ = 2.49, d = 41.42 and µ = 48.90. MSE = 0.611 and MAE = 0.59

The figures provided show examples of a skewness parameter k greater than and

less than 1. Figure 4.28 has a skewness parameter equal to 0.55 and Figure 4.26 has k

= 1.25. The range of MAE for all years for the Rancho Cordova site is 0.29 to 1.83.

This max error of 1.83 demonstrates a relatively small error when comparing the esti-

mated number of cumulative species in the SLL curve to the observed number of species.

Fitted parameters and the species accumulation curves for Washington

Table 4.10 is comprised of the fitted parameters for the Washington site as well as

the MSE and MAE for each year to demonstrate the goodness of fit for each year. The

table is formatted on a yearly basis displaying the SLL parameters for the years 1988 -

2016. We have chosen to provide one SLL curve from each decade during the observed

period for this site to demonstrate various goodness of fit.
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Table 4.10: Washington fitted parameters

Year k σ d µ Visits MSE MAE

1988 0.09 9.86 85.46 44.28 13 3.60 1.48

1989 1.26 2.97 74.58 155.24 15 3.67 1.49

1990 0.52 4.13 82.09 91.94 14 3.59 1.45

1991 0.87 4.98 64.19 170.10 13 0.79 0.68

1992 1.21 4.20 78.63 114.58 20 1.44 0.88

1993 0.57 3.39 80.20 103.72 19 2.30 1.27

1994 0.89 4.70 77.13 113.28 20 4.73 1.69

1995 2.48 7.18 67.41 208.95 21 4.47 1.61

1996 0.59 3.83 87.70 89.20 21 2.19 1.16

1997 1.14 3.52 73.09 125.75 22 3.41 1.29

1998 1.32 4.90 65.23 189.49 20 6.75 1.93

1999 0.80 4.37 66.41 114.19 20 1.48 1.06

2000 0.50 4.67 87.62 79.45 20 3.80 1.45

2001 2.81 7.91 69.05 174.01 25 3.09 1.44

2002 1.23 5.10 68.93 154.39 19 4.54 1.64

2003 2.84 8.02 72.06 208.78 23 13.36 2.89

2004 1.16 3.87 73.68 132.68 17 4.37 1.56

2005 1.47 4.31 60.09 168.28 18 3.26 1.45

2006 0.88 8.94 61.26 140.31 20 4.65 1.67

2007 1.46 4.13 62.75 141.03 19 1.26 0.78

2008 1.30 4.13 61.78 146.46 20 2.14 1.04

2009 1.31 5.80 65.01 149.45 20 3.56 1.51

2010 1.64 5.10 66.14 173.11 18 1.32 0.91

2011 1.96 7.36 62.14 191.68 19 2.12 0.93

2012 2.13 5.26 65.20 180.49 23 2.32 0.97

2013 1.16 4.25 63.55 126.05 21 1.61 0.92

2014 1.73 5.40 62.76 155.51 21 2.74 1.29

2015 0.76 2.89 58.40 83.30 20 1.03 0.81

2016 0.93 3.74 64.46 121.82 21 1.05 0.84
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Figure 4.29: SLL species accumulation curve - Washington 1989

Figure 4.29 shows the SLL curve for Washington for 1989. The parameters for that year

are: k = 1.26, σ = 2.97, d = 74.58 and µ = 155.24. MSE = 3.666 and MAE = 1.49
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Figure 4.30: SLL species accumulation curve - Washington 1997

Figure 4.30 shows the SLL curve for Washington for 1997. The parameters for that year

are: k = 1.14, σ = 3.52, d = 73.09 and µ = 125.75. MSE = 3.412 and MAE = 1.29
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Figure 4.31: SLL species accumulation curve - Washington 2009

Figure 4.31 shows the SLL curve for Washington for 2009. The parameters for that year

are: k = 1.31, σ = 5.80, d = 65.01 and µ = 149.45. MSE = 3.564 and MAE = 1.51
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Figure 4.32: SLL species accumulation curve - Washington 2014

Figure 4.32 shows the SLL curve for Washington for 2014. The parameters for that year

are: k = 1.726, σ = 5.40, d = 62.76 and µ = 155.51. MSE = 2.736 and MAE = 1.29

The range of MAE for all years for the Washington site is 0.68 to 2.89. The inter-

pretation of MAE shows that at most, the difference in number of cumulative species

between the SLL curve and the observed number of species is equal to 2.89 species.

This range of MAE shows the effectiveness in the fit of our SLL curve in modeling the

accumulated number of species for the Washington site.

Fitted parameters and the species accumulation curves for Lang Crossing

Tables 4.11 and 4.12 are comprised of the fitted parameters for the Lang Crossing

site as well as the MSE and MAE for each year to demonstrate the goodness of fit for

each year. The tables are formatted on a yearly basis displaying the SLL parameters for

the years 1974 - 2016. Please note that for the year 1979 the nlsLM function was unable

to provide an accurate estimate of the SLL parameters. This is due to the linear shape

of the data with no curvature and no point of inflection. We have chosen to provide
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one SLL curve from each decade during the observed period for this site to demonstrate

various goodness of fit.
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Table 4.11: Lang Crossing fitted parameters

