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INTRODUCTION 
 
 Ecological specialists can be broadly defined as organisms that utilize a narrow range of 

resources, including habitat, shelter, and food (Costa et al. 2015, Moleon et al. 2009, Newbold 

and MacMahon 2009). Dietary specialization is characterized by a narrow range of preferred 

prey taxa, which are overrepresented in the diet relative to their availability (Ramakrishnan et 

al. 2018, Moleon et al. 2009, Newbold and MacMahon 2009, Marshall and Wrangham 2007). 

Specialist predators typically prefer prey which maximize foraging efficiency due to high 

nutritional quality (Marshall and Wrangham 2007) and reduced handling times (Beissinger 

1990). In many cases, specialized predators have highly modified morphologies which facilitate 

consumption of preferred prey (Lahti and Beck 2008, Beissinger 1990, Pianka and Parker 1975). 

However, extreme morphological and behavioral adaptations associated with dietary 

specialization may reduce a ǇǊŜŘŀǘƻǊǎΩ ŀōƛƭƛǘȅ ǘƻ ŜȄǇƭƻƛǘ ŀƭǘŜǊƴŀǘƛǾŜ ǇǊey, resulting in 

vulnerability to habitat alterations such as urbanization (Ramakrisnan et al. 2018, Costa et al. 

2015, Sol et al. 2013, Newbold and MacMahon 2009, Suarez and Case 2002, Beissinger 1990). 

Numerous studies of urban wildlife suggest that a spŜŎƛŜǎΩ ability to utilize novel sources of 

food is one of the strongest predictors of success in urban habitats (Sol et al. 2013).  

 Horned lizards (Phrynosoma spp.) are characterized by extensive morphological, 

behavioral, and ecological adaptations associated with an ant-based diet, including skull 

morphology and dentition which reduce handling time of ants (Meyers et al. 2006, Schwenk 

2000, Montanucci 1989), and the ability to detoxify ant venom (Schmidt et al. 1989) and resist 

ant stings (Sherbrooke et al. 2008, Sherbrooke 2003). Due to high exoskeleton chitin content, 

ants are difficult to digest and are an inefficient food source (Barker and Fitzpatrick 1998, 
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Redford and Dorea 1984). To accommodate large quantities of ants, horned lizards have 

exceptioƴŀƭƭȅ ƭŀǊƎŜ ǎǘƻƳŀŎƘǎ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜƛǊ ōƻŘȅ ǎƛȊŜΣ ǊŜǉǳƛǊƛƴƎ ǘƘŜ ƘƻǊƴŜŘ ƭƛȊŀǊŘΩǎ ŘƛǎǘƛƴŎǘ 

dorso-ventrally flattened body (Sherbrooke 2003, Pianka and Parker 1975, Pianka and Pianka 

1970). Horned lizards have additional adaptations associated with extended foraging periods, 

including highly variable body temperatures and highly cryptic coloration (Pianka and Parker 

1975). Similar characteristics are seen in the unrelated Australian thorny devil (Moloch 

horridus), suggesting these morphological traits are a product of convergent evolution for ant 

specialization (Sherbrooke 2003, Pianka and Parker 1975, Pianka and Pianka 1970). 

 Although broadly described as ant specialists, observational studies and prey preference 

experiments suggest that many horned lizard species selectively predate large-bodied ant 

species such as acrobat ants (Crematogaster spp.; Ramakrishnan et al. 2018), wood ants 

(Formica spp.; Newbold & MacMahon 2009), carpenter ants (Camponotus spp.; Newbold & 

MacMahon 2009, Lahti and Beck 2008), and especially harvester ants (Pogonomyrmex spp. and 

Messor spp.; Newbold and MacMahon 2009, Suarez et al. 2000, Lawrence-Powell and Russell 

1984, Rissing 1981). Evidence suggests that selective predation on harvester ants allows horned 

lizards to maximize foraging efficiency. Typically, large-bodied ant taxa account for 60-100% of 

ƘƻǊƴŜŘ ƭƛȊŀǊŘǎΩ ŘƛŜǘǎ όwŀƳŀƪǊƛǎƘƴŀƴ Ŝǘ ŀƭΦ нлмуΣ 9ƛƭŦŜǊ Ŝǘ ŀƭΦ нлмнΣ bŜǿōƻƭŘ ŀƴŘ aŀŎaŀƘƻƴ 

2009, Lahti and Beck 2008, Lemos-Espinal et al. 2004, Suarez et al. 2000, Blackshear and 

Richerson 1999, Whiting et al. 1993, Rissing 1981, Whitford and Bryant 1979). Specialization on 

such a narrow range of ant taxa is believed to make horned lizard species vulnerable to habitat 

alterations like pesticide use, urbanization, and the spread of invasive fire ants (Solenopsis 

invicta), which reduce the availability of harvester ants (Carpenter et al. 2014, Hammerson 



 
 

3 
  

2007, Suarez and Case 2002, Suarez et al. 2000, Donaldson et al. 1994, Carpenter et al. 1993, 

Price 1990). The suggested importance of harvester ant availability for the persistence of Texas 

horned lizards has often been supported by associations between the occurrence of horned 

lizards and harvester ants (Sullivan et al. 2014, McIntyre 2003, Fisher et al. 2002, Donaldson et 

al. 1994, Whiting et al. 1993, Rorabaugh et al. 1987, Whitford and Bryant 1979). Several studies 

suggest that horned lizards can opportunistically exploit smaller ant and arthropod prey when 

harvester ant availability is low (Ramakrishnan et al. 2018, Newbold and MacMahon 2009, 

Suarez et al. 2000). However, research with coast horned lizards (Phrynosoma coronatum) 

suggests that consumption of smaller ant species or other arthropods may not be suitable 

dietary replacements for harvester ants due to low abundance, inferior nutritional value, and 

increased handling costs (Suarez and Case 2002). Currently, the extent to which horned lizards 

can efficiently exploit alternative prey is unknown.   

 LŘŜƴǘƛŦȅƛƴƎ ƘƻǊƴŜŘ ƭƛȊŀǊŘǎΩ ŀōƛƭƛǘȅ ǘƻ ŜȄǇƭƻƛǘ ŀƭǘŜǊƴŀǘƛǾŜ ǇǊŜȅ Ƙŀǎ important implications 

for the conservation of several species, including the Texas horned lizard (Phrynosoma 

cornutum). Historically, the Texas horned lizard was found throughout Texas, Oklahoma, 

northern Mexico, and portions of Arizona, New Mexico, Colorado, and Kansas. Over the past 50 

years, this species has experienced widespread population declines, which have been 

attributed to collection for pet trade, urbanization, agriculture, and the spread of invasive fire 

ants (Carpenter et al. 2014, Eifler et al. 2012, Endriss et al. 2007, Donaldson et al. 1994, 

Carpenter et al. 1993, Price 1990). Texas horned lizards are currently classified as threatened in 

the state of Texas and are a species of special concern in Oklahoma due to these large-scale 

range declines. It is believed that reductions in harvester ant availability have played a key role 



 
 

4 
  

in the decline of Texas horned lizards (Carpenter et al. 2014, Eifler et al. 2012, Endriss et al. 

2007, Donaldson et al. 1994, Carpenter et al. 1993, Price 1990). Although numerous studies 

have documented opportunistic consumption of other prey by Texas horned lizards, including 

beetles (Cohen and Cohen 1990), velvet ants (Manley and Sherbrooke 2001), alate termites 

(Bott et al. 2001), orthopterans (Milstead and Tinkle 1969), and bees (Winton 1916), there are 

few documented populations of Texas horned lizards which are sustained by low frequencies of 

harvester ants. In central Oklahoma, Texas horned lizards in an urban reserve rely primarily on 

acrobat ants (Ramakrishnan et al. 2018), suggesting Texas horned lizards can exploit alternative 

arthropods in place of harvester ants. Although harvester ants are considered άessentialέ for 

the persistence of Texas horned lizards, no study has definitively demonstrated that Texas 

horned lizards are harvester ant specialists. Accurately assessing the extent of dietary 

specialization in Texas horned lizards is essential for accurately identifying the factors which are 

contributing to the decline of this species.  

Historically, diets of Texas horned lizards have been evaluated primarily through use of 

stomach contents from wild-caught lizards (Lemos-Espinal et al. 2004, Blackshear and Richerson 

1999, Pianka and Parker 1975, Milstead and Tinkle 1969). In recent years, this method of 

assessing diet has become unfavorable, due to the potential impact to wild populations. 

