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ABSTRACT OF THE THESIS
THE RELATIONSHIP OF HETEROPTERA SPECIES RICHNESS,
ABUNDANCE, AND MORPHOLOGY TO ELEVATIONAL
GRADIENTS AND LAND-USE REGIMES ON MT. KILIMANJARO
by
Joseph Paul Tardanico
Florida International University, 2015
Miami, Florida
Professor Suzanne Koptur, Major Professor

Insect biodiversity is unevenly distributed on local, regional, and global scales.
Elevation is a key factor in the uneven distribution of insect diversity, serving as a
proxy for a host of environmental variables. My study examines the relationship of
Heteroptera (true bugs) species diversity, abundance, and morphology to elevational
gradients and land-use regimes on Mt. Kilimanjaro, Tanzania, East Africa.
Heteroptera specimens were collected from 60 research sites covering an elevational
range of 3684m (866-4550m above sea level). Thirty of the sites were classified as
natural, while the remaining 30 were classified as disturbed (e.g., agricultural use or
converted to grasslands). | measured aspects of the body size of adult specimens and
recorded their location of origin. | used regression models to analyze the relationships
of Heteroptera species richness, abundance, and body measurements to elevation and
land-use regime. Richness and abundance declined with greater elevation, controlling
for land use. The declines were linear or logarithmic in form, depending on the

model. Richness and abundance were greater in natural than disturbed sites,
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controlling for elevation. According to an interaction, richness decreased more in
natural than disturbed sites with rising elevation. Body length increased as a quadratic
function of elevation, adjusting for land use. Body width X length decreased as a
logarithmic function of elevation, while leg length/body length decreased as a
quadratic function. Leg length/body length was greater in disturbed than natural sites.
Interactions indicated that body length and body width X length were greater in
natural than disturbed sites as elevation rose, although the general trend was
downward. Future research should examine the relative importance of land area,
temperature, and resource constraints for Heteroptera diversity and morphology on

Mt. Kilimanjaro.



INTRODUCTION

Insects are integral to biodiversity as pollinators, predators, and herbivores,
but their biodiversity is unevenly distributed geographically around the world. Two
key factors in their uneven distribution are latitude and elevation, both of which are
proxies for variable geographic interactions between abiotic and biotic conditions.
Associated with latitude is greater biodiversity in tropical than temperate zones
(Gaston & Spicer 2004). However, the relationship of elevation to biodiversity is
more complex, as research documents large variation in biodiversity along elevational
gradients for different taxa (Gaston & Spicer 2004; Sundgvist et al. 2013). An
increasingly important reason for such variation are patterns of habitat degradation
caused by human activities (Schulze et al. 2004; Morris 2010). My study addresses
three basic components of insect biodiversity—species richness, abundance, and
morphology—in relation to elevational gradients and land-use regimes in a tropical
montane ecosystem. The study specifically examines Heteroptera (the group of
insects known as true bugs) on Mt. Kilimanjaro (Tanzania, East Africa). Heteroptera
are pertinent to research on biodiversity as a large and diverse taxon that is
ecologically and economically important, including as pests and as biological controls
(Schuh and Slater 1995; Schaeffer and Panizzi 2000).
Drivers of insect diversity along elevational gradients

The elevational distribution of insect species reflects the interplay between
their environmental tolerances and their interactions with other organisms.
Elevation’s principal abiotic drivers of insect species distribution are land area and

climate (Hansen & Rotella 1999; Hodkinson 2005; Korner 2007; Field et al. 2009;



Sundgvist 2013). Land area decreases as elevation rises, thereby restricting the space
available for life (Lomolino 2001; K&rner 2007). The main climatic factors associated
with elevation and biodiversity are atmospheric pressure, temperature, and radiation
(Korner 2007). Atmospheric pressure decreases by 11% with every kilometer
increase in elevation. Temperature decreases on average by 0.6° Celsius per 100m of
elevation. Solar radiation is greater, and partial pressures of oxygen and CO; are
lower, at higher elevations (Barry 2008). Other climatic factors not directly related to
elevation are precipitation, wind velocity, and seasonality (Kdérner 2007; Barry 2008).

Temperature directly affects rates of plant photosynthesis and metabolism and
is therefore a controlling factor of primary production at varying elevations.
Temperature also affects nutrient availability by controlling rates of mineralization
(Sundqvist et al. 2013). Water availability likewise plays a critical role in determining
plant community responses along elevation gradients (Sundgvist et al. 2013).
Together, temperature and water availability influence the composition and structure
of vegetation and thus the distribution of insect species (Hansen & Rotella 1999;
Hodkinson 2005; Kdrner 2007; Sundgvist et al. 2013).

Through their effects on vegetation composition and structure, the abiotic
variables influence rates of net primary productivity, which impose limits on
productivity at higher trophic levels (Hansen & Rotella 1999; Sundqvist et al. 2013).
Research suggests that higher rates of net primary productivity are associated with
greater species abundance and richness (Hansen & Rotella 1999; Hodkinson 2005;
Costanza et al. 2006). This relationship may be mediated, however, by locational

variation in factors such as the trophic structure of communities (Peters et al. 2014),



the effects of temperature on the foraging activities of ectothermic organisms
(Classen et al. 2015), the strength of plant defense mechanisms (Pellisier et al. 2012),
and the phenological impacts of climate change on insect-plant interactions (Benadi
et al. 2014). Further, the relationship may be curvilinear, as rising species richness
and abundance may flatten or turn downward after primary productivity reaches mid
to high levels (Colwell et al. 2004). Such qualifications aside, vegetation composition
and structure interact with local topography to influence environmental heterogeneity
and thus shape patterns of insect species distribution along elevation gradients
(Hansen & Rotella 1999; Bennett 2010). At any given location, the interactions are
embedded within local histories of community assembly as well as wider landscape
and regional ecological conditions (Hodkinson 2005; Field et al. 2009; Morris 2010;
Tscharntke et al. 2012).
Insect species diversity in relation to elevational gradients and land-use regimes
A. Species richness and abundance

Species diversity for organisms in general varies considerably along elevation
gradients depending on taxa and location. The two most commonly observed trends
are a decline in diversity with increasing elevation or a mid-elevation peak
(Hodkinson 2005; Rahbeck 2005; Sundqvist et al. 2013). Regarding insects,
Leingéartner et al. (2014) documented a monotonic decline in species richness with
increasing elevation for butterflies in the German Alps, a pattern which Larsen et al.
(2011) reported for dung beetles in some Andean sites, Carneiro et al. (2013) for bees
in the Brazilian Atlantic, and Classen et al. (2015) for bees on Mt. Kilimanjaro.