Year k σ d µ Visits MSE MAE

1974 0.47 10.75 82.19 117.88 16 2.61 1.06

1975 0.68 10.13 71.88 150.18 15 4.43 1.81

1976 1.88 6.95 47.12 187.50 6 0.10 0.25

1977 1.74 4.89 67.82 182.28 12 5.36 1.83

1978 1.28 8.01 71.87 160.25 15 9.71 2.18

1979 - - - - 7 11.52 2.69

1980 2.26 8.51 74.30 197.96 12 1.47 1.05

1981 1.96 8.65 66.38 172.66 7 0.12 0.30

1982 0.93 9.18 69.61 156.83 12 0.85 0.69

1983 0.11 71.04 61.37 141.90 10 2.28 1.14

1984 0.69 6.91 72.98 128.69 14 7.60 2.11

1985 1.32 6.73 77.37 162.06 16 1.53 0.98

1986 1.26 7.22 69.93 154.15 14 6.51 1.70

1987 2.00 7.46 63.03 191.73 12 0.69 0.58

1988 2.56 5.27 84.21 214.24 19 6.18 1.78

1989 0.92 5.82 77.67 142.29 17 7.48 2.07

1990 1.66 5.20 73.22 182.75 16 5.51 1.78

1991 1.27 10.45 71.39 174.85 15 2.45 1.13

1992 0.55 11.06 83.34 111.10 16 2.69 1.32

1993 0.45 9.38 72.85 129.11 17 2.38 1.16

1994 0.84 6.98 75.91 134.70 19 3.47 1.39

1995 0.51 10.45 76.14 150.64 17 6.55 2.06

1996 0.68 7.61 79.50 128.93 17 2.67 1.16

1997 0.92 5.59 69.27 129.22 15 6.67 1.86

1998 1.33 9.44 63.29 198.07 15 3.61 1.48

1999 1.10 9.53 70.39 161.56 16 3.06 1.21
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Table 4.12: Lang Crossing fitted parameters continued

Year k σ d µ Visits MSE MAE

2000 1.32 7.36 70.05 162.72 19 0.84 0.71

2001 0.74 8.86 75.98 134.90 19 3.69 1.53

2002 1.24 9.80 68.90 171.61 16 1.55 0.88

2003 0.82 9.89 71.39 153.18 20 5.23 1.40

2004 1.30 7.61 74.08 150.08 17 1.21 0.72

2005 2.00 9.83 68.18 190.71 13 4.08 1.49

2006 1.03 9.70 63.91 158.42 18 3.09 1.15

2007 0.95 8.13 73.22 140.98 17 4.22 1.47

2008 1.33 6.77 62.76 165.40 14 1.18 0.79

2009 1.06 8.47 66.28 150.93 15 3.93 1.33

2010 1.22 10.67 67.17 178.63 17 2.64 1.14

2011 1.24 10.23 71.99 186.87 17 3.38 1.32

2012 0.94 7.27 77.44 147.66 20 1.89 1.08

2013 0.86 6.35 74.12 123.18 18 3.95 1.59

2014 1.17 6.82 56.14 140.97 18 1.88 1.06

2015 2.17 5.84 59.87 171.05 18 2.14 1.10

2016 1.22 10.67 67.17 178.63 16 2.64 1.14
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Figure 4.33: SLL species accumulation curve - Lang Crossing 1975

Figure 4.33 shows the SLL curve for Lang Crossing for 1975. The parameters for that

year are: k = 0.68, σ = 10.13, d = 71.88 and µ = 150.18. MSE = 4.434 and MAE = 1.81
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Figure 4.34: SLL species accumulation curve - Lang Crossing 1984

Figure 4.34 shows the SLL curve for Lang Crossing for 1984. The parameters for that

year are: k = 0.69, σ = 6.91.17, d= 72.98 and µ= 128.69. MSE = 7.599 and MAE = 2.11
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Figure 4.35: SLL species accumulation curve - Lang Crossing 1999

Figure 4.35 shows the SLL curve for Lang Crossing for 1999. The parameters for that

year are: k = 1.10, σ = 9.53, d = 70.39 and µ = 161.56. MSE = 3.055 and MAE = 1.21
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Figure 4.36: SLL species accumulation curve - Lang Crossing 2003

Figure 4.36 shows the SLL curve for Lang Crossing for 2003. The parameters for that

year are: k = 0.82, σ = 9.89, d = 71.39 and µ = 153.18. MSE = 5.225 and MAE = 1.40
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Figure 4.37: SLL species accumulation curve - Lang Crossing 2014

Figure 4.37 shows the SLL curve for Lang Crossing for 2014. The parameters for that

year are: k = 1.17, σ = 6.82, d = 56.14 and µ = 140.97. MSE = 1.884 and MAE = 1.06

We have chosen to select these years as examples to provide examples of years with a

skewness parameter greater than and less than 1. Figure 4.34 has a skewness parameter

equal to 0.69, while Figure 4.37 has k = 1.17. The range of MAE for the Lang Crossing

site is 0.25 to 2.69. This relatively low range shows the effectiveness of the fit of the

SLL curve in estimating the accumulated number of species for this site.

Fitted parameters and the species accumulation curves for Sierra Valley

Tables 4.13 and 4.14 are comprised of the fitted parameters for the Sierra Valley

site as well as the MSE and MAE for each year to demonstrate the goodness of fit for

each year. The tables are formatted on a yearly basis displaying the SLL parameters

for the years 1982 - 2016. Please note that for the year 1995 the nlsLM function was

unable to provide an accurate estimate of the skewness coefficient and scale parameters.

This is due to repetition of the number of observed species at and beyond the point of
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inflection causing no curvature but a sharp plateau. We have chosen to provide one SLL

curve from each decade during the observed period for this site to demonstrate various

goodness of fit.