Additionally, needing to collect wild individuals often limits sample size and may prevent 

accurate assessment of dietary trends, especially at a population level. Because exoskeletons 

are not fully digested, dissection of fecal pellets has become the preferred method for studying 

diets of horned lizards (Eifler et al. 2012, Perez-Mellado et al. 2011, Newbold and MacMahon 

2009, Lahti and Beck 2008, Whitford and Bryant 1979). However, this method typically fails to 
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detect soft-bodied prey species, which may fully decompose during digestion (Zeale et al. 2011, 

Pincheira-Donoso 2008). An increasing number of studies have demonstrated the utility of 

molecular techniques in fecal-based dietary studies (Foo et al. 2017, Zarazoso-Lacoste et al. 

2013, Zeale et al. 2011), although these techniques have not yet been applied to horned lizards.  

Based on colony size and foraging rates of Pogonomyrmex, Whiting et al. (1993) 

estimated that 6 harvester ant mounds are needed to sustain a single horned lizard. Notheless, 

surveys of Texas horned lizard populations in Kenedy and Karnes City, Texas suggest that 

horned lizards can persist on low quantities of harvester ants (Alenius 2016). In these towns, 

horned lizards live at average densities of 2.27 harvester ant mounds per horned lizard, 

suggesting these populations consume relatively low quantities of harvester ants. Horned lizard 

densities in these towns have been recorded as high as 225 lizards per hectare, far exceeding 

published densities from natural areas (Ackel 2016, Wall 2014). Preliminary research which I 

completed as an undergraduate found that these town lizards consume large quantities of 

smaller big-headed ants (Pheidole spp.) and harvester termites (Tenuirostritermes cinereus), 

with harvester ants accounting for less than 10% of their overall diet (Alenius 2016).  

The primary objective of this study was to determine if Texas horned lizards living in 

Kenedy and Karnes City are harvester ant specialists or more generalized arthropod predators. 

If horned lizards act as harvester ant specialists, we predict that: 1) harvester ant availability 

should be a limiting resource for horned lizards, so horned lizard densities should positively 

correlate with harvester ant densities (Newbold and MacMahon 2014, Sullivan et al. 2014, 

Newbold and MacMahon 2008, McIntyre 2003, Fisher et al. 2002, Donaldson et al. 1994, 

Whiting et al. 1993, Rorabaugh et al. 1987, Whitford and Bryant 1979); 2) harvester ants should 
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consistently account for more than 60% of horned lizard diets, with minimal spatial or temporal 

variation (Eifler et al. 2012, Blackshear and Richerson 1999, Whiting et al. 1993, Pianka and 

Parker 1975; see Newbold and MacMahon 2009); 3) any variation in harvester ant consumption 

should be independent of harvester ant availability (Stephens et al. 2007, Pyke et al. 1977).  

METHODS 
 
Prediction 1: Assessing Relationships between Horned Lizard and Harvester Ant Availability 

 We surveyed 15 study plots in Kenedy (3 plots) and Karnes City (12 plots) in Karnes 

County, Texas, that have been monitored since 2013 (Fig. 1-2). The survey sites are irregular in 

shape, range from 0.054 to 1.219 ha, and represent a variety of suburban habitat types (Table 

1, Appendix 1). We surveyed each site a total of 8 times: 4 times from May 29th-June 6th, twice 

from July 2nd-July 7th, and twice from July 30th- August 4th, 2016. During each survey, we walked 

linear transects with 1-5 other people, spaced 2 meters apart, until we searched the entire area 

of the site. Surveys typically lasted 20 minutes to 2.5 hours, and were conducted between 

0800-1200 and 1600-2000, during active periods for Texas horned lizards (Moeller et al. 2005).  

During each survey, we recorded all encounters with horned lizards. When we encountered a 

horned lizard, we would capture it and scan for existing passive integrated transponder (PIT) 

tags, which we have used to identify lizards at these sites since 2014. We measured snout-to -

vent length (SVL) of each lizard to the nearest millimeter and injected all unmarked individuals 

with SVL >60 mm with PIT tags (BIOMARK HPT8 8.4x1.4 mm). We marked smaller individuals 

using a small dot of red fingernail polish on the underside of the inner thigh. All lizards were 

weighed to the nearest 0.5 gram using a Pelosa scale and cloth bag. We also obtained a genetic 

sample via cloacal swab, as described by Williams et al. (2012). We preserved cloacal swabs in 
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300 µL lysis buffer (75mM NaCl, 25mM EDTA, 1% SDS). DNA from these samples was extracted 

and genotyped according to methods described in Ackel (2016) and Williams et al. (2012) to 

verify the identity of individual lizards. We recorded the GPS coordinates (Garmin GPS 72) and 

time of capture for all individuals. We estimated the number of horned lizards as the number of 

genetically unique lizards captured at each site, then divided the number of lizards by search 

area to estimate horned lizard density at each site.   

 

 

  

Figure 1. a) Map of Texas counties, with Karnes County shown in red. b) Map 
of Karnes County, showing the locations of Kenedy and Karnes City.  

a) b) 
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Figure 2. Locations of study sites in Karnes 
City (left) and Kenedy (right). The black 
boundary of each site indicates the extent 
of the search area. Note that sites vary 
greatly in shape and area. All sites were 
surveyed for horned lizards and harvester 
ants. We collected scat for dietary analysis 
at sites 1-7 (beige). Sites 9-15 (grey) were 
surveyed for horned lizards and harvester 
ants, but not included in diet analysis. Note 
that map scales differ between towns.  
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Table 1. Properties of study sites 15 study sites surveyed for Texas horned lizards and harvester 
ant colonies in Karnes County, Texas.  

 
During the first survey of each site, we mapped all harvester ant colonies observed 

within or adjacent to each study plot. We identified harvester ant colonies based on observed 

harvester ant activity and conspicuous mound clearings (Fig. 3). For each site, we estimated 

Site Town Area (ha) Habitat Description 

1 Karnes 0.193 Residential alleyway spanning 3 blocks. Variable 
vegetation and ground cover. 

2 Karnes 0.592 Former park/field near local health center. 
3 Karnes 0.249 Yard with adjoining alleyway. Includes several areas of 

dense vegetation (flowerbeds and shrubs). 
4 Karnes 0.297 School playground and adjoining 2-block alleyway.  
5 Karnes 0.600 Open field. Ground cover varies; dense vegetation mainly 

on western edge of search area. 
6 Kenedy 0.114 Former house lot; unmaintained. Completely cleared of 

vegetation between July and August.  
7 Kenedy 1.028 One block undeveloped field; consists of patchy grass and 

trees, lacks dense vegetation. 
8 Kenedy 0.137 Unmaintained lot; areas with dense vegetation and open 

patches of dirt.  
9 Karnes  0.431 Maintained yard with attached unmaintained alleyway, 

with high abundance of harvester ants. Ground cover 
varies, vegetation can be dense in alleyway. Borders an 
area which was developed in 2014, which contains no 
vegetation.  

10 Karnes 0.444 Area outside fenced-in field. Patches of trees and shrubs, 
periodically maintained. Surrounded by dirt roads.  

11 Karnes 0.065 Residential alleyway spanning one block.  
12 Karnes 0.054 Residential alleyway spanning one block. Bordered by 

several large privacy fences, with 3 yards containing 
multiple dogs.  

13 Karnes 0.188 Residential alleyway spanning 3 blocks. Variable 
vegetation and ground cover. Bordered by privacy fences 
in several areas.   

14 Karnes 1.219 Large field, including several wire fences and baseball 
fields. Ground cover is almost exclusively short grass; 
minimal dense vegetation.  

15 Karnes 0.484 Open field with variable vegetation and ground cover. 
Large dirt and debris pile on the east end of the site. Field 
was completely cleared of debris and vegetation 
between July and August.  
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harvester ant density as the number of harvester ant mounds per ha within a site. To determine 

if horned lizard availability is related to harvester ant availability, we regressed the density of 

horned lizards against the density of harvester ants at each study site. 