Sanders (2002) observed mid-elevation peaks for ants at three sites in the western



United States, as did Brehm et al. (2007) for moths along the Barva Transect in Costa
Rica and Despland et al. (2012) for butterflies in the Chilean Andes. Studies have
occasionally reported that insect richness and abundance remain constant or even
increase with rising elevation (Lawton et al. 1987; Romero and Avila 2001; Brehm
and Fiedler 2004).

Declines in species diversity at high elevations are most basically associated
with increased environmental stress, decreased available energy, and smaller habitat
area (Lomolino 2001; McCain and Grytes 2010). The conditions underlying-mid
elevation peaks in diversity are less well understood (Colwell et al. 2004). One
explanation for such peaks regards elevation as a surrogate for primary productivity,
and proposes that diversity increases curvilinearly with greater primary productivity
(Sanders 2002). That is, diversity may initially rise with greater productivity, then
peak at mid-level productivity and drop off at higher levels. There is little empirical
evidence, however, that elevation is a valid surrogate for primary productivity
(Rahbek 1995). An alternative explanation is that mid-elevation peaks result from
overlapping ranges due to geometric constraints, which is called the mid-domain
effect (Colwell and Lees 2002).

Some observed patterns of diversity may be artifacts of specific research
methodologies (Lomolino 2001). Sampling regime and decreasing area with greater
elevation may bias the results of studies. Terborgh (1977), Rahbek (1995), and
Nogues-Bravo et al. (2008) found that the relationship of species richness to elevation
changes from a monotonic decline with increasing elevation to a hump shaped

relationship after controlling for sampling regime and land area. Incomplete or



unequal sampling of elevation gradients may also bias results, as may latitudinal and
seasonal influences (McCoy 1990; Lomolino 2001; Nogues-Bravo et al. 2008).
However, insects and other organisms in tropical areas may have narrower
physiological tolerances and thus narrower elevational ranges than their counterparts
in temperate areas (Larsen et al. 2011).

Concerning land-use regimes, anthropogenic modifications exert a generally
negative impact on biodiversity (Schulze et al. 2004; Morris 2010; Tscharntke et al.
2010, 2012). Modifications such as the clearance and use of land for charcoal,
agriculture, roads, or towns eliminate, fragment, and in other ways degrade habitats.
Such land-use changes create habitats that may be too small or otherwise too
degraded for the survival of some species, and too disconnected to permit travel to
suitable habitat fragments by less mobile species (Morris 2010; Tscharntke et al.
2010). The consequent loss of biodiversity, however, is frequently not linear.
Different taxa respond in diverse and often variable ways to land-use changes, and
both the spatial and temporal dimensions of biodiversity decline may be nonlinear
(Schulze et al. 2004; Morris 2010; Kambach et al. 2013). Indeed, there may be
substantial time delays in the loss of biodiversity, even if a particular habitat does not
undergo further degradation (Krauss et al. 2010). Krauss et al. (2010) found that past
landscapes are the best predictors of current habitat-specialized plant species richness
in European grassland patches. Butterfly richness, however, was best predicted by
current landscape area, demonstrating that short-lived organisms tend to respond

much more quickly to habitat loss than do long-lived organisms.



B. Insect morphology

Research documents variation in adult insect body size with elevation, and
suggests that such variation is adaptive (Hodkinson 2005; Dillon et al. 2006;
Teuscher et al. 2009; Gaston & Chown 2013). For example, insect body size is
related to basic morphological and physiological characteristics, and thus to adaptive
capacities such as resistance to starvation and dessication, mating and fecundity,
transport capacities and costs, and predation intensity (Gaston & Chown 2013). The
subject of body size, then, is integral to insect biodiversity. The patterns of body-size
variation, however, are diverse and their underlying mechanisms are unclear. Some
insects display linear or curvilinear increases in adult size with greater elevation,
while others display linear or curvilinear decreases or display no clear pattern at all.
Given this wide variety of patterns, there are few empirical or theoretical generalities
concerning adult insect size and elevation (Dillon et al. 2006; Teuscher et al. 2009;
Chown & Gaston 2010; Shelomi 2012; Gaston & Chown 2013).

The principal factors affecting the relationship of adult insect body size to
elevation are temperature, seasonality, and resource availability (Hodkinson 2005;
Dillon et al. 2006; Chown & Gaston 2010). Increased size is commonly attributed to a
negative association between developmental temperature and morphological size
where resources are not a limiting factor. Decreased size, on the other hand, is
commonly attributed to seasonal resource limitations (Hodkinson 2005).
Nevertheless, the ability to generalize from these explanations is quite limited, as the
size-altitude relationships of many insect species contradict predictions based on

these patterns (Hodkinson 2005; Dillon et al. 2006; Chown & Gaston 2010; Shelomi



2012). Research within a related area of insect morphology hypothesizes that
inconsistent taxa findings for leg length/body length ratio stem from a focus on
habitat rugosity to the neglect of other possible factors such as variations in diet,
foraging behavior, resource constraints, and social behavior (Chown and Parr 2004;
Teuscher et al. 2009). To my knowledge, studies have not yet addressed insect leg
length/body length ratio from the standpoint of elevation.

Inconsistent findings likewise characterize the sparse research literature on
anthropogenic land-use change and insect body size. For example, Kambach et al.
(2013) reported that the average body size of bees increases, but that of butterflies
and moths decreases, in forest sites of human-induced fire damage compared with
adjacent and other neighboring forest sites in the Bolivian Andes. Sukhodolskaya
(2014) documented a complexity of relationships between the body sizes of ground
beetles (P.melanarius) and conditions of anthropogenic land disturbance in Russia.
My literature search did not identify any studies on the relationship of insect leg
length/body length to land-use patterns.

Research questions

My study examines the following questions concerning the relationships of
Heteroptera species diversity and adult body measurements (length, width X length,
and leg length/body length) to elevational gradients and land-use regimes:

(1) Are the associations of Heteroptera species richness, abundance, and body
measurements with elevational gradients positive or negative?

a. Are the associations linear or non-linear (such as quadratic or

logarithmic)?