Table 4.13: Sierra Valley fitted parameters

Year k σ d µ Visits MSE MAE

1982 3.49 8.95 48.07 236.62 9 0.04 0.13

1983 0.20 29.21 44.08 143.82 7 0.04 0.17

1984 0.05 29.22 54.58 80.40 5 0.65 0.71

1985 2.00 5.48 64.19 195.25 10 3.82 1.38

1986 3.94 9.30 61.97 216.80 10 6.83 1.67

1987 0.83 4.00 65.11 144.87 13 0.97 0.88

1988 0.51 5.23 69.27 102.17 14 1.53 0.98

1989 0.61 5.49 59.29 116.95 13 1.78 1.08

1990 0.56 4.69 68.57 108.34 19 4.17 1.59

1991 0.80 5.90 60.33 143.87 17 1.79 0.99

1992 0.73 6.84 58.45 116.18 18 1.34 0.81

1993 0.68 7.37 62.64 137.39 17 2.59 1.23

1994 0.49 6.03 66.54 103.29 16 1.25 0.99

1995 - - 51.10 220.70 14 8.85 2.45

1996 0.86 5.98 66.43 134.70 16 2.48 1.23

1997 1.52 4.89 62.52 168.44 14 2.36 1.10

1998 2.78 10.55 61.65 203.60 16 1.02 0.80

1999 1.08 6.35 58.98 155.72 17 1.04 0.84

2000 1.20 4.78 67.93 156.89 19 3.85 1.51

2001 0.73 8.31 62.52 130.37 17 1.10 0.84

2002 0.95 6.09 68.16 139.78 19 2.28 1.18

2003 1.55 8.63 64.15 171.52 17 0.76 0.58

2004 1.67 5.53 65.53 170.86 19 7.56 2.01
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Table 4.14: Sierra Valley fitted parameters continued

Year k σ d µ Visits MSE MAE

2005 1.22 6.45 59.68 170.81 16 0.87 0.74

2006 1.17 8.26 56.28 162.09 17 3.91 1.28

2007 1.80 7.22 56.82 167.06 16 2.23 1.06

2008 0.69 5.39 59.80 131.39 17 0.69 0.66

2009 0.92 4.97 56.46 152.19 18 1.25 0.95

2010 2.27 11.64 54.76 197.25 18 2.21 1.04

2011 1.23 7.46 56.57 178.93 17 1.68 1.01

2012 0.65 5.79 61.62 127.78 19 3.48 1.49

2013 1.18 4.04 49.93 162.82 18 2.83 1.37

2014 1.21 6.25 58.99 150.32 20 1.60 0.93

2015 1.67 5.43 47.58 171.61 20 4.72 1.71

2016 1.90 7.30 52.85 181.86 19 3.75 1.26
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Figure 4.38: SLL species accumulation curve - Sierra Valley 1988

Figure 4.38 shows the SLL curve for Sierra Valley for 1988. The parameters for that

year are: k = 0.51, σ = 5.23, d = 69.27 and µ = 102.17. MSE = 1.525 and MAE = 0.98
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Figure 4.39: SLL species accumulation curve - Sierra Valley 1992

Figure 4.39 shows the SLL curve for Sierra Valley for 1992. The parameters for that

year are: k = 0.73, σ = 6.84, d = 58.45 and µ = 116.18. MSE = 1.336 and MAE = 0.81
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Figure 4.40: SLL species accumulation curve - Sierra Valley 2005

Figure 4.40 shows the SLL curve for Sierra Valley for 2005. The parameters for that

year are: k = 1.22, σ = 6.45, d = 59.68 and µ = 170.81. MSE = 0.869 and MAE = 0.74
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Figure 4.41: SLL species accumulation curve - Sierra Valley 2014

Figure 4.41 shows the SLL curve for Sierra Valley for 2014. The parameters for that

year are: k = 1.21, σ = 6.25, d = 58.99 and µ = 150.32. MSE = 1.596 and MAE = 0.93

We have chosen to select these years as examples to provide examples of years with

a skewness parameter greater than 1 and less than 1. Figure 4.38 has a skewness pa-

rameter equal to 0.51, while Figure 4.41 has k = 1.21. The MAE range for this site

is 0.13 to 2.45. The MAE can be interpreted as the maximum difference between the

estimated number of accumulated species and the observed number of species for this

site to be 2.45. This relatively low error shows the effectiveness of the fit of the SLL

curve in modeling the accumulated number of species for this site.

Fitted parameters and the species accumulation curves for Donner Pass

Tables 4.15 and 4.16 are comprised of the fitted parameters for the Donner Pass site

as well as the MSE and MAE for each year to demonstrate the goodness of fit for each

year. The tables are formatted on a yearly basis displaying the SLL parameters for the

years 1973 - 2016. We have chosen to provide one SLL curve from each decade during
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the observed period for this site to demonstrate various goodness of fit.

Table 4.15: Donner Pass fitted parameters

Year k σ d µ Visits MSE MAE

1973 0.39 17.10 84.08 171.55 14 5.47 1.74

1974 1.26 9.75 74.21 185.95 16 1.69 0.96

1975 1.03 8.30 77.01 194.43 15 6.92 1.95

1976 0.74 7.94 81.95 147.49 23 4.00 1.46

1977 0.42 13.74 83.99 147.52 13 4.92 1.70

1978 1.09 11.01 73.62 191.27 13 4.44 1.74

1979 0.22 21.23 84.14 139.99 7 0.81 0.73

1980 1.14 11.73 78.11 192.17 11 2.54 1.11

1981 0.07 152.55 79.34 148.29 12 10.73 3.04

1982 0.07 95.90 77.23 154.72 10 4.76 1.72

1983 0.58 13.09 66.51 184.01 11 2.40 1.24

1984 1.25 10.82 68.45 181.20 12 6.23 2.03

1985 0.97 13.27 85.91 161.24 16 1.91 1.23

1986 0.63 11.95 79.64 155.04 11 1.21 0.89

1987 0.68 7.63 67.10 149.32 12 1.45 0.99

1988 0.92 6.12 91.73 164.99 18 7.53 2.04

1989 0.72 10.86 86.21 155.83 15 3.22 1.27

1990 1.64 10.68 80.24 192.32 22 8.06 1.96

1991 0.43 13.93 89.36 154.81 18 1.08 0.87

1992 0.54 13.62 89.01 127.03 20 1.95 0.90

1993 0.38 19.88 75.59 168.06 16 1.52 0.90

1994 0.79 9.77 70.53 154.27 13 2.35 1.13
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Table 4.16: Donner Pass fitted parameters continued