Prediction 2: Determining Contribution of Harvester Ants to Diet 

Dietary analysis focused on sites 1-7, in which horned lizards were regularly 

encountered in previous years (Ackel 2016, Wall 2014) and scat were regularly collected over 

the summer of 2016. During surveys of these sites, we recorded the GPS coordinates of all scat 

encountered, which were identified based on their distinct cylindrical shape (Fig. 4). Texas spiny 

lizards (Sceloporus olivaceus) can sometimes have similarly shaped fecal pellets, but we were 

able to exclude these based on diagnostic molecular markers (results not presented). We 

collected and preserved fully intact fecal pellets in 5 mL centrifuge tubes with 3 mL of 8M Urea 

buffer (10mM Tris pH 7.5, 125 mM NaCL, 10mM EDTA, 1% SDS, 8M urea) until DNA extraction, 

which acts as both a preservative and lysis buffer (Asahida et al. 1996). We estimated the 

Figure 3. Harvester ant (Pogonomyrmex 
spp.) mound located in Karnes County, 
Texas, with 1-meter walking pole for scale.  
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length of all collected feces to the nearest 0.01 cm (Ackel 2016, Wall 2014). To prevent double-

counting, we destroyed scat which were not collected.  We used a combination of fecal 

dissection and DNA barcoding to analyze Texas horned lizard diets. 

Morphological Diet Analysis 

The dissection of fecal pellets is widely utilized for dietary studies of horned lizards. I 

dissected 133 fecal samples of the 325 collected at these sites over the course of 2016. To 

reduce bias of potential spatial or temporal autocorrelation, I selected ~20 samples that were 

distributed evenly through time and space from each site (Table 2). I used a larger sample size 

(29) for Site 4, which has a significantly larger horned lizard population than the other study 

sites. Prior to dissection, I vortexed samples for 5 minutes, spun down, and removed 300 µL of 

the supernatant for DNA extraction. I filtered the remaining contents using a vacuum filter and 

allowed the filtrate to air dry for subsequent morphological analysis. 

 
 
 
 
 

Figure 4. Image of intact Texas horned lizard 
scat collected in Karnes County, Texas, shown 
next to a penny for scale.  
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Table 2. Spatial and temporal distribution of 133 scat samples used for morphological diet 
analysis of Texas horned lizards from Karnes County, Texas. 

 

 

 

 

I sorted exoskeleton fragments recovered from fecal samples based on similar 

morphological features, particularly shape, texture, and color. Species-level taxonomic 

identification was nearly impossible for most fragments, so I developed 31 operational 

taxonomic units (OTUs) based on voucher specimens collected from pitfall traps (see below) 

whose remains could be reliably distinguished. The OTUs I defined were as follows: spiders 

(Aranae); beetles and weevils (Coleoptera): ground beetles (Carabidae), dung beetles 

(Scarabidae), darkling beetles (Tenebrionidae), weevils, other beetles; true bugs (Hemiptera): 

burrowing bugs (Cynidae), other Hemiptera; earwigs (Dermaptera); termites (Isoptera): 

harvester termites (T. cinereus), alate termites, other termites; Bees and wasps (Hymenoptera): 

sweat bees (Halictidae), velvet ants (Mutillidae), other bees and wasps; ants (Hymenoptera: 

Formica): harvester ants (Pogonomyrmex spp.), big-headed ants (Pheidole spp.), fire ants 

(Solenopsis spp.), pyramid ants (Dorymyrmex spp.), alate ants (male ants and queens), acacia 

ants (Psuedomyrmex spp.), fungus ants (Cyphomyrmex spp.), Forelius spp., Trachymyrmex spp., 

army ants (Labidus spp.), large black ants (Pachycondyla spp. or Neoponera spp.), carpenter 

ants (Camponotus spp.), acrobat ants (Crematogaster spp.), legionnaire ants (Leptogenys spp.), 

little black ants (Monomorium minimum), and small brown ants (Paratrechina spp., Tapinoma 

Site June July August Total 

Site 1   6   5   5  16 
Site 2   6   6   6  18 
Site 3   4   7   7  18 
Site 4 10   9 10  29 
Site 5   6   5   6  17 
Site 6   8   7   2  17 
Site 7   7   6   5  18 

Total 47 45 41 133 
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spp., etc).  Details regarding OTU identification can be found in Appendix 2. Remains which 

ŎƻǳƭŘ ƴƻǘ ōŜ ƛŘŜƴǘƛŦƛŜŘ ǘƻ ǘƘŜǎŜ h¢¦ǎ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ΨƻǘƘŜǊΩΦ Then I determined number of 

each OTU based on the minimum number of organisms required to produce the number of 

remains found. For example, if a sample contained 4 heads, 5 thoraci, and 11 elytra (wings) 

from ground beetles, that would indicate a minimum of 6 ground beetles had been consumed 

by the horned lizard. I estimated prey volume using the same methods I utilized for pitfall traps 

(see below). Biomass estimates were strongly related to numerical proportions (F1,807=18524.4, 

R2 =0.96, BiomassProportion = 0.009 + 0.940NumericalProportion), so analyses focused 

primarily on numerical proportions.  

Because the distribution of proportions is inherently abnormal (Newbold and 

MacMahon 2009), I transformed the proportion of harvester ants in each sample using the 

arcsine square root transformation. To determine if the consumption of harvester ants varied 

between sites, I used a one-way ANOVA to test for differences in the average transformed 

proportion of harvester ants in fecal samples at each site.  I used the same methodology to test 

for differences in average harvester ant consumption between collection periods. To evaluate 

variation in the utilization of other prey, I repeated these methods for harvester termites, big-

headed ants, beetles, sweat bees, and alate ants and termites.  Because of the similarities in 

foraging and abundance between families, beetles were combined into a single category for 

analysis. Similarly, alate ants and alate termites were combined due to similarities in 

emergence patterns and nutritional value.  
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Fecal DNA Barcoding 

 I extracted DNA from 33 feces with QIAamp DNA fecal extraction kits (Qiagen Genomics, 

Valencia, CA) according to their protocols. I first vortexed samples for 5 minutes to further lyse 

the samples, then centrifuged samples to separate the exoskeletons from the preservative.  

Extractions were performed on 300 µl of the supernatant. I performed all extractions in a 

dedicated AirClean® 600 Workstation. I prepared a negative control for each set of fecal 

extractions, to ensure contamination-free reagents. An additional AirClean® 600 workstation in 

a separate room was utilized exclusively for PCR. I used 4 arthropod-specific primers to amplify 

the samples: ZBJ-ArtF1c and ZBJ ArtR2c developed by Zeale et al. (2011), Ter and Ant developed 

as part of a preliminary study (Alenius 2016), and an additional primer (Naus) developed to 

specifically target harvester termites (T. cinereus; Table 3). I used a 1:1:1:1 mix of the 4 primer 

pairs for amplification. I prepared a negative control for all batches of PCR reactions. PCR 

reactions (20 µL) were prepared using 2 µL DNA, 1.0 µL of primers, 2X BSA, 1X Qiagen Multiplex 

PCR Master Mix with HotStar Taq, Multiplex PCR buffer with 3mM MgCl2 and dNTPs. All 

reactions were cycled using an ABI 2720 thermal cycler. PCR ran for one cycle at 95°C for 15 

minutes, followed by 40 cycles of 30s at 94°C, 90s at 57°C, 90s at 72°C, and a final extension of 

72°C for 5 minutes. I gel-purified the PCR products and ligated them into pGEM-T vectors 

(Promega, Madison, WI, USA), and transformed them into JM109 competent cells. I plated 

transformed cells on ampicillin plates and allowed them to incubate overnight at 37°C.  

The following day, I selected 16 colonies for amplification which had been successfully 

transformed based on color (white colonies contained, a PCR product insert whereas blue 

colonies did not). Each clone was amplified using vector-specific primers (F: 
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CGACTCACTATAGGGCGAATTG, R: CTCAAGCTATGCATCCAAGG). Unincorporated nucleotides and 

excess primers were removed from PCR products using ExoI and rSAP (New England Biolabs, 

Ipswich, MA, USA) according to manufacturer protocols. PCR products were then 

unidirectionally sequenced using the forward primer and ABI Big Dye Terminator Cycle 

Sequencing v3.1 Chemistry (Life Technologies, Carlsbad, CA, USA). I electrophoresed sequences 

on an ABI 3130XL Genetic Analyzer (Life Technologies, Carlsbad, CA, USA) and trimmed the 

sequences using Sequencher v5.0 (Gene Codes, Ann Arbor, MI, USA). I aligned the sequences in 

MEGA 6.0 using Muscle and trimmed off all primer sequences. I used jMOTU to cluster 

sequences into molecular operational taxonomic units (MOTU) using a 3-nucleotide cutoff 

value (i.e. 2% sequence divergence) (Jones et al. 2011). I used the Barcode of Life Database 

(BOLD Systems v.3, www.boldsystems.org) to identify clusters (Ratnasingham and Herbert 

2013, Ratnasingham and Herbert 2007). I used EstimateS v. 9.1 to evaluate OTU diversity and 

richness, both with respect to the number of transformant colonies sequenced per sample and 

the number of samples sequenced overall (Colwell 2013).  