(2) Are the associations of Heteroptera species richness, abundance, and body
measurements with natural (versus disturbed) land-use sites positive or negative?
a. Isthere an interaction between land-use sites and elevation, such that
richness, abundance, and body measurements increase or decrease in

natural versus disturbed sites as elevation rises?



MATERIALS AND METHODS
Data collection

In this study I worked with Heteroptera specimens collected by S.W. Ferger of
the DFG Research Group Kilimanjaro, headed by Dr. Ingolf Steffan-Dewenter
(Department of Animal Ecology & Tropical Biology, University of Wirzburg). Data
collection was carried out using sweep nets at 60 different sites of 0.25 hectares on
the southeast slopes of Mt. Kilimanjaro (2°45'-3°25" S, 37°00'-37°43"). The sites were
equally distributed across an elevation range from 866m to 4550m above sea level.
The sampling was conducted between March 2011 and October 2012, once during the
warm dry season (December to March) and once during the cold dry season (July to
October). At each site specimens were collected along two parallel transects of 50m
by sweep netting. The transects were slowly walked, for a total of 100 sweeps with a
30-cm diameter sweep net per site and study period. Two x study periods x 100
sweeps = 200 sweeps per study site were conducted.

Thirty of the 60 sampling sites are classified as natural. The other 30 are
classified as disturbed, due to human interventions in the forms of home gardens,
maize fields, coffee plantations, grasslands, selectively logged Ocotea forests, and
fire disturbed Podocarpus forests (Classen et al. 2015). Mt. Kilimanjaro’s base (700-
1100m) is dominated by savanna vegetation. From 1100m to 1800m the vegetation
becomes submontane and lower montane forests. It subsequently transitions to
Ocotea forest (1800-2800m), Podocarpus forest (2800-3200m), Erica forest (3200-
4000m), and alpine Helichrysum shrub (4000-4600m). Large areas of savanna and

submontane forest have been cleared for agricultural use. Maize plantations are



common in areas that used to be savanna or agroforestry systems. Many areas that
once were submontane forest are now grasslands or have been converted into coffee
plantations (Peters et al. 2014; Classen et al. 2015).

Half of the 60 sites yielded one or more Heteroptera specimens. Twenty-one
(70%) of the natural sites and 9 (30%) of the disturbed sites yielded at least one
specimen. Specimens from disturbed sites were mainly located at lower elevations,
where the human land-use interventions occur. These specimens have a 32% shorter
elevational range (866-3060m, range=2193m) compared to those from natural sites
(960-4190m, range=3230m).

Members of the DFG Research Group Kilimanjaro placed the specimens in
killing jars and then placed the specimens in vials filled with 70% ethanol to preserve
them for later analysis. In the project’s lab at the University of Wirzburg, | measured
small adult specimens using the reticle of a dissecting microscope (length (mm) =
ocular units/magnification) or a ruler for specimens that were too large to measure
with the microscope reticle. | measured length to the nearest 0.1mm from the tip of
the head to the tip of the abdomen, and width at the widest point of the body. |
measured leg length for the hind tibia only. As the final step, | recorded each
measurement and the site where the specimen was collected.

There are differences in the number of observations between data sets. The
richness-abundance data refer to number of sampling sites, whereas the observations
of body measurements refer to number of specimens sampled. In addition, body
measurements could not be made on damaged specimens, which thereby resulted in a

narrower elevational range compared to that of richness-abundance.
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Statistical methodology

| used R statistical software (version 3.1.2 for Windows) to analyze the data.
In view of the pronounced right skewness of the count variables species richness and
species abundance, | analyzed their relationships to elevation and land use by
estimating two types of Generalized Linear Models (GLMs) for each dependent
variable, as alternatives to OLS models. The GLM types are negative-binomial
models (R {MASS} gim.nb) and Gamma models with log link (R {stats} gim).
Negative-binomial models are appropriate for count dependent variables, but tend to
perform most reliably with large sample sizes (Cameron and Trivedi 2013). Gamma
models with log link are appropriate for highly right skewed quantitative dependent
variables whose variance increases with larger values, and can accommodate smaller
sample sizes (Cameron and Trivedi 2013). While negative-binomial models may
represent the best functional fit for the study’s count dependent variables, the
relatively small sample size (n = 60) for species richness and species abundance casts
doubt on the precision of the estimates (Cameron and Trivedi 2013). Thus | estimated
Gamma models with a log link for comparison with the negative-binomial models.
Given questions about which type of model is most appropriate to analyze species
richness and species abundance, | estimated robust standard errors, which provide the
most conservative estimates of standard errors and statistical significance (Cameron
and Trivedi 2013). Both the negative-binomial and Gamma models yielded results
that were more conservative (i.e. less likely to be statistically significant) than
exploratory OLS models with a log transformation of the dependent variable. By this

criterion the negative-binomial and Gamma models were preferable to the OLS
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models. The diagnostics for the negative-binomial and Gamma models also displayed
more satisfactory model fit than the diagnostics for the OLS models.

Gamma models with robust standard errors are additionally appropriate for
estimating the relationships of the body measurements to elevation and land use. |
estimated the Gamma models (R {stats} glm) with a log link due to the right-skewed
dependent variables.

For each of the study’s dependent variables I estimated a series of models,
some of which are nested. The first model of each series examines the dependent
variable’s linear relationship to elevation, without adjusting for land use. The second
model includes elevation and the binary categorical variable natural versus disturbed
land use. The third model addresses possible curvilinearity by including elevation as a
logarithmic function, together with land use. The fourth model addresses another
form of possible curvilinearity by expressing elevation as a quadratic function, while
continuing to include land use. The fifth, and final, model tests for a possible
interaction effect of elevation with land use on the dependent variable. The model
diagnostics include Akaike Information Criterion (AIC) scores as an indicator of
comparative model fit within a series of models that need not be nested. The lower
the AIC score, the more comparatively plausible a model is within a series (Burnham
and Anderson 2002)