Year k σ d µ Visits MSE MAE

1995 0.69 17.87 72.68 194.53 17 3.36 1.21

1996 0.07 126.11 76.11 144.55 13 2.15 0.98

1997 0.60 11.36 78.33 141.47 15 0.87 0.64

1998 0.52 18.75 78.17 176.61 15 0.95 0.78

1999 0.10 103.83 81.10 159.70 15 4.50 1.74

2000 0.11 58.56 78.73 138.75 17 1.07 0.87

2001 0.54 15.03 72.60 138.77 18 3.74 1.26

2002 0.16 75.67 69.37 154.94 13 10.24 2.69

2003 0.40 22.21 76.45 155.70 13 0.83 0.72

2004 1.22 9.67 70.20 170.82 13 0.85 0.72

2005 0.07 102.37 82.05 152.60 12 6.15 1.65

2006 0.05 195.39 75.70 157.73 13 6.24 2.00

2007 0.57 16.73 70.06 144.34 14 3.54 1.62

2008 0.06 174.39 79.87 151.35 17 5.78 1.95

2009 0.68 9.49 77.46 162.99 17 1.87 1.02

2010 0.10 98.09 70.94 167.07 14 0.44 0.52

2011 0.06 264.70 67.67 180.34 12 4.18 1.41

2012 0.89 10.63 64.60 159.60 19 0.36 0.47

2013 1.05 6.29 68.93 153.38 17 8.19 1.84

2014 0.78 10.65 73.94 144.83 18 1.21 0.80

2015 1.40 6.65 63.47 162.62 18 8.20 1.83

2016 0.05 167.54 65.78 145.67 14 5.54 1.89
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Figure 4.42: SLL species accumulation curve - Donner Pass 1976

Figure 4.42 shows the SLL curve for Donner Pass for 1976. The parameters for that

year are: k = 0.74, σ = 7.94, d = 81.95 and µ = 147.49. MSE = 4.00 and MAE = 1.46
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Figure 4.43: SLL species accumulation curve - Donner Pass 1985

Figure 4.43 shows the SLL curve for Donner Pass for 1985. The parameters for that

year are: k = 0.97, σ = 13.27, d = 85.91 and µ = 161.24. MSE = 1.909 and MAE = 1.23
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Figure 4.44: SLL species accumulation curve - Donner Pass 1998

Figure 4.44 shows the SLL curve for Donner Pass for 1998. The parameters for that

year are: k = 0.52, σ = 18.75, d = 78.17 and µ = 176.61. MSE = 0.953 and MAE = 0.78
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Figure 4.45: SLL species accumulation curve - Donner Pass 2009

Figure 4.45 shows the SLL curve for Donner Pass for 2009. The parameters for that

year are: k = 0.68, σ = 9.49, d = 77.46 and µ = 162.99. MSE = 1.871 and MAPE = 1.02
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Figure 4.46: SLL species accumulation curve - Donner Pass 2014

Figure 4.46 shows the SLL curve for Donner Pass for 2014. The parameters for that

year are: k = 0.78, σ = 10.65, d = 73.94 and µ = 144.83. MSE = 1.205 and MAE =

0.80

The MAE range for this site is 0.47 to 3.04 for all years analyzed. This relatively low

error shows the effectiveness of the fit of the SLL curve in modeling the accumulated

number of species for the Donner Pass site.

Fitted parameters and the species accumulation curves for Castle Peak

Table 4.17 is comprised of the fitted parameters for the Castle Peak site as well as

the MSE and MAE for each year to demonstrate the goodness of fit for each year. The

table is formatted on a yearly basis displaying the SLL parameters for the years 1989

- 2016. Please note that for the years 2000 and 2005 the nlsLM function was unable

to provide an accurate estimate of the skewness coefficient and scale parameters. This

is due to the linearity of data for the year 2005 and few data points for the year 2000

resulting in a lack of curvature at the point of inflection. We have chosen to provide
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one SLL curve from each decade during the observed period for this site to demonstrate

various goodness of fit.
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Table 4.17: Castle Peak fitted parameters