Table 3. DNA barcoding primers. Length is the length in base pairs of the target arthropod 
sequence.  

Primer Forward Reverse Length (bp) 

ZBJ  AGATATTGGAACWTTATATTTTATTTTTG WACTAATCAATTWCCAAAATCC
TCC 

157 

!ƴǘΩмс AGATATTGGAATTYTATATTTYATTYTWGC
WHTYTG 

ACWAGRAARTTTGCAAAKCCTC
C 

149 

Ter AGATATTGGAACATTATATTTYGTATTYGGA
GC 

ACNARTCARTTTCCRAAHCCWCC 154 

Naus CAGTTTCCAAAGCCACCAAT TGATCAGGAATAGTTGGAACCTC 170 
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Prediction 3: Determining Relationships between Diet and Prey Availability  

Assessing Prey Availability  

I used the abundance of harvester ant colonies to estimate spatial variation in harvester 

ant availability. For each site, I estimated absolute harvester ant availability as the number of 

harvester ant colonies within 15 meters of the site. To account for potential competition for 

harvester ants, I estimated relative harvester ant availability as the ratio of harvester ant 

colonies to horned lizards at each site. However, all lizards may not have access to all harvester 

ant colonies within a given site. Previous research suggests that the average home range of 

individual lizards in these populations is 0.24 hectares, and that individuals rarely cross roads 

(Wall 2014). I therefore also estimated harvester ant availability for individual lizards based on 

the number of harvester ant colonies within 0.24 hectares of each scat sample (Fig. 5).  

Figure 5. Map of estimated 0.24 ha home range of an individual scat 
sample. The yellow circle indicates a 0.24 hectare buffer around the 
scat, shown by a small brown circle. Brown triangles indicate the 
location of harvester ant colonies. The number of colonies occurring 
within 0.24 hectares of each scat were used to estimate harvester 
ant availability for the corresponding individual lizard.  
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Additionally, we utilized pitfall traps to estimate the relative abundance of all prey taxa 

at 7 of our study plots (sites 1, 3-7, 13). Pitfall traps were used at each site throughout the 

duration of sample collection. Each pitfall trap consisted of a pair of SOLO© cups connected by 

a 0.5 m piece of Suncast Pro coiled edging (Fig. 6). I buried the traps so the cup rims were flush 

with the soil surface and the edging was deep enough to remain upright between the cups. I 

filled each cup with approximately 300 mL of non-toxic propylene glycol. At most sites, I could 

not place the traps in a true grid, due to automobile activity and the highly irregular shape of 

the search area. At these sites (1, 3-5), I placed traps in locations where they were unlikely to be 

tampered with or damaged near locations of high horned lizard activities (see Appendix 1). The 

number of traps used at each site varied based on the area and shape of the site. After 

initiation, I removed the contents of each trap every 24 hours for 2-8 days during the same 

dates as data collection.  If traps were filled with rainwater or grass clippings, I reset the traps 

without collecting the contents. After collection, I preserved arthropods in 100% ethanol. Using 

published keys and AntWeb (www.antweb.org), I identified all organisms to order, and ants to 

Figure 6. Pitfall trap design used to collect arthropods at 
6 study sites in Karnes County, Texas. Traps consisted of 
2 plastic cups filled with approximately 300 mL of 
propylene glycol. A 0.5 m piece of yard siding was 
placed between the traps to increase collection area.  

http://www.antweb.org/
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genus. Ant identifications were also validated using DNA barcoding of cytochrome oxidase I 

(COI) (Upton 2017). To control for differences in the number of traps and collection days at 

each site, I adjusted all count and abundance data based on the number of active trap-days: the 

sum of active collection dates for each trap at each site. At each site, I pooled trap contents 

together to minimize bias resulting from arthropod nest proximity and foraging strategy 

(Newbold & MacMahon 2009, Suarez et al. 2000). To estimate the volume of prey, I averaged 

the two-dimensional area of the head, thorax, and abdomen of prey which accounted for more 

than 1% of horned lizard diets (Fig. 7). I estimated volume separately for the 2 castes of 

harvester termites (Fig. 7b) and big-headed ants which are highly dimorphic.  

Determining Relationships between Prey Availability and Diet 

To determine relationships between harvester ant consumption and availability across 

sites, I regressed the average proportion of harvester ants eaten at each site against the 

Figure 7. Example measurements used in biomass estimation of arthropod taxa collected 
from pitfall traps in Karnes County, Texas. Individuals were measured based on the two-
dimensional area (in millimeters) of their head, thorax, and abdomen, indicated by the red 
outline. Estimates for each taxa were based on averages across 5+ individuals. Size estimates 
were done separately for castes of big-headed ants and harvester termites, because castes 
are highly dimorphic.  Taxa were identified with published dichotomous keys. a) harvester 
ants (Pogonomrymex), b) harvester termites (T. cinereus; top: worker, bottom: soldier), c) 
and beetles (Coleoptera). 

a) b) c) 
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number of harvester ant mounds per site and ratio of harvester ant mounds per horned lizard.  

To determine if the proportion of harvester ants was related to variation in individual harvester 

ant availability, I regressed the proportion of harvester ants in scat samples against the number 

ƻŦ ƘŀǊǾŜǎǘŜǊ ŀƴǘǎ ƛƴ ŜŀŎƘ ǎŀƳǇƭŜΩǎ home range. To reduce bias from samples with overlapping 

home ranges, samples occurring at the same site with the same number of harvester ant 

mounds were averaged together prior to regression.  

To determine if the consumption of prey OTUs could be predicted by abundance, I used 

ranks of pitfall trap and dietary abundance. To reduce effects of bias against detection of soft-

bodied prey from fecal dissection, the relationship only included 24 taxa which are known to be 

reliably identified in fecal dissection (alate ants and termites, harvester termites, all ants, 

beetles and weevils, earwigs, true bugs, bees and wasps, and snails). I numbered each OTU in 

order of increasing abundance, such that highly abundant prey had high ranks. To determine if 

pitfall trap rank predicted dietary rank, I used a linear regression of 24 taxa which could be 

detected with both pitfall traps and fecal dissection.  

RESULTS 
 
Prediction 1: Assessing Relationships between Horned Lizard and Harvester Ant Availability 

 Across all study sites, we captured 133 lizards, including 72 females and 62 males, and 

made 60 recaptures. Females had an average SVL of 74.46 ± 1.22 mm and weighed an average 

of 31.36 ± 1.39 grams. Males were smaller than females, with an average SVL of 70.13 ± 0.94 

mm and average weight of 26.18 ± 0.94 grams. Horned lizard density ranged from 0 lizards/ha 

to 158.5 lizards/ha, which was consistent with findings from previous years (Ackel 2016, Wall 

2014). We located 127 harvester ant colonies within our study sites. No harvester ant colonies 
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were documented at sites 11 and 12. Harvester ant density ranged from 6.7 colonies/ha (site 2) 

to 41.7 colonies/ha (site 9) (Table 4).  There was no relationship between horned lizard and 

harvester ant density (Fig. 8). 

Table 4. Texas horned lizard and harvester ant densities at 15 study sites in Karnes County.  
 

 

 

 

 

 

 

 

 

Site 
Unique 
lizards 

Lizard 
density 

(lizards/ha) 
Harvester 

ant colonies 

Harvester 
ant density 

(colonies/ha) 

Harvester 
ant colonies 

per lizard 

1 14 72.40 5 25.86 0.36 
2 5 8.44 4 6.75 0.80 
3 15 60.12 4 16.03 0.27 
4 47 158.50 4 13.49 0.09 
5 6 10.00 11 18.33 1.83 
6 4 35.09 2 17.55 0.50 
7 3 2.92 20 19.46 6.67 
8 0 0.00 5 36.47 -- 
9 0 0.00 18 41.72 -- 

10 7 15.76 5 11.26 0.71 
11 3 46.04 0 0.00 0 
12 0 0.00 0 0.00 -- 
13 23 122.56 1 5.33 0.04 
14 3 2.46 40 32.81 13.33 
15 3 6.20 5 10.34 1.67 
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Figure 8. Relationship between horned lizard density and harvester ant density 
at 15 study plots in Karnes County, Texas. Each point represents a single study 
plot. There was no significant relationship between horned lizard density and 
harvester ant density (F1,13=1.03, p=0.33). White circles indicate study plots that 
were included in diet analysis.  
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Prediction 2: Determining Contribution of Harvester Ants to Diet 

 Overall, diets of horned lizards in Kenedy and Karnes City were highly diverse and 

variable. Our results do not support the prediction that horned lizards diets consist of at least 

60% harvester ants if they act as harvester ant specialists.   