The models do not include other predictors pertinent to elevational
relationships such as land area, temperature, precipitation, and vegetation. These are
potentially lurking variables that must be considered in the interpretation of the

statistical results (Hansen & Rotella 1999; Peters et al. 2014; Classen et al. 2015;
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Leingartner et al. 2015). Another possible limitation is that the elevational range of
disturbed sites is roughly one-third narrower than that of natural sites, although each
land-use category includes 30 sampling sites. The diagnostics for the body-
measurement models were generally acceptable, including that there were no
statistically influential outliers. The diagnostics suggest, however, that signs of non-
constant variance, particularly for most of the leg length/body length models, might

be reduced if the potentially lurking variables could be incorporated into the models.
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RESULTS
The association between Heteroptera species richness and abundance is linear
and strongly positive (r = .94, 95% CI [0.90, 0.96], P < .001; Table 1). The bivariate
associations of both richness and abundance with elevation are negative and either
approximately linear or slightly concave curvilinear, but are not statistically
significant (Fig. 1a, 1b; Table 1). Richness and abundance are greater on average, at

statistical significance, in natural than disturbed sites (Fig. 2a, 2b).
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Table 1. Descriptive statistics of Mt. Kilimanjaro elevation (m), Heteroptera species richness, and
Heteroptera species abundance for all sampling sites. N=number of sampling sites; range indicated by
minimum and maximum (Min and Max).

N Mean St. Dev. Min Max
elevation (m) 60 2,215.88 1,044.18 866 4,550
species richness 60 1.50 211 0 8
species abundance 60 2.53 378 0 16
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Figure 1a. The linear and loess smoother relationships of Mt. Kilimanjaro Heteroptera species
richness to elevation (m) with 95% confidence intervals. Symbols indicate sampling sites and
their land-use types: diamond = disturbed site (n = 30), triangle = natural natural site (n = 30).
The Y-axis indicates the amount of species richness per site (0-8). The linear relationship
represents a non-statistically significant negative association between species richness and
elevation (r = -.239, 95% CI [-0.47, 0.02], P = .066). The possible curvilinear relationship
indicated by the loess smoother is also a non-statistically significant negative association
(Kendall rank tau = -0.133, z = -1.36, P = .173).
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Figure 1b. The linear and loess smoother relationships of Mt. Kilimanjaro Heteroptera
species abundance to elevation (m) with 95% confidence intervals. Symbols indicate
sampling sites and their land-use types: diamond = disturbed site (n = 30), triangle = natural
site (n = 30). The Y-axis indicates the amount of species abundance per site (0-16). The linear
relationship represents a non-statistically significant negative association between species
abundance and elevation (r = -.217, 95% CI [-0.45, 0.04], P = .096). The possible curvilinear
relationship displayed by the loess smoother is also a non-statistically significant association
(Kendall rank tau = -0.11, z = -1.14, P = .254).
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Heteroptera species richness

elevation

Disburbed wvs Matural * Disturbed & Natural

Figure 2a. The linear relationships of Mt. Kilimanjaro Heteroptera species richness to
elevation (m) and land use with 95% confidence intervals. Symbols indicate sampling sites
and their land-use types: diamond = disturbed site (n = 30), triangle = natural site (n = 30).
The Y-axis indicates the amount of species richness per sampling site (0-8). Scatterplot lines
also indicate types of land use: starting at lowest elevation, upper = natural sites, lower =
disturbed sites. There is significantly more richness in natural than disturbed sites. Two-
sample t-test: mean richess in natural sites = 2.07; mean richness in disturbed sites = 0.93;
95% CI [-2.194, -0.072]; t = -2.14, df = 54.3, P = .037. The descriptive relationship of
richness to elevation is approximately constant for disturbed sites but negative for natural
sites.
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Disburbed vs Matural * Disturbed #® Natural

Figure 2b. The linear relationships of Mt. Kilimanjaro Heteroptera species abundance to
elevation (m) and land use with 95% confidence intervals. Symbols indicate sampling sites
and their land-use types: diamond = disturbed site (n = 30), triangle = natural site (n = 30).
Scatterplot lines also indicate types of land use: starting at lowest elevation, upper = natural
sites, lower = disturbed sites. The Y-axis indicates the amount of species abundance per
sampling site (0-16). There is significantly more abundance in natural than disturbed sites.
Two-sample t-test: mean abundance in natural sites = 3.60; mean abundance in disturbed sites
= 1.47; 95% ClI [-4.034, -0.233]; t = -2.26, df = 47.5, P = .029. The descriptive relationship of
abundance to elevation is approximately constant for disturbed sites but negative for natural
sites.
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The regression models for adult body measurements examine body length,
body width X length, and leg length/body length (Table 2). The bivariate associations
of body length and body width X length with elevation are significantly negative and
either are approximately linear or are concave curvilinear to varying degrees (Fig. 3a,
3b; Table 2). The bivariate association of leg length/body length with elevation is
different from that of the other body measurements. Its linear relationship with
elevation is positive but is not statistically significant, while its convex curvilinear

relationship is positive and significant (Fig. 3c; Table 2).
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Table 2. Descriptive statistics of Mt. Kilimanjaro elevation (m) and Heteroptera adult body
measurements (mm) for undamaged specimens sampled. The number of observations differs from
that reported for the data on Heteroptera species richness and abundance because the number of
observations in the latter data refers to the number of sampling sites (n = 60) rather than to number of
adult Heteroptera undamaged specimens as indicated in this table. The number of observations varies
due to damaged specimens for which specific body measurements could not be made. The elevation
range differs from that of the data for richness and abundance because these body measurement data
exclude sampling sites at which no specimens were collected.