Year k σ d µ Visits MSE MAE

1989 0.09 141.22 66.79 170.35 10 9.82 2.59

1990 1.76 20.55 59.04 188.75 7 0.01 0.05

1991 0.09 112.47 66.20 163.15 10 1.83 1.09

1992 0.32 13.73 79.10 129.57 8 2.48 1.42

1993 0.11 78.18 59.33 164.01 8 2.68 1.30

1994 0.14 53.30 66.37 145.88 8 3.39 1.75

1995 1.74 20.04 56.59 226.00 7 1.85 1.06

1996 1.68 9.76 60.02 204.89 5 0.06 0.21

1997 0.10 91.67 67.55 155.34 9 4.56 1.61

1998 0.08 215.19 63.40 192.44 7 1.10 0.89

1999 0.09 226.17 52.06 188.11 8 0.30 0.36

2000 - - - - 6 19.02 3.73

2001 0.45 38.33 66.55 163.17 9 5.00 1.98

2002 0.10 179.93 59.30 172.26 7 1.52 1.14

2003 0.07 257.54 61.30 172.96 8 5.24 2.11

2004 0.18 32.75 59.78 148.53 6 1.74 1.16

2005 - - 67.01 247.99 6 0.13 0.26

2006 0.27 56.01 55.13 182.62 4 0.50 0.60

2007 0.18 52.97 59.51 146.79 6 0.22 0.41

2008 0.77 21.23 55.35 172.29 8 3.77 1.34

2009 0.07 130.80 59.78 168.82 7 3.64 1.64

2010 0.18 89.66 53.97 183.75 6 0.47 0.56

2011 0.06 349.19 44.13 203.17 5 5.21 1.95

2012 0.22 40.03 58.35 149.92 7 0.36 0.50

2013 1.33 12.11 59.07 174.34 7 1.84 1.15

2014 0.04 325.69 61.10 145.28 9 5.71 1.99

2015 0.18 23.63 60.37 123.37 7 3.50 1.63

2016 0.16 92.62 52.19 170.67 5 1.30 0.95



87

Figure 4.47: SLL species accumulation curve - Castle Peak 1989

Figure 4.47 shows the SLL curve for Castle Peak for 1989. The parameters for that year

are: k = 0.09, σ = 141.22, d = 66.79 and µ = 170.35. MSE = 9.825 and MAE = 2.59
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Figure 4.48: SLL species accumulation curve - Castle Peak 1999

Figure 4.48 shows the SLL curve for Castle Peak for 1999. The parameters for that year

are: k = 0.09, σ = 226.17, d = 52.06 and µ = 188.11. MSE = 0.298 and MAE = 0.36
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Figure 4.49: SLL species accumulation curve - Castle Peak 2002

Figure 4.49 shows the SLL curve for Castle Peak for 2002. The parameters for that year

are: k = 0.10, σ = 179.93, d = 59.30 and µ = 172.26. MSE = 1.52 and MAE = 1.14
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Figure 4.50: SLL species accumulation curve - Castle Peak 2014

Figure 4.50 shows the SLL curve for Castle Peak for 2014. The parameters for that year

are: k = 0.04, σ = 325.69, d = 61.10 and µ = 145.28. MSE = 5.71 and MAE = 1.99

The range of mean absolute error for this site is 0.05 to 3.73. While this site has the

highest maximum in the range of MAE this is still a relatively low error and therefore

provides a good fit for the SLL curve. The MAE can be interpreted as the maximum

difference between the estimated number of accumulated species and the observed num-

ber of species for this site to be 3.73, again demonstrating the effectiveness of estimating

the species accumulation curves using the skewed log-logistic model.
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4.3 SLL parameters’ relationships with weather

In this section we will discuss the various regression models that were built using

each SLL parameter as a response to the change in (annual) weather conditions. In

our analysis, we attempted to discover a model that would work effectively for every

site being analyzed. However, in addition to the weather variables there are many

other environmental factors that impact the fit of the models being used. Each location

selected is unique and chosen to capture the habitat and butterfly diversity that can be

found in Northern California. The common challenge that we faced when conducting

this research was due to the varying factors of the sites that make each one unique. The

weather variables available for modeling were: the average daily maximum temperature

per site, the average daily minimum temperature per site, and the precipitation per site.

Maximum and minimum temperature were recorded on a seasonal basis providing us

with data for spring, summer, fall and winter. The precipitation data were recorded

on a seasonal and annual basis. Thus, for precipitation we had spring, summer, fall,

winter, and annual precipitation per year available for modeling. We included the year

for each model as a proxy for the passing of time as well as the number of visits per

year as a measure of effort. According to Halsch et al. (2021), conditioning on year

strengthens the inference of causation and population dynamics should be investigated

using weather at both seasonal and annual scales. It is with this in mind that we have

chosen to use these variables in building the regression models below.

To begin our analysis we first standardized (z transformed) all of our weather vari-

ables to be able to interpret and compare the coefficients of the regression models in

our analysis. We first developed two full models using the seasonal maximum and min-

imum temperatures, year, and one with the seasonal precipitation and the other with

annual precipitation as our predictor variables with each SLL parameter individually

as the response variable. From there we conducted a stepwise regression to iteratively

add and remove the weather predictors in order to find the subset of weather variables

that would result in the best performing model. Once the stepwise regression resulted

in a final model, we inspected this model to find if the regression was significant. That

was assessed using the standard ”significance of regression test”. The significance of
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regression test has the following hypothesis: H0: all parameters = 0 and Ha: at least

one parameter ̸= 0. We use the significance level of 0.05. A model was statistically

”significant” if the p-value for this test was smaller than 0.05 (the significance level).

Out of the models that were significant, we selected those with the largest adjusted

R-squared, which adjusts for the number of predictors in the model. The higher the

adjusted R-squared the better the model fits the data. In our analysis the model with

the highest adjusted R-squared was deemed to be the best model for that site. Dur-

ing the analysis we found that for each site, the response variable that resulted in the

optimal model was the inflection point (mu) along with a varying combination of the

weather variables as the predictor variables. We conducted a step-wise regression anal-

ysis for each SLL parameter for each site and while we found successful models using

the other SLL parameters, the optimal models for each site used the inflection point as

the response parameter due to the adjusted R-squared. In addition, the inflection point

parameter was the only parameter analyzed that created a successful model for all of

the sites analyzed. We will now provide the optimal regression model for each site.