Morphological Diet Analysis 

I identified over 60,000 prey items belonging to 31 distinguishable OTUs within 133 fecal 

samples (Table 5). The most frequently detected prey were big-headed ants (40%) and 

harvester termites (34%). Harvester ants accounted for 8% of prey, and only 15 fecal samples 

had more than 60% harvester ants (Fig. 9).   

Table 5. Abundance of prey from 133 Texas horned lizard feces collected in Karnes County, 
Texas. Each row corresponds to an operational taxonomic unit. The number of scat indicates 
the number of fecal samples which contained each OTU. Number of prey indicates the total 
number of prey found in all samples. Biomass estimates are based on the size of individuals 
collected in pitfall traps (see Fig. 7 and Table 8). Note that biomass estimates were converted to 
cm2. Because some OTUs do not have biomass estimates, differences between the proportion 
of diet and volume are slightly inflated.    

Taxa 
Number 
of Scat 

Samples 

Number 
of Prey 
items 

% of 
Diet 

Est. 
biomass 

(cm2) 

% Diet 
by 

biomass 

Big-headed ants (Pheidole) 125 24193 39.7 1787.3 26.6 

Harvester termites (T. cinereus) 65 20727 34.0 2585.6 38.5 

Harvester ants (Pogonomyrmex) 105 4845 8.0 862.9 12.9 

Pyramid ants (Dorymyrmex) 107 3082 5.1 390.8 5.8 

Alate termites 18 1674 2.8 313.7 4.7 

Forelius ants 77 1260 2.1   

Alate ants 72 1170 1.9 205.6 3.1 

Fire ants (Solenopsis) 82 996 1.6 115.6 1.7 

Sweat bees (Halictidae) 56 787 1.3 125.7 1.9 

Ground beetles (Carabidae) 65 545 0.9 149.8 2.2 

Little brown ants (Paratrechina and Tapinoma) 35 355 0.6   

Carpenter ants (Camponotus) 52 198 0.3   

Darkling beetles (Tenebrionidae) 54 156 0.3 42.9 0.6 

Misc. Coleoptera 63 142 0.2 39.0 0.6 

Misc. Hemiptera 52 119 0.2 37.9 0.6 
Little black ants (Monomorium minimum) 34 107 0.2   

Burrowing bugs (Cydnidae) 44 104 0.2 33.2 0.5 
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Acacia ants (Pseudomyrmex) 35 74 0.1   

Dung beetles (Scarabaeidae)  35 57 0.1 15.7 0.2 

Other arthropods 22 51 0.1   

Earwigs (Dermaptera) 29 44 0.1   

Fungus ants (Cyphomyrmex) 12 37 0.1   

Velvet ants (Mutillidae) 22 35 0.1   

Other termites 11 34 0.1   

Weevils (Curculionoidae) 17 28 0.1 7.7 0.1 

Acrobat ants (Crematogaster) 4 28 0.1   

Army ants (Labidus) 5 27 <0.1   

Misc. bees & wasps 22 27 <0.1   

Trachymyrmex ants  9 23 <0.1   

Large black ants (Pachycondyla, Neoponera, 
etc.)  

6 18 <0.1   

Spiders (Aranae) 17 17 <0.1   

Legionnaire Ants (Leptogenys) 1 3 <0.1   

TOTAL 133 60963   6713.22   

 

Figure 9. Frequency distribution of the percentage of harvester ants 
(Pogonomyrmex spp.) in 133 Texas horned lizard scats collected in towns 
of Karnes County, Texas. The broken line (60%) indicates the threshold 
which is consistent with specialization on harvester ants (see Newbold 
and MacMahon 2009).  
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 Diets were also variable with respect to location and time. There were significant 

differences in the average transformed proportion of harvester ants in feces among sites (Fig. 

10a). Site 7 had significantly higher harvester ant consumption than other sites, with 

approximately 60% harvester ants (Fig. 10a). There were also significant differences in the 

proportion of beetles (F6,126= 3.58, p =0.003), sweat bees (F6,126=3.74, p =0.002), harvester 

termites (F6,126=3.91, p = 0.001), and big-headed ants (F6,126=5.08, p <0.001) among sites. There 

was no difference in the proportion of alate ants and termites consumed at the sites 

(F6,126=1.11, p=0.36).  

There was no significant difference in the consumption of harvester ants between 

collection dates, but averages were consistently below 60% (Fig. 10b). Although the 

consumption of harvester ants remained relatively constant through time, there were 

significant differences in the average proportion of beetles (F2,130=10.79, p<0.001), alate ants 

and termites (F2,130=12.24, p<0.001), and harvester termites over time (F2,130=7.59, p=0.001). 

The average consumption of big-headed ants did not change over time (F2,130=1.85, p=0.16).  
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Figure 10. Spatial and temporal patterns in the mean proportion of harvester ants in 
horned lizard feces collected at 7 sites in Karnes County. Averages and 95% CI of 
proportions of harvester ants in horned lizard feces collected during surveys conducted in 
2016. Proportions were transformed using arcsine (ҞǇǊƻǇƻǊǘƛƻƴύ ǘƻ ƛƳǇǊƻǾŜ ƴƻǊƳŀƭƛǘȅΦ ¢ƘŜ ȅ 
ŀȄƛǎ ǊŀƴƎŜǎ ŦǊƻƳ л ǘƻ ŀǊŎǎƛƴŜόҞмύΦ ¢ƘŜ ōǊƻƪŜƴ ǊŜŦŜǊŜƴŎŜ ƭƛƴŜ ƛƴŘƛŎŀǘŜǎ ŀǊŎǎƛƴŜόҞлΦсύΣ ƻǊ ŀ ŘƛŜǘ 
of 60% harvester ants. a) Mean proportion of harvester ants in horned lizard feces from 7 
study sites. There were significant differences in average consumption of harvester ants 
among sites (F6,126=10.69, p<0.001). Sample sizes of fecal samples each site are indicated in 
parentheses. Different letters indicate significant differences in average harvester ant 
consumption (Tukey-Kramer post-hoc test, p<0.01). Note that all points fall below the 60% 
reference line, except for site 7. b) Mean proportion of harvester ants in horned lizard feces 
during 3 collection periods. Sample sizes in fecal samples are indicated in parentheses. There 
was no difference in average consumption of harvester ants among collection periods 
(F2,130= 2.47, p=0.09). Note that all averages fall below the 60% reference line. 

/ 

!. 

!. !. !. 

! 

. 

ф
р
҈
 
/
L
 
Ƴ
Ŝ
ŀ
ƴ
 

ŀ
Ǌ
Ŏ
ǎ
ƛ
ƴ
Ŝ
 

ҞǇ
Ǌ
ƻ
Ǉ
ƻ
Ǌ
ǘ
ƛ
ƻ
ƴ
 

ƻ
Ŧ
 
Ƙ
ŀ
Ǌ
Ǿ
Ŝ
ǎ
ǘ
Ŝ
Ǌ
 
ŀ
ƴ
ǘ
ǎ
 
Ǉ
Ŝ
Ǌ

 ǎ
ƛ
ǘ
Ŝ

 
 

(16) (18) (29) (17) (17) (18) 

(47) (45) (41) 

(18) 

ŀύ 

ōύ 



 
 

25 
  

DNA Barcoding  
 

Using DNA barcoding, I identified 47 molecular operational taxonomic units from 33 

fecal samples (Table 6). The number of MOTUs identified appears to level off at approximately 

20 replicates per sample (Fig. 11). However, this was more replicates than we obtained for most 

samples, so the number of MOTUs we identified is probably an underestimate. Forty MOTUs 

were unique to DNA barcoding either because exoskeleton remnants were not reliably 

detected (Diptera, Ephemeroptera, Lepidoptera, Orthoptera, Coleoptera: Brachyceridae), or 

because genera and species could not be reliably distinguished from one another based on 

morphology alone (weevils, Carabidae, Scarabidae, Tenebrionidae, Solenopsis spp.). Using both 

morphological identification and DNA barcoding, there were 70 total OTUs in these 33 fecal 

samples (Fig. 12). While ants accounted for the largest number of morphological OTUs (17 of 

31), Coleopterans (beetles and weevils) accounted for the largest number of molecular OTUs 