N Mean St. Dev. Min Max
elevation (m) 152 1,883.00 955.00 871 4,190
body length (mm) 143 5.25 3.67 1.95 19.00
body width (mm) 145 1.72 0.74 0.80 6.42
leg length (mm) 123 3.12 2.35 0.20 10.90
body width X body length (mm?) 143 9.90 9.92 1.66 73.80
leg length (mm)/body length (mm) 121 0.57 0.22 0.07 1.09
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Figure 3a. The linear and loess smoother relationships of Mt. Kilimanjaro adult Heteroptera
body length (mm) to elevation (m) with 95% confidence intervals. Symbols indicate sampling
sites and their types of land use: diamond = disturbed site (n = 30), triangle = natural site (n =
30). The Y-axis indicates body length (mm) of sampled and undamaged adult specimens (n =
143). The linear relationship represents a statistically significant negative association between
body length and elevation (r = -.459, 95% CI [-.581, -.316], P <.001). The possible
curvilinear relationship indicated by the loess smoother also represents a statistically
significant negative association (Kendall rank tau = -0.396, z = -6.72, P < .001).
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Figure 3b. The linear and loess smoother relationships of Mt. Kilimanjaro adult Heteroptera
body width X length (mm2) to elevation (m) with 95% confidence intervals. Symbols
indicate types of land use: diamond = disturbed sites, triangle = natural sites. The Y-axis
indicates body width X length (mm?) of sampled and undamaged adult specimens (n = 143).
The linear relationship represents a statistically significant negative association between body
width X length and elevation (r = -.441, 95% CI [-.566, -.296], P < .001). The possible
curvilinear relationship indicated by the loess smoother also represents a statistically
significant negative association (Kendall rank tau = -0.406, z = -6.92, P < .001).
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Figure 3c. The linear and loess smoother relationships of Mt. Kilimanjaro adult Heteroptera
leg length (mm)/body length (mm) to elevation (m) with 95% confidence intervals (n = 121).
Symbols indicate types of land use: diamond = disturbed site, triangle = natural sites. The Y-
axis indicates the leg length (mm)/body length (mm) ratio of sampled and undamaged adult
specimens (n = 121). The linear relationship represents a non-statistically significant positive
association between leg length/body length and elevation (r = .080, 95% CI [-.102, .257], P =
.387). The possible curvilinear relationship indicated by the loess smoother represents a
statistically significant positive association (Kendall rank tau = 0.157, z = 2.46, P = .014).

24



Body length is significantly greater on average in natural than disturbed sites
(Fig. 4a). The greater magnitude of body width X length in natural than disturbed
sites is not statistically significant (Fig. 4b). Contrasting with the other body
measurements, leg length/body length is significantly greater on average in disturbed
than natural sites (Fig. 4c). In addition, leg length/body length is the only body
measurement to display a descriptively positive relationship with elevation for

disturbed sites (Fig. 4c).
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Figure 4a. The linear relationships of Mt. Kilimanjaro Heteroptera adult body length (mm) to
elevation (m) and land use with 95% confidence intervals (n = 143). Symbols indicate types
of land use: diamond = disturbed site, triangle = natural site. Scatterplot lines also indicate
types of land use: starting at lowest elevation, upper = natural sites, lower = disturbed sites.
Body length is not greater in natural than disturbed sites according to statistical significance
in the parametric two-sample t-test (mean natural = 5.62mm, mean disturbed = 4.59mm; two-
sample t-test (t = 1.52, df = 75, P =.134), but is significantly greater according to the non-
parametric Wilcoxon-Mann-Whitney U-test (W = 1422, P = .010). The descriptive
relationship of body length to elevation declines somewhat more steeply for disturbed than
natural sites.
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Figure 4b. The linear relationships of Mt. Kilimanjaro Heteroptera adult body width X body
length (mm2) to elevation (m) and land use with 95% confidence intervals (n = 143).
Symbols indicate types of land use: diamond = disturbed site, triangle = natural site.
Scatterplot lines also indicate types of land use: starting at lowest elevation, upper = natural
sites, lower = disturbed sites. Body width X length is descriptively greater in natural than
disturbed sites, but this pattern is not statistically significant according to both the parametric
t-test and the non-parametric Wilcoxon-Mann-Whitney U-test (mean natural = 10.70mm?,
mean disturbed = 8.55m?; t = 1.32, df =99.8, P =.189; W = 1756, P = .297). The descriptive
relationship of body width X length to elevation declines somewhat more steeply for
disturbed than natural sites.
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Figure 4c. The linear relationships of Mt. Kilimanjaro Heteroptera adult leg length
(mm)/body length (mm) to elevation (m) and land use with 95% confidence intervals (n =
121). Symbols indicate types of land use: diamond = disturbed site, triangle = natural site.
Scatterplot lines also indicate types of land use: starting at lowest elevation, upper = disturbed
sites, lower = natural sites (which is different from the pattern displayed in the previous body
measurement scatterplots). By contrast with the other body measurements, leg length/body
length is significantly greater in disturbed than natural sites according to both the parametric
two-sample t-test and the non-parametric Wilcoxon-Mann-Whitney U test (mean disturbed =
0.639, mean natural = 0.540; t = 2.42, df = 77.3, P =.017; W = 1860, P = .017). In further
contrast with the other body measurements, the descriptive relationship of leg length/body
length to elevation rises more steeply in disturbed than natural sites.
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In summary, Heteroptera species richness and abundance display a strongly
positive correlation with each other, but neither correlates with elevation at statistical
significance. Both richness and abundance, however, are significantly greater on
average in natural than disturbed sites. Body length and width X length display
approximately linear or somewhat concave, significantly negative associations with
elevation. Leg length/body length ratio deviates from the pattern of the other body
measurements: its relationship with elevation is either approximately linear or
convex, and is significantly positive. Body length is significantly greater on average
in natural than disturbed sites, while body width X length is no different in natural
than disturbed sites. Leg length/body length is significantly greater on average in
disturbed than natural sites.

Turning to the regression models, elevation’s relationship to Heteroptera
species richness is negative in model 1’s GLM Gamma and negative-binomial
versions (P <.05), which do not adjust for land use (Tables 3 and 4). The relationship
remains negative in both versions of model 2 (P <.05), which do adjust for land use.
According to model 2, species richness is greater in natural than disturbed sites (P
<.05). Models 3 and 4 explore different forms of possible curvilinearity in the
relationship of Heteroptera species richness to elevation, holding land use constant
(Tables 3 and 4). Elevation’s logarithmic relationship to species richness is negative
(P <.05) in the two variations of model 3. Species richness is greater in natural than
disturbed sites (P < .05) according to the Gamma model, holding elevation constant,
but the negative-binomial model’s finding is not statistically significant. Elevation’s

quadratic relationship to species richness is not statistically significant in both types
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of model 4. The models continue to show, however, that species richness is
significantly greater in natural than disturbed sites (Gamma, P < .001; negative-

binomial, P < .05), holding elevation constant.