Table 4.18: Gates Canyon linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -55.324 27.418 -2.018 0.05234

year 0.028 0.014 2.018 0.05233

tmax.spring -0.638 0.214 -2.976 0.00562

tmin.spring 0.348 0.228 1.530 0.13627

tmin.fall -0.369 0.156 -2.362 0.02464

tmin.winter 0.470 0.182 2.589 0.01452

ppt.fall 0.321 0.143 2.253 0.03149

ppt.winter -0.416 0.198 -2.099 0.04410

Adjusted R-squared: 0.4162

p-value: 0.0008601

Gates Canyon: The combination of weather variables that resulted in the optimal
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regression model for Gates Canyon were the seasonal minimum temperatures for spring,

fall and winter, the seasonal maximum temperature for spring, and the seasonal precip-

itation for fall and winter. This model was determined to be the best model for this

site due to having the highest adjusted R-squared value of all the models that passed

the significance of regression test. Table 4.18 contains the result of our regression model

showing the p-values for partial t-tests for each variable, computed adjusted R-squared,

the estimated regression coefficients for each predictor variable and the p-value for the

test of significance of regression. While interpreting this regression it can be seen that

the weather variable that is deemed most impactful is the average daily maximum tem-

perature for spring due to having the lowest individual p-value.

Table 4.19: Suisun Marsh linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -34.538 21.422 -1.612 0.11563

year 0.017 0.011 1.612 0.11563

tmax.spring -0.226 0.145 -1.552 0.12942

tmax.fall 0.314 0.119 2.648 0.01194

tmin.summer -0.201 0.137 -1.467 0.15116

tmin.fall -0.207 0.136 -1.517 0.13793

ppt.spring 0.468 0.140 3.331 0.00201

ppt.winter 0.325 0.109 2.978 0.00516

Adjusted R-squared: 0.5769

p-value: 1.446e-06

Suisun Marsh: With the inflection point as the response variable, the following weather

predictors yielded the optimal regression model for the Suisun Marsh site: seasonal

maximum temperatures for spring and fall, seasonal minimum temperatures for summer

and fall, and seasonal precipitation for spring and winter. Table 4.19 is an output of our

regression model showing the p-values for partial t-tests for each variable, the computed

adjusted R-squared, the estimated regression coefficients for each predictor variable and



94

the p-value for the test of significance of regression. By analyzing the individual p-values

of each predictor variable, we can conclude that the seasonal precipitations for spring

and winter had the strongest relationships with the response variable of the inflection

point for this site.

Table 4.20: West Sacramento linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -8.492428 38.457389 -0.221 0.8271

year 0.004242 0.019209 0.221 0.82709

tmin.fall -0.466096 0.171928 -2.711 0.0122

ppt.spring 0.478683 0.127821 3.745 0.001

ppt.winter 0.404749 0.133023 3.043 0.00561

Adjusted R-squared: 0.5889

p-value: 3.21e-05

West Sacramento: Through our step-wise regression, we found that the optimal re-

gression model for West Sacramento contained the following weather variables as the

predictors: seasonal minimum temperature for fall, seasonal precipitation for spring and

winter with the inflection point as our response variable. Table 4.20 contains our regres-

sion model showing the p-values for partial t-tests for each variable, computed adjusted

R-squared, the estimated regression coefficients for each predictor variable and the p-

value for the test of significance of regression. Upon analysis of this regression model,

due to the low individual p-value, we can determine that the seasonal precipitation for

spring and winter had the strongest relationships with our response SLL parameter µ,

the inflection point.
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Table 4.21: North Sacramento linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -29.03535 56.12466 -0.517 0.611587

year 0.0145 0.02803 0.517 0.611586

tmax.spring -1.138 0.24663 -4.614 0.000247

tmax.summer -0.34408 0.19522 -1.762 0.095958

tmax.fall 0.3618 0.21792 1.66 0.115203

tmax.winter 0.50887 0.2023 2.515 0.022232

tmin.spring 0.91175 0.27276 3.343 0.003857

tmin.fall -0.54709 0.22171 -2.468 0.024517

tmin.winter -0.34007 0.2287 -1.487 0.155333

ppt.summer -0.25337 0.17199 -1.473 0.158985

ppt.fall 0.38122 0.15493 2.461 0.024872

ppt.winter 0.3898 0.21735 1.793 0.09071

Adjusted R-Squared: R-squared 0.6099

p-value: 0.001656

North Sacramento: The combination of weather variables that resulted in the optimal

regression model for North Sacramento through the step-wise regression model selection

were: the seasonal maximum temperature for spring, summer, fall and winter, the

seasonal minimum temperatures for spring, fall and winter and the seasonal precipitation

for summer, fall and winter. Table 4.21 contains our regression model output showing

the p-values for partial t-tests for each variable, computed adjusted R-squared, the

estimated regression coefficients for each predictor variable and the p-value for the test of

significance of regression. Through the analysis of individual p-values for each predictor

variable we determined that the average daily maximum temperature for spring resulted

in the strongest relationship with the SLL parameter d, the inflection point.
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Table 4.22: Rancho Cordova linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -7.35769 45.484824 -0.162 0.872794

year 0.003675 0.02272 0.162 0.872793

tmin.fall -0.049857 0.199435 -0.25 0.804636

ppt.spring 0.647465 0.156502 4.137 0.000348

Adjusted R-squared: 0.3662

p-value: 0.002296

Rancho Cordova: Using the inflection point as the response variable, the following

weather predictors yielded the optimal regression model for the Rancho Cordova site:

seasonal minimum temperature for fall and seasonal precipitation for spring. Table