(16 of 47). All ant molecular OTUs were identified from samples containing alate ants. No ant 

molecular OTUs were identified in samples containing exclusively worker ants. The minimal 

number of overlapping OTUs suggests that DNA barcoding is complementary to fecal dissection 

for horned lizard diet analysis.  
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Table 6. Prey taxa identified from fecal barcoding of 33 horned lizard feces collected in Karnes 
County, Texas. Each line represents a single molecular operational taxonomic unit, 
corresponding to a cluster of sequences with fewer than 3 base pair (2%) differences. 
Taxonomic identifications are based upon the sequence with the highest similarity alignment in 
the barcode of life database system (BOLD). άtǊƛƳŜǊǎέ ƛƴŘƛŎŀǘŜǎ ǘƘŜ t/w ǇǊƛƳŜǊǎ ƻǊ 
ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǇǊƛƳŜǊǎ ŜŀŎƘ ah¢¦ ǿŀǎ ŘŜǘŜŎǘŜŘ ǿƛǘƘ όǎŜŜ ¢ŀōƭŜ оύΦ ά!ƭƭέ ƛƴŘƛŎŀǘŜǎ ŀ мΥмΥмΥм 
mix of all 4 primers.  
Order Family Genus Species Similarity 

(%) 
# Colonies # Scats Primers 

Coleoptera Brachyceridae  
 

100.0 1 1  ZBJ 

 Carabidae 
  

100.0 28 3 ZBJ, Ant, 
Ter 

 Carabidae Selenophorus 
 

100.0 64 11 All  

 Carabidae Selenophorus 
 

97.4 1 1 ZBJ 

 Curculionidae Hypera postica 100.0 1 1 All 

 Curculionidae  
 

96.4 5 2 All 

 Dryophthoridae Sitophilus oryzae 100.0 9 1 All 

 Scarabaeidae Canthon 
 

100.0 13 2 ZBJ 

 Scarabaeidae Canthon 
 

98.6 13 2 Naus 

 Tenebrionidae Blapstinus 
 

96.8 1 1 ZBJ 

 Tenebrionidae Blapstinus 
 

96.7 1 1 All  

 Tenebrionidae Blapstinus substriatus 99.4 3 2 All  

 Tenebrionidae Blapstinus  96.8 1 1 All  

 Tenebrionidae Paratenetus  100.0 1 1 All  

 Tenebrionidae  
 

98.7 1 1 All  

 Tenebrionidae  
 

96.7 2 2 All  

Diptera Ceratopogonidae  
 

94.1 2 1 All  

 Chironomidae  
 

95.2 15 1 Ter 

 Culicidae Psorophora cyanescens 99.4 1 1 ZBJ 

 Lauxaniidae Homoneura  95.2 7 1 ZBJ 

 Limoniidae  
 

98.9 1 1 ZBJ 

 Phoridae Megaselia  98.7 1 1 All  

 Phoridae 
  

100.0 1 1 All  

 Phoridae 
  

96.4 7 1 All  

 Psychodidae  
 

97.6 7 1 ZBJ 

 Sciaridae 
  

91.4 4 1 All, ZBJ 

 Sphaeroceridae  
 

97.5 2 1 All  

Ephemeroptera Ephemerellidae 
  

94.9 4 1 All  

Hemiptera Pyrrhocoridae Dysdercus  96.3 2 1 All   
Pyrrhocoridae Dysdercus  95.2 1 1 All  

Hymenoptera Formicidae Huberia  96.1 8 1 Ant 

 Formicidae 
 

 93.5 1 1 Ant 

 Formicidae Pheidole diversipilosa 100.0 2 1 All  

 Formicidae 
  

93.6 1 1 Ant 

 Formicidae Solenopsis  100.0 3 1 Ant, All 
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 Formicidae Solenopsis  100.0 21 1 Ant, All  

 Formicidae Solenopsis  100.0 1 1 All  

Isoptera Termitidae Gnathamitermes tubiformans 99.3 5 1 All  

 Termitidae   90.1 1 1 Ter 

 Termitidae Tenuirostritermes cinereus 100.0 15 6 Naus, 
All, Ter 

Lepidoptera Crambidae Achyra rantalis 99.4 1 1 All  

 Crambidae Eudonia 
 

96.8 10 1 ZBJ 

 Hesperiidae Celaenorrhinus Burns01 100.0 2 1 ZBJ 

 Hesperiidae Timochares 
 

97.7 9 2 All, ZBJ 

 Lasiocampidae Malacosoma 
 

96.6 13 1 ZBJ 

 Unknown 
  

92.6 1 1 All  

Orthoptera Gryllidae Gryllus rubens 100.0 7 2 All, ZBJ 
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Figure 11. Discovery rate of new molecular operational taxonomic 
units (MOTUs) by number of sequencing replicates of 33 horned lizard 
feces collected in Karnes County, TX.  
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Prediction 3: Determining Relationships between Diet and Prey Availability  

The number of harvester ant colonies per site ranged from 2 to 20 for sites 1-7. There 

was a significant relationship between the number of harvester ant colonies and the average 

proportion of harvester ants eaten per site (Fig. 13a).  However, average proportion of 

harvester ants at each site was strongly related to the natural log of the average number of 

harvester ants at each site from 2013-2017 (Fig. 13b). Additionally, there was a strong positive 

relationship between the ratio of harvester ant colonies per horned lizard at each site and 

average proportion of harvester ants (Fig. 13c).  

 On average, there were 1.6 harvester ant colonies within 0.24 hectares of individual 

scat samples, with 38 containing 0 colonies. There was a significant positive relationship 

between the proportion of harvester ants in each sample and the number of harvester ant 

colonies within 0.24 ha (Fig. 13d).  
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Figure 12. Operational taxonomic units identified in insect orders using fecal dissection and 
DNA barcoding from 33 horned lizard feces collected in Karnes County, Texas. Operational 
taxonomic units identified using fecal dissection (grey) DNA barcoding (orange), or both 
(mixed). 
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Figure 13. Relationship between spatial variation in harvester ant consumption by Texas 
horned lizards and four measures of harvester ant abundance at 7 study sites in Karnes 
County, Texas. a) Relationship between the average proportion of harvester ants eaten and 
the natural log of harvester ant mounds recorded in 2016 (F1,5=9.94, p=0.03, pHA = -0.09 
+0.18(ln colonies)). b) Relationship between the average proportion of harvester ants eaten 
per site in 2016 and the average natural log of harvester ant colonies per site from 2013-
2017. (F1,5=70.74, p<0.001, pHA = -0.21 +0.26(avg ln colonies)). c) Relationship between 
average proportion of harvester ants eaten and the natural log of harvester ant colonies per 
horned lizard per site (F1,5=87.09, p<0.001, pHA = 0.11 + 0.07(ln HA:HL)). d) Relationship 
between proportion of harvester ants eaten and the natural log of harvester ant colonies 
within 0.24 hectares of scat. To minimize bias from samples with overlapping ranges, each 
point represents the average proportion of harvester ants in feces with the same number of 
harvester ant colonies from the same site (F1,28 =6.27, p =0.02, pHA = 0.09 + 0.20(ln 
colonies)).  
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I identified a total of 21,315 arthropods collected in pitfall traps (Table 7). Ants 

accounted for 81% of prey collected and consisted of 19 OTUs (17 genera). The most frequently 

collected taxa were big-headed ants (Pheidole spp., 41.52%), Forelius spp. (17.09%), fire ants 

(Solenopsis spp. 15.22%), pill bugs (Armadillidium) (10.24%), and Arachnidae (3.97%). Harvester 

ants (1.39%) and termites (0.45%) were rare in pitfall traps. Biomass estimates (Table 6) 

produced comparable proportions to numerical proportions, and so were not used for analyses. 

There is a positive relationship between the abundance of different taxa in pitfall traps vs diets, 

as determined by ranking: the consumption of prey tends to increase with increasing 

abundance in pitfall traps (Fig. 14). Although this suggests a general relationship between prey 

abundance and consumption, there were several taxa whose diet ranking differed substantially 

from abundance rankings (pillbugs, harvester termites, arachnids, and Forelius).   

Table 7. Athropod taxa collected in pitfall traps from 6 sites in Karnes County, Texas. Taxa are 
listed in order of decreasing abundance. Ranks indicate relative abundance compared to other 
taxa for comparison with diet. Ranks were not assigned to taxa which could not be reliably 
detected or identified using fecal dissection. Families from Coleoptera (beetles and weevils), 
Hemipterans (true bugs) and non-ant Hymenopterans (bees and wasps) were combined into 
single categories.  