30



Table 3. Mt. Kilimanjaro Heteroptera species richness: GLM-Gamma models (log link) with robust
standard errors. The column numbers refer to models. The Akaike Information Criterion (lowest
score) indicates that model 5 is the most plausible model by a considerable margin: species richness
declines more in natural than disturbed sites with rising elevation. This finding reflects the fact that
species richness is greater in natural than disturbed sites at the lowest elevation sampled but then
decreases as elevation increases, whereas species richness remains constant in disturbed sites as

elevation increases (Fig. 2a).

Heteroptera species richness

(1) (2 (3) 4) ®)
elevation (m) -0.0002" -0.0003™ 0.0001 0.0001
(0.0001)  (0.0001) (0.001) (0.0002)
log elevation (m) -0.525"
(0.225)
elevation (m)>2 -0.00000
(0.00000)
natural vs disturbed sites 0.593" 0.532" 0.657™ 1.580™"
(0.260)  (0.265) (0.240) (0.426)
elevation (m) X natural vs "
disturbed sites -0.0005
(0.0002)
Constant 1.340™ 1.180™" 4.580™ 0.770 0.474
(0.242) (0.191) (1.580) (0.501) (0.368)
Observations 60 60 60 60 60
Log Likelihood -107.000 -102.000 -103.000 -102.000 -99.100
Akaike Inf. Crit. 219.000 210.000 211.000 211.000 206.000

Kok

"p<.05; p< .01; ""p< .001 (two-tailed)
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Table 4. Mt. Kilimanjaro Heteroptera species richness: Negative-binomial models with robust
standard errors. The column numbers refer to models. The Akaike Informational Criterion (lowest
score) indicates that model 5 is the most plausible model in the series: species richness is greater on
average in natural than disturbed sites, adjusting for elevation (Fig. 2a).

Heteroptera species richness

1) 2 (3) (4) (5)
elevation (m) -0.0004" -0.0005" 0.0003 0.0002
(0.0002)  (0.0002) (0.001) (0.0004)
log elevation (m) -0.849"
(0.394)
elevation (m)? -0.00000
(0.00000)
natural vs disturbed sites 0.994" 0.901 1.100" 2.600™
(0.487) (0.499) (0.454) (0.835)
elevation (m) X natural vs
disturbed sites -0.001
(0.0005)
Constant 1.120™ 0.762" 6.250" -0.008 -0.452
(0.392) (0.341) (2.690) (0.882) (0.771)
Observations 60 60 60 60 60
Log Likelihood -99.100 -95.800 -96.300 -95.500 -94.200
0.659™ 0.917" 0.887" * 1.080"
theta (0.224) ©0373)  (0.357) 9915 (0364) 547y
Akaike Inf. Crit. 202.000 198.000 199.000 199.000 196.000
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Model 5 tests for a possible interaction effect of elevation with land use. The
interaction’s coefficient is negative in the Gamma model (P < .05; Table 3). That is,
according to this model, which the AIC scores indicate is the most plausible in the
Gamma series, species richness decreases more in natural than disturbed sites as
elevation increases. This finding reflects a downward slope in species richness for
natural sites with rising elevation versus a constant relationship for disturbed sites
(Fig. 1b). The negative-binomial version of model 5, which is the most plausible in its
series, does not detect an interaction effect (Table 4). The model finds only that
species richness is greater in natural than disturbed sites (P <.01), controlling for
elevation.

To summarize, the best-fitting GLM Gamma model shows that elevation and
land use negatively interact, with species richness decreasing in natural versus
disturbed sites as elevation rises. This occurs as richness remains constant in
disturbed sites, while sloping downward from a higher starting point for natural sites
(Fig. 1b). The GLM negative-binomial models differ principally in not confirming an
interaction between elevation and land use. Like the Gamma models, the negative-
binomial models generally display greater richness on average in natural than
disturbed sites and negative relationships of richness to elevation. Richness is
descriptively greater in natural than disturbed sites until about 2250m, where the
levels of richness converge (Fig. 1b).

Regarding Heteroptera species abundance, the Gamma and negative-binomial

models display basically equivalent results (Tables 5 and 6). These results are similar
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to those of species richness with one notable difference: there is no significant
interaction between elevation and land use for species abundance. The models with
the lowest AIC scores (Gamma model 5, negative-binomial model 2) find that
abundance is greater in natural than disturbed sites, correcting for elevation. The best-
fitting negative-binomial model also documents a negative linear relationship of
elevation with abundance, correcting for land use. As with richness, abundance is
descriptively greater in natural than disturbed sites until approximately 2250m, where

the levels equalize (Fig. 2b).
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Table 5. Mt. Kilimanjaro Heteroptera species abundance: GLM-Gamma models (log link) with robust
standard errors. The column numbers refer to models. The Akaike Information Criterion (lowest score)
indicates that model 5 is the most plausible model in the series: species abundance is greater in natural
than disturbed sites, adjusting for elevation. Model 2 is the second most plausible model: species
abundance is greater on average in natural than disturbed sites, adjusting for elevation, while species
abundance declines linearly with rising elevation, adjusting for land use (Fig. 2b).

Heteroptera species abundance

(1) 2 (3) (4) 5)
elevation (m) -0.0002 -0.0003™ 0.0002 0.0001
(0.0001)  (0.0001) (0.001) (0.0003)
log elevation (m) -0.618"
(0.244)
elevation (m)? -0.00000
(0.00000)
natural vs disturbed sites 0.777" 0.700" 0.861™ 1.760™
(0.289)  (0.292) (0.277) (0.556)
elevation (m) X natural vs
disturbed sites -0.0005
(0.0003)
Constant 1.740" 1.510™ 5.510™ 0.997 0.807
(0.298) (0.247)  (1.760) (0.627) (0.484)
Observations 60 60 60 60 60
Log Likelihood -134.000 -128.000 -129.000 -128.000 -126.000
Akaike Inf. Crit. 272.000 262.000 263.000 263.000 261.000

“p< .05; "p< .01; ""p< .001 (two-tailed)
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Table 6. Mt. Kilimanjaro Heteroptera species abundance: Negative-binomial models with robust
standard errors. The column numbers refer to models. The Akaike Information Criterion (lowest score)
indicates that model 2 is the most plausible model in the series: species abundance is greater on
average in natural than disturbed sites, adjusting for elevation, while species abundance declines
linearly with rising elevation, adjusting for land use (Fig. 2b). Following closely behind model 2 are
models 3 and 5. According to model 3, species abundance declines as a logarithmic function of
elevation, adjusting for land use, while species abundance is greater on average in natural than
disturbed sites, adjusting for log(elevation). According to model 5, species abundance is greater on
average in natural than disturbed sites, adjusting for elevation.