4.22 provides an output of our optimal regression model showing the p-values for each

variable as well as the computed adjusted R-squared with the inflection point parameter

(µ) as the response variable. By comparing the individual p-values for each predictor

weather variable, we can determine that the seasonal precipitation for spring resulted

in the strongest relationship with our response variable, inflection point.
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Table 4.23: Washington linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -101.0942 44.8791 -2.253 0.035108

year 0.0505 0.0224 2.253 0.035107

tmax.summer -0.5877 0.2049 -2.868 0.009209

tmax.winter -0.2356 0.1477 -1.595 0.125662

tmin.summer 0.5111 0.2372 2.154 0.042971

tmin.fall -0.3534 0.1615 -2.189 0.040072

ppt.spring 0.5412 0.1405 3.851 0.000927

ppt.winter -0.3905 0.1462 -2.671 0.014297

Adjusted R-squared: 0.594

p-value: 0.0002645

Washington: Through our step-wise regression model selection, we found that the op-

timal regression model for Washington contained the following weather variables as the

predictors: seasonal maximum temperature for summer and winter, seasonal minimum

temperature for summer and fall, seasonal precipitation for spring and winter. Table

4.23 provides the output for the optimal regression model showing the p-values for each

variable as well as the computed adjusted R-squared with the inflection point (µ) as the

response variable. Through the interpretation of the regression output we can determine

that the weather variable that has the most impactful relationship to the inflection point

is the seasonal precipitation for spring due to having the lowest individual p-value.
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Table 4.24: Lang Crossing linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) 9.4146 25.4736 0.37 0.7139

year -0.0047 0.0128 -0.37 0.7139

tmax.spring -0.3858 0.1671 -2.309 0.027

tmax.summer -0.3158 0.2320 -1.361 0.1822

tmin.winter 0.4203 0.2093 2.008 0.0524

ppt.summer -0.3714 0.1904 -1.951 0.0591

ppt.winter -0.5728 0.2254 -2.541 0.0156

Adjusted R-squared: 0.1631

p-value: 0.05342

Lang Crossing: With the inflection point as the response variable, the following

weather predictors yielded the optimal regression model for the Lang Crossing site:

seasonal maximum temperatures for spring and summer, seasonal minimum tempera-

ture for winter, and seasonal precipitation for summer and winter. Table 4.24 provides

the optimal regression model output containing the p-values for partial t-tests for each

variable, computed adjusted R-squared, the estimated regression coefficients for each

predictor variable and the p-value for the test of significance of regression. By compar-

ing the individual p-values for each weather predictors, we determined that the variables

that provides the strongest relationship with the inflection point parameter was the av-

erage daily maximum temperatures for spring and the seasonal precipitation for winter.
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Table 4.25: Sierra Valley linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -132.922 54.418 -2.443 0.02199

year 0.066 0.027 2.443 0.02199

tmax.spring 1.538 0.580 2.652 0.01369

tmax.summer -0.589 0.285 -2.065 0.04945

tmax.fall -0.501 0.166 -3.024 0.0057

tmin.spring -1.169 0.452 -2.589 0.0158

tmin.summer 0.586 0.331 1.769 0.08908

ppt.spring 0.920 0.298 3.091 0.00485

ppt.winter 0.310 0.170 1.822 0.08037

Adjusted R-squared: 0.3566

p-value: 0.01061

Sierra Valley: From the step-wise regression model selection, the combination of

weather variables that resulted in the optimal regression model for Sierra Valley were:

the seasonal maximum temperature for spring, summer, and fall, the seasonal minimum

temperatures for spring and summer and the seasonal precipitation for summer and win-

ter. Table 4.25 provides the regression output showing the p-values for partial t-tests

for each variable, computed adjusted R-squared, the estimated regression coefficients for

each predictor variable and the p-value for the test of significance of regression utiliz-

ing the inflection point µ as the response variable. Through the analysis of individual

p-values for each weather predictor variable, we can conclude that the average daily

maximum temperature for fall along with the seasonal precipitation for spring resulted

in the most impactful variables to our response variable µ.
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Table 4.26: Donner Pass linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) 62.8567 31.9165 1.969 0.056

year -0.0315 0.0160 -1.969 0.056

tmax.spring -0.6929 0.2205 -3.142 0.0032

tmin.spring 0.4548 0.2826 1.609 0.1156

ppt.fall 0.2106 0.1346 1.564 0.1259

Adjusted R-squared: 0.299

p-value: 0.001182

Donner Pass: Using the inflection point as the response variable, the following weather

predictors yielded the optimal regression model for the Donner Pass site: seasonal max-

imum and minimum temperatures for spring and seasonal precipitation for fall. Table

4.26 provides the output for the regression model containing the p-values for partial

t-tests for each variable, computed adjusted R-squared, the estimated regression coeffi-

cients for each predictor variable and the p-value for the test of significance of regression.