Taxa Number % Rank 

Big-headed ants (Pheidole) 8631 41.5 24 

Forelius ants 3552 17.1 23 

Fire ants (Solenopsis) 3164 15.2 22 

Pill bugs (Isopoda) 2129 10.2 -- 

Spiders & mites (Aracnidae) 826 3.8 -- 

Pyramid ants (Dorymyrmex) 497 2.4 21 

Little black ants (Monomorium minimum) 402 1.9 20 

Beeltes & weevils (Coleoptera) 299 1.4 19 

Harvester ants (Pogonomrymex) 289 1.4 18 

Little brown ants (Tapinoma or Paratrechina) 176 0.8 17 

Thief ants (Solenopsis molesta) 122 0.6 16 

Snails (Gastropoda) 113 0.5 15 

Leaf hoppers (Homoptera) 112 0.5 -- 

Misc. bees & wasps 98 0.5 14 
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Harvester termites (T. cinereus) 91 0.4 13 

Flies (Diptera) 62 0.3 -- 

Earwigs (Dermaptera) 61 0.3 12 

Crickets & grasshoppers (Orthoptera) 53 0.3 -- 

Alate Ants 35 0.2 11 

True bugs (Hemiptera) 15 0.1 10 

Fungus ants (Cyphomyrmex) 11 0.1 9 

Caterpillars (Lepidoptera) 11 0.1 -- 

Acrobat ants (Crematogaster) 10 0.1 8 

Butterflies & moths (Lepidoptera) 7 <0.1 -- 

Neoponera or Pachycondyla ants 6 <0.1 7 

Cockroaches (Blattodea) 4 <0.1 -- 

Alate termites 3 <0.1 4 

Army ants (Labidus) 3 <0.1 4 

Acacia ants (Pseudomyrmex) 3 <0.1 4 

Carpenter ants (Camponotus) 2 <0.1 3 

Strumigenys ants 1 <0.1 1 

Trachymyrmex ants 1 <0.1 1 

Other 1 <0.1 0 

TOTAL 21315   

 
Table 8. Biomass estimates for prey taxa collected in pitfall traps at 6 sites in Karnes County, 
Texas. Size is based on the two-dimensional area in millimeters of the head, thorax, and 
abdomen (see Fig. 7). N is the number of individuals measured.  

Taxa N Avg. Size 
(mm2) 

Standard 
Deviation (mm2) 

Alate Ants 11 17.6  4.11 
     Queens 7 17.6 5.18 
     Male 4 17.5  1.62 
Pyramid ants (Dorymyrmex) 5 12.7  3.30 
Big-headed ants (Pheidole)    
    Minor 5 8.9  2.31 
    Major 5 13.6  2.64 
Harvester ants (Pogonomrymex) 5 17.8  1.52 
Fire ants (Solenopsis) 8 11.6  3.92 
Sweat bees (Halictidae) 5 16.0  4.23 
Beetles & weevils (Coleoptera) 6 27.5  5.82 
True bugs (Hemiptera) 5 31.9  6.83 
Termites (Isoptera)    
    Alate 3 18.7  5.23 
    Harvester termites (T. cinereus)    
          Workers 5 12.0  2.71 
          Soldiers 5 5.7  1.26 
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 Although ranked prey abundance in pitfall traps was related to abundance in diet, 

specific proportions of prey in pitfall traps were rarely consistent with diet (Fig. 15, Fig. 16). This 

was particularly true for pill bugs, harvester termites, Forelius ants, and alates. However, 

seasonal changes in beetle abundance were similar between pitfall traps and diet (Fig. 15).  

Differences in prey selection of harvester termites and alates are consistent with 

climate-related activity patterns. Increased consumption of alates in August (Fig. 15b) may 

reflect an emergence event. Ants and termites typically emerge following summer 

thunderstorms, which were recorded prior to our third collection period in 2016 (McDonald et 

al. 2013). In the 23 scats collected from July 30th to August 1st, there were a combined 2300 

Figure 14. Relationship between ranked prey abundance in pitfall traps and diets of Texas 
horned lizards in Karnes County, Texas for 24 taxa (F1,22=8.7, p= 0.007, DietRank = 5.82 + 
0.53PitfallTrapRank). Each point corresponds to the relative abundance of a single prey taxa. 
Diet is based on abundance of prey identified from fecal dissection. Ranks were assigned 
based on numerical abundance in diet and pitfall traps. Note that high ranks correspond to 
high abundance.  

R² = 0.28

0

5

10

15

20

25

30

0 5 10 15 20 25 30

D
ie

t 
a

b
u

n
d

a
n

ce
 (

ra
n

k 
in

 d
ie

t)
 

Taxa abundance (rank in pitfall traps)



 
 

33 
  

alate ants and termites. Similarly, seasonal changes in harvester termite consumption (Fig. 15b) 

are consistent with climatic changes in surface activity of harvester termites.  

Figure 15. Prey species available and consumed by Texas horned lizards across 3 collection periods 
in towns in Karnes County, Texas. a) Relative abundance of prey collected in 16 pitfall traps. b) 
Proportion of prey taxa in diet based on fecal dissection.  Sample sizes of horned lizard scat are 
ƛƴŘƛŎŀǘŜŘ ƛƴ ǇŀǊŜƴǘƘŜǎŜǎΦ άhǘƘŜǊ ŀƴǘǎέ ƛƴŎƭǳŘŜǎ ƭƛǘǘƭŜ ōƭŀŎƪ ŀƴǘǎΣ ƭƛǘǘƭŜ ōǊƻǿƴ ants, theif ants, fungus 
ants, acrobat ants, large black ants, army ants, acacia ants, carpenter ants, legionnaire ants, 
Strumigenys, and Trachymrymex. άhǘƘŜǊέ ƛƴŎƭǳŘŜǎ ŀƭƭ Ǉƛƭƭ ōǳƎǎΣ ǎǇƛŘŜǊǎ ŀƴŘ ƳƛǘŜǎΣ ǎƴŀƛƭǎΣ ƭŜŀŦ 
hoppers, bees and wasps, flies, earwigs, crickets and grasshoppers, caterpillars, butterflies and 
moths, and cockroaches. Alate ants and termites were combined, as were all beetles and weevils.  
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Figure 16. Prey species available and consumed by Texas horned lizards across 6 study plots in towns 
in Karnes County, Texas. a) Relative abundance of prey collected in pitfall traps. The number of traps 
used per site is indicated in parentheses. b) Proportion of prey taxa in diet based on fecal dissection. 
Sample sizes of scat are indicated in parentheses. Dietary data from site 2 is not shown because we 
ǿŜǊŜ ƴƻǘ ŀōƭŜ ǘƻ ǎŀƳǇƭŜ ǿƛǘƘ ǇƛǘŦŀƭƭ ǘǊŀǇǎΦ άhǘƘŜǊ ŀƴǘǎέ ƛƴŎƭǳŘŜǎ ƭƛǘǘƭŜ ōƭŀŎƪ ŀƴǘǎΣ ƭƛǘǘƭŜ ōǊƻǿƴ ŀƴǘǎΣ ǘƘƛŜŦ 
ants, fungus ants, acrobat ants, large black ants, army ants, acacia ants, carpenter ants, legionnaire 
ants, Strumigenys, and Trachymrymex. άhǘƘŜǊέ ƛƴŎƭǳŘŜǎ ŀƭƭ Ǉƛƭƭ ōǳƎǎΣ ǎǇƛŘŜǊǎ ŀƴŘ ƳƛǘŜǎΣ ǎƴŀƛƭǎΣ ƭŜŀŦ 
hoppers, bees and wasps, flies, earwigs, crickets and grasshoppers, caterpillars, butterflies and moths, 
and cockroaches. Alate ants and termites were combined, as were all beetles and weevils. 
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DISCUSSION 
 

Texas horned lizards in Kenedy and Karnes City appear to feed opportunistically on a 

variety of prey, including big-headed ants, harvester termites, harvester ants, beetles, and alate 

ants and termites. Collectively, our results fail to support the hypothesis that Texas horned 

lizards are harvester ant specialists. Rather, Texas horned lizards in Kenedy and Karnes City 

appear to use generalized feeding strategies to select prey based on nutritional value and 

abundance.  

Relationships between Horned Lizard and Harvester Ant Densities 

 We found no evidence of a relationship between the density of Texas horned lizards and 

density of harvester ant colonies across our study locations, suggesting that harvester ants are 

not a limiting resource for the persistence of these lizards in Kenedy and Karnes City. This 

suggests habitat suitability for horned lizards may be dictated by other environmental 

characteristics such as predation risk, vegetation communities, and soil types. Numerous 

studies have documented associations between horned lizards and abiotic characteristics of the 

environment, especially vegetation communities (Newbold and MacMahon 2014, Eilfer et al. 

2012, Newbold and aŀŎaŀƘƻƴ нллуΣ CŀƛǊ ŀƴŘ IŜƴƪŜ мффтύΦ ±ŜƎŜǘŀǘƛƻƴ ƛƳǇŀŎǘǎ ƘƻǊƴŜŘ ƭƛȊŀǊŘǎΩ 

ability to thermoregulate (Burrow et al. 2001, Whiting et al. 1993, Jones 1981) and escape from 

predators (Newbold 2005, Fair and Henke, 1997, Whiting et al. 1993), which could influence the 

persistence of horned lizards in these towns.  

Diets of Texas Horned Lizards 

 Using a fecal dissection and DNA barcoding, we identified 70 distinct arthropod taxa 

from horned lizard feces. Although big-headed ants, harvester termites, and harvester ants 
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accounted for more than 80% of the prey items identified from fecal dissection, the remainder 

of diet consisted of a diverse combination of arthropods. Harvester ants accounted for less than 

10% of all prey identified from scat samples, and only 15 scat samples contained more than 

60% harvester ants. Low utilization of harvester ants throughout the summer and among sites 

1-6 suggest that horned lizards are not harvester ant specialists. Spatio-temporal variation in 

harvester ant consumption by horned lizards suggests the relative importance of harvester ants 

in diet is context-dependent.  

Dietary specialization benefits predators primarily by increasing foraging efficiency 

(Garcia-Heras et al. 2017, Beissinger 1990). However, adaptations associated with specialization 

may come at a cost of reduced ability to efficiently exploit alternative prey (Terraube et al. 

2010, Beissinger 1990).  In cases where preferred prey availably is unpredictable, the costs of 

dietary specialization on a single taxon often exceed benefits, and favor generalized foraging 

behaviors in dietary specialists (Ramakrishnan et al. 2018, Murgatroyd et al. 2016, Moleon et al. 

2009, Newbold and MacMahon 2009, Suarez et al. 2000, Beissinger 1990). Habitat 

modifications such as urbanization can dramatically alter prey availability, and typically select 

for generalized foraging (Ramakrishnan et al. 2018, Sol et al. 2013). Reduced harvester ant 

availability and additional habitat modifications in Kenedy and Karnes City may contribute to 

generalized foraging behaviors observed in this study.  

Diets of Texas horned lizards in Kenedy and Karnes City are not the first to include low 

quantities of harvester ants. Harvester ants account for 0% of the diets of Texas horned lizards 

at Tinker Air Force Base, Oklahoma City. Instead, these lizards rely predominately on large-

bodied acrobat ants, which account for >80% of their diets (Ramakrishnan et al. 2018). 
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Conversely, horned lizards in Kenedy and Karnes City appear to rely predominately on harvester 

termites (T. cinereus) and big-headed ants (Pheidole spp.).  

We hypothesize that harvester termites (T. cinereus) serve as a comparable nutrient-

rich, readily available alternative to harvester ants in Karnes County. Although harvester 

termites are much smaller than harvester ants (Appendix 3), termites have lower chitin content 

than ants, making them easier to digest and a potentially comparable source of nutrients 

(Redford and Dorea 1984).  Texas horned lizard foraging strategies are well-suited for harvester 

termites, which form dense foraging trails like those of harvester ants (Appendix 4; Scheffrahn 

and Rust 1983, Nutting et al. 1974). These termites also lack mobbing behaviors or painful 

stings which can successfully deter vertebrate predators (Scheffrahn and Rust 1983, Nutting et 

al. 1974). Although the utilization of harvester termites has not been previously documented in 

the diets of horned lizards, surface foraging nasutiform termites have been shown to be an 

important component of the diets of lizards in arid regions of Australia, especially during the 

rainy season (Abensperg-Truan and Steven 1997, Abensperg-Truan 1994).  

The geographic distribution of T. cinereus is limited to south-central Texas (Scheffrahn 

and Rust 1983), which may explain why harvester termites have not been previously 

documented in the diets of Texas horned lizards. Preliminary evidence suggests that prey 

selection of harvester termites is not unique to our study locations. Fecal samples of Texas 

horned lizards collected in 2017 from nearby ranches in Karnes County contain large numbers 

of harvester termites, even though harvester ants are highly abundant (unpublished data). 

These findings suggest that harvester ants may have reduced dietary importance for Texas 

horned lizards throughout the range of T. cinereus.  



 
 

38 
  

DNA barcoding proved to be an effective method for species-level identification and 

detection of soft-bodied prey. Utilization of molecular techniques resulted in an additional 40 

OTUs which were not identified using fecal dissection. This suggests that DNA barcoding is 

highly complementary to fecal dissection as a method of diet analysis for Texas horned lizards 

and enabled a wider diversity of prey identification than either method alone. Future 

applications of molecular techniques in dietary studies of Texas horned lizards should assess if 

detection of hard-bodied prey (i.e. ants) is improved by mechanical destruction of exoskeletons 

prior to DNA extraction.  

Collectively, our findings indicate that Texas horned lizards can maintain diets with low 

frequencies of harvester ants for extended periods. Although harvester ants have been 

documented as an important prey item for Texas horned lizards (REF), our results suggest that 

harvester ants are not a dietary requirement of the species.  

Prey Abundance and Texas Horned Lizard Diets 

 Our results found that spatial and temporal variation in the diets of Texas horned lizards 

were related to variation in prey availability. Rather than specializing on harvester ants, Texas 

horned lizards observed in this study appear to utilize generalist feeding strategies to optimize 

intake of nutrient-rich prey, including harvester ants, beetles, harvester termites, and alate ants 

and termites. 

  Optimal foraging theory suggests that prey choice is driven by the profitability of prey 

items, favoring prey which have high nutritional rewards and low costs, especially foraging and 

handling effort (Murgatroyd et al. 2016, Razeng and Watson 2015, Newbold and MacMahon 

2009, Beissinger 1990, Munger 1984, Pyke et al. 1977). Previous studies have used ant size 
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(Suarez et al. 2000), aggression (Rissing 1981), and abundance (Newbold and MacMahon 2009) 

to explain prey choice of harvester ants in various horned lizard species. Barring significant 

differences in handling, Newbold and MacMahon (2009) suggested that horned lizard diets 

should be dictated by prey encounter rate and energy intake. The foraging behaviors of Texas 

horned lizards in Kenedy and Karnes City appear to be consistent with this hypothesis and 

optimal foraging theory. Differences in utilization of alate ants and termites, beetles, harvester 

termites, and harvester ants with respect to space and time typically corresponded with 

estimates of prey availability (beetles and harvester ants) or predicted climate-related activity 

patterns (alate ants and termites, harvester termites).  

We found significant positive relationships between harvester ant availability and the 

importance of harvester ants in Texas horned lizard diets. This supports the previous findings 

that prey selection for harvester ants by horned lizards is influenced by harvester ant 

abundance (Ramakrishnan et al. 2018, Newbold and MacMahon 2009). The strongest predictor 

of the dietary contribution of harvester ants was the ratio of harvester ant colonies per horned 

lizard, which could indicate that generalized diets in Kenedy and Karnes City are also related to 

high horned lizard densities.  

Estimated harvester ant availability in individual home ranges was the weakest predictor 

of harvester ant availability in horned lizard diets. There are multiple possible explanations for 

ǘƘƛǎ ǊŜǎǳƭǘΥ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ŀ ǎŎŀǘ ŘƻŜǎ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŎŜƴǘŜǊ ƻŦ ŀ ƭƛȊŀǊŘΩǎ 

home range, and home ranges areas may vary between individuals or sexes. Additionally, this 

relationship excludes explanatory power of other potentially confounding site characteristics 
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that could influence prey selection behaviors including alternative prey availability, horned 

lizard density, predation risk.  

When using ranked abundance, there was a weak positive relationship between prey 

abundance in pitfall traps and prey abundance in diet. Highly abundant prey tended to be 

highly abundant in horned lizard diets. In fact, big-headed ants were the most abundantly 

collected (41%) and consumed (40%) prey taxa at our study sites. Adult Texas horned lizards 

rarely select for big-headed ants because of because of their small size (i.e. reduced energy 

intake and increased foraging requirements) (Ramakrishnan et al. 2018). Small-bodied big-

headed ants, however, are an ideal size for hatchlings and juvenile