Heteroptera species abundance

1) (2 3 4) ®)
elevation (m) -0.0003 -0.0005™ 0.0004 0.0001
(0.0002)  (0.0002) (0.001) (0.0004)
log elevation (m) -0.832"
(0.363)
elevation (m)? -0.00000
(0.00000)
natural vs disturbed sites 1.090" 0.978" 1.230™ 2.410™

(0.453) (0.459) (0.425) (0.896)
elevation (m) X natural vs

disturbed sites -0.001
(0.0004)
Constant 1.610" 1.220™ 6.590" 0.307 0.210
(0.406) (0.374) (2.560) (0.940) (0.824)
Observations 60 60 60 60 60
Log Likelihood -120.000  -117.000  -117.000 -116.000 -116.000

0407  0500™  0.488™  0507™"  0.528"
(0.111) (0.148) (0.144) (0.150) (0.160)

Akaike Inf. Crit. 243.000 239.000 240.000 241.000 240.000

theta

“p<0.05; “p<0.01; ""p<0.001 (two-tailed)
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In summary, the most general findings for Heteroptera species richness and
abundance are that they are greater in natural than disturbed sites, holding elevation
constant, and that they decline as a linear function of elevation, holding land use
constant. A Gamma model, but not a negative-binomial model, detects a negative
interaction of elevation and land use in regard to species richness, with richness
declining in natural versus disturbed sites as elevation increases. This is due to a
decreasing magnitude of species richness in natural sites with rising elevation,
relative to an unchanging magnitude in disturbed sites. There is no such interaction
for species abundance.

Only GLM Gamma models are estimated for adult Heteroptera body
measurements. The relationship of Heteroptera body length to elevation is negative in
model 1 (P <.001), which does not adjust for land use (Table 7). The negative
relationship persists in model 2 (P <.001), which does adjust for land use. Body
length is greater in natural than disturbed sites (P < .05), controlling for elevation.
Models 3 and 4 address different forms of possible curvilinearity in body length’s
relationship to elevation. Elevation’s logarithmic relationship to body length is
negative in model 3 (P <.001), while its quadratic relationship to body length is
positive in model 4 (P <.001), which according to the AIC scores is the most
plausible model. Land use, which tests significant in model 2, becomes statistically
non-significant in models 3 and 4. Model 5 detects a positive interaction between
elevation and land use (P < .05). That is, with every meter increase in elevation, body

length remains greater in natural than disturbed sites, even as body length trends
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downward in both land-use categories (Fig. 4a). This downward trend is less

pronounced in natural than disturbed sites.
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Table 7. Mt. Kilimanjaro Heteroptera adult body length: GLM Gamma models (log link) with robust
standard errors. The column numbers refer to models. According to the Akaike Information Criterion
(lowest score), model 4 is the most plausible model in the series: body length increases as a quadratic
function of elevation, adjusting for land use (Figs. 3a, 4a).

Heteroptera adult body length (mm)

1) (2 3) 4) )
elevation (m) -0.0003™  -0.0003™" -0.001™" -0.001™"
(0.00005) (0.00004) (0.0002) (0.0001)
log elevation (m) -0.692™"
(0.080)
elevation (m)? 0.00000™
(0.00000)
natural vs disturbed sites 0.246" 0.176 0.126 -0.334
(0.112) (0.110) (0.114) (0.362)
elevation X natural vs *
disturbed sites 0.0003
(0.0002)
Constant 2.250™" 2.090™" 6.630™" 2.830™" 2.610™"
(0.117) (0.148) (0.634) (0.248) (0.342)
Observations 139 139 139 139 139
Log Likelihood -304.000 -300.000 -295.000 -293.000 -297.000
Akaike Inf. Crit. 613.000 607.000 597.000 594.000 603.000

*kk

"p<.05; “p< .01; ""p< .001 (two-tailed)

Body width X length decreases as either a linear or logarithmic function of
elevation in all of the models (P < .001), whether or not they control for land use
(Table 8). The AIC scores point to model 3, in which width X length decreases as a
logarithmic function of elevation, as the best-fitting model. According to model 2,
body width X length is greater in natural than disturbed sites (P < .05), controlling for
elevation, but land use becomes statistically non-significant in models 3 and 4. The
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interaction of land use with elevation tests positive in model 5 (P <.05). Thus, body
width X length is greater in natural than disturbed sites as elevation rises. Body width
X length appears to diminish incrementally in natural sites with rising elevation,

while on average remaining greater than in disturbed sites, where it does not vary by

elevation (Fig. 4b).
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Table 8. Mt. Kilimanjaro Heteroptera adult body width X length (mm2): GLM Gamma models (log
link) with robust standard errors. The column numbers refer to models. The Akaike Information
Criterion (lowest score) indicates that model 3 is the most plausible model in the series: body width X
length decreases as a logarithmic function of elevation, adjusting for land use (Fig. 3b). The second
most plausible model is model 5: body width X length is greater on average in natural than disturbed
sites with rising elevation (Fig. 4b).

Heteroptera adult body width X length (mm?)

1) 2 (3) 4 5)
elevation -0.0005™  -0.001"" -0.001™ -0.001™"
(0.0001)  (0.0001) (0.0003)  (0.0002)
log elevation (m) -0.991™"
(0.124)
elevation (m)? 0.00000
(0.00000)
natural vs disturbed sites 0.276" 0.179 0.195 -0.391
(0.134)  (0.132) (0.153) (0.403)
elevation (m) X natural vs -
disturbed sites 0.0004
(0.0002)
Constant 3.140™ 2.970™ 9.430™" 3.500"" 3.570™
(0.153) (0.173) (0.952) (0.409) (0.368)
Observations 139 139 139 139 139
Log Likelihood -417.000 -414.000 -412.000 -412.000 -412.000
Akaike Inf. Crit. 838.000 835.000 830.000 833.000 832.000

*okk

“p< .05; "p<.01; ""p< .001 (two-tailed)

Leg length/body length ratio is the only body measurement to correlate
positively with elevation and to be greater on average in disturbed than natural sites
(Fig. 4c). Concerning the regression results, elevation’s logarithmic relationship to
leg length/body length is positive in model 3, adjusting for land use (Table 9).
However, the AIC scores clearly support model 4, in which elevation’s quadratic

41



relationship to leg length/body length is negative (P < .001). Land use is significant
only in model 2 (P <.01) and model 3 (P < .05), which correct for elevation as either
a linear or logarithmic function. The coefficients for land use are negative, as,
according to models 2 and 3, leg length/body length is greater in disturbed than
natural sites. There is no interaction effect of land use and elevation for leg

length/body length.