By the analysis of individual p-values for each weather predictor, the average daily max-

imum temperature for spring was determined to have the strongest relationship to the

inflection point.
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Table 4.27: Castle Peak linear regression model output with µ

Coefficients: Estimate Std. Error t value Pr(> |t|)

(Intercept) -49.26467 48.65010 -1.013 0.32631

year 0.02460 0.02429 1.013 0.3263

tmax.spring 0.66650 0.43418 1.535 1.44E-01

tmax.winter -0.33028 0.15095 -2.188 4.39E-02

tmin.spring -0.82358 0.36388 -2.263 0.03788

tmin.summer 0.45341 0.20833 2.176 0.04485

tmin.fall -0.23155 0.15254 -1.518 0.14854

ppt.spring 0.78400 0.22811 3.437 3.39E-03

ppt.fall 0.39137 0.12843 3.047 7.68E-03

ppt.winter 0.27964 0.12922 2.164 0.04592

Adjusted R-squared: 0.7125

p-value: 0.0002057

Castle Peak: The combination of weather variables that resulted in the optimal re-

gression model with the inflection point as the response variable for Castle Peak were:

the seasonal minimum temperatures for spring, summer and fall, the seasonal maximum

temperatures for spring and winter, and the seasonal precipitation for spring, fall and

winter. Table 4.27 provides the output for the optimal regression model showing the

p-values for partial t-tests for each variable, computed adjusted R-squared, the esti-

mated regression coefficients for each predictor variable and the p-value for the test of

significance of regression. Through the interpretation of the regression output we can

determine that the weather variables that have the most impactful relationships to the

inflection point are the seasonal precipitations for spring and fall due to having the

lowest individual p-values.
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Table 4.28: Summary of models for each site

Site SLL Parameter Weather Variables Avg. µ

Gates Canyon µ tmax spring 114.16

Suisun Marsh µ ppt spring, ppt winter 142.27

West Sacramento µ ppt spring, ppt winter 118.95

North Sacramento µ tmax spring 117.31

Rancho Cordova µ ppt spring 90.17

Washington µ ppt spring 139.57

Lang Crossing µ tmax spring, ppt winter 158.75

Sierra Valley µ ppt spring, tmax fall 153.88

Donner Pass µ tmax spring 160.91

Castle Peak µ ppt spring, ppt fall 169.48

Summary: We began the analysis by creating a full model utilizing all of the seasonal

weather variables available to us as predictors. Starting with that full model we ran

multiple step-wise regression models using the individual SLL parameters as our re-

sponse variables. For each SLL parameter we were able to create models using various

combinations of the weather variables for each site. Once these models were complete

we analyzed them to determine the optimal model for each site. Through this analysis

we found that by using the inflection point as our response variable we were able to

produce models for each site that passed the significance of regression test and achieved

the highest adjusted R-squared of the models for all the SLL parameters.

Once the optimal models were determined for each site we began to analyze the model

for each site individually to determine if there were any significant relationships with the

weather predictors. Through this analysis we discovered that the weather predictors for

spring continued to have the strongest relationship with the inflection point for each of

the models. In some instances that weather predictor was the average daily maximum or

minimum temperatures for spring or the seasonal precipitation for spring. Essentially,

the inflection point for each of our models had a significant relationship with the weather
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variables for spring.

If we look at the season of spring in terms of the ordinal days in our analysis, the

range of days for spring is determined to be (60 - 152). By analyzing the average

inflection point for each site we see that this average falls well within our range or close

to the tail end of the range for certain sites. The inflection point for each site provides

us with ordinal day where the rate of change of the cumulative number of species begins

to decline. Therefore, from our analysis it can be determined that since the inflection

point on average falls within our spring range that the weather variables for spring would

have a strong relationship on this parameter. To summarize our modeling and analysis

results we provide table 4.28 with the most impactful weather variables for each site

along with the average inflection point for all years for each site.
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Chapter 5

Discussion and Conclusion

We now recall the objectives of this research and summarize our results below.

• To develop an understanding of the impact of the parameters on the

skewed log-logistic species accumulation curve. In this thesis we have pro-

vided an analysis and discussion on the impact of the various SLL parameters on

the properties of the species accumulation curve. We demonstrated the effects on

the curve resulting from changing one parameter, while all others remained fixed.

• Develop and assess the fit of the species accumulation curves using the

nls.LM function to compute the parameters. We were able to effectively

develop annual species accumulation curves for each of the sites researched using

the nls.LM function in R. The goodness of fit of our curves was then assessed

using the mean squared error and mean absolute error between the observed data

points and the fitted curve for each year. We observed that the skewed log-logistic

model provided a relatively good fit for the butterfly species data measured by the

MAE and MSE for each site.

• To identify and model associations between the SLL accumulation curve

parameters and the weather variables for each site. For each site researched

in this analysis, we were able to provide a regression model that reasonably explains

the association between the SLL inflection point µ and the weather variables. The

optimal models were chosen through the use of the step-wise regression model

selection. The goodness of fit in the regression models was demonstrated through
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the adjusted R-squared. In addition, we were able to gain an understanding of

the impact of the weather variables on the butterfly species accumulation curves

at various locations. Our analysis showed that the weather during spring resulted

in the strongest relationship with the inflection point of the SLL curves.

Limitations: Through our analysis we were able to identify the following limitations.

1. A limitation of this thesis arises in the use of the optimal model for each site and

not further analyzing the additional models for the other SLL parameters with

respect to weather.

2. We find replication of this research to be a limitation as we are unable to record

butterfly species in the past. At best we could obtain butterfly data from another

source, but that would not be consistent with our original source data.

Examples of areas for further study:

1. Perform a more comprehensive study of the fit of the skew log-logistic model to

the butterfly species data per site of interest.

2. Continue to develop and expand upon the R script to estimate the 5 parameters

of the SLL species accumulation curves.

3. Consider natural history differences among groups of butterfly species to be able to

partition species into groups with informative and different responses to weather.

4. Continue to examine various regression models between weather and the inflec-

tion point of the SLL butterfly species curves for additional areas that are being

monitored.

5. Discover additional factors of influence on butterfly species that interact with

weather that could potentially have a relationship to the SLL curve, specifically

inflection point.
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