42



Table 9. Mt. Kilimanjaro adult Heteroptera leg length (mm)/body length (mm): GLM Gamma models
(log link) with robust standard errors. The column numbers refer to models. The Akaike Information
Criterion (lowest score) indicates that model 4 is the most plausible model in the series: length length/
body length ratio decreases as a quadratic function of elevation, adjusting for land use (Fig. 3c).

Heteroptera leg length (mm)/body length (mm)

1) 2) 3 4) ©)
elevation (m) 0.00004 0.00004 0.001™" 0.0001
(0.00004)  (0.00004) (0.0002) (0.0001)
log elevation (m) 0.153"
(0.073)
elevation (m)? -0.00000""
(0.00000)
natural vs disturbed sites -0.173" -0.163" -0.021 -0.012
(0.067)  (0.067) (0.071) (0.203)
elevation (m) X natural vs
disturbed sites -0.0001
(0.0001)
Constant -0.637™" -0.529™" -1.590™ -1.470™" -0.672™"
(0.076) (0.085)  (0.545) (0.190) (0.185)
Observations 118 118 118 118 118
Log Likelihood 10.800 13.200 14.600 26.100 13.400
Akaike Inf. Crit. -17.700 -20.300 -23.200 -44.100 -18.800
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Summing up, the most plausible model for body length finds that it increases
as a quadratic function of elevation, controlling for land use. Body width X length
decreases as a logarithmic function of elevation, while leg length/body length
decreases as a quadratic function. Non-linear elevational relationships are the
principal predictors of body measurements. As secondary findings, body length and
width X length are greater in natural than disturbed sites with rising elevation, even as
their trajectories are downward (Figs. 4a, 4b). Leg length/body length is greater in

disturbed than natural sites (Fig. 4c).
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DISCUSSION

This study examined Heteroptera species richness, abundance, and adult body
measurements in relation to elevational gradients and land-use regimes on Mt.
Kilimanjaro. Species richness and abundance did not correlate significantly with
elevation. According to regression models, however, species richness and abundance
decreased with rising elevation, controlling for land-use regime. This decrease was
linear in the best-fitting models but was significantly logarithmic in another model.
The linear finding is consistent with the temperature limitation and the metabolic
theory of ecology, both of which predict a linear decline in richness due to decreasing
temperature (Clarke and Gaston 2006; McCain 2007; Sanders et al. 2007). The
logarithmic finding suggests that factors besides temperature influence Heteroptera
richness and abundance patterns. The study did not directly examine the effects of
climate, resource constraints, and land area on species richness and abundance.
Controlling for these factors could potentially change the relationships of richness
and abundance to elevation, as well as to land-use regimes.

Heteroptera species richness and abundance were significantly greater in
natural sites than disturbed sites, whether or not controlling for elevation. By contrast,
Classen et al. (2015) reported that land-use regimes on Mt. Kilimanjaro did not
significantly affect bee species richness. They attributed the absence of this effect to
the moderate degree of human land-use interventions on Mt. Kilimanjaro. The
dominant agricultural system on Mt. Kilimanjaro is small-scale subsistence farming,
which maintains high levels of semi-natural areas in and around crop fields. Peters et

al. (2014), nonetheless, found that ant species richness on Mt. Kilimanjaro declines
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linearly with greater elevation for natural sites, while displaying a mid-elevation peak
for disturbed sites. They concluded that this difference is due to resource constraints
that vary with elevational changes in land use. My study’s findings reinforce the
literature on taxa-specific insect responses to both elevation and disturbance by
human activity (Schulze et al. 2004; Hodkinson 2005; Morris 2010; Larsen et al.
2011; Tscharntke et al. 2012; Sundqyvist et al. 2013).

My study additionally explored the interaction of elevation with land-use
regimes in regard to species richness and abundance. The interaction tested
significant only in one GLM-Gamma model for richness. In this case, richness
declined in natural relative to disturbed sites with rising elevation. This is because
species richness is comparatively low in disturbed sites, where the relationship
between richness and elevation is constant. The finding of the interaction suggests
that resource constraints in disturbed sites regardless of elevation, and in natural sites
with rising elevation, may limit Heteroptera diversity on Mt. Kilimanjaro. Future
research should examine the relative importance of temperature and resource
constraints for Heteroptera on Mt. Kilimanjaro.

Bivariate associations displayed negative relationships of adult body length
and body width X length with elevation, but found an increase for leg length/body
length. The associations also confirmed that body length was greater in natural than
disturbed sites, but found that body width X length did not vary between land-use
types and that leg length/body length was greater in disturbed than natural sites. For
the regression models, the AIC model-selection criterion principally indicated a

quadratic increase in body length with rising elevation, adjusting for land use. There
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was a logarithmic decrease for body width X length, together with a quadratic
decrease for leg length/body length. The AIC criterion secondarily indicated two
positive interaction effects, as body length and width X length increased in natural
versus disturbed sites with rising elevation. These positive interactions point toward
the possibility of greater resource availability in natural than disturbed sites.

The results for body measurements should be interpreted within the
literature’s emphasis on taxa-specific associations of insect body measurements with
elevation (Hodkinson 2005; Dillon et al. 2006; Chown and Gaston 2010; Gaston and
Chown 2013) and with land use (Kambach et al. 2013; Sukhodolskaya 2014). That is,
research does not find consistent taxa-specific patterns in this relationship. To my
knowledge, my study’s results represent a first step in exploring the relationship of
insect leg length/body length to elevation as well as land-use regime (Chown and Parr
2004; Teuscher et al. 2009). Future studies on the relationship of body measurements
to elevation and land-use regime on Mt. Kilimanjaro might examine the results
comparatively by species. Studies might also explore the relationship by testing the
hypotheses presented by Chown and Gaston (2010) and Gaston and Chown (2013),

the most promising of which they regard as the combined resource allocation model.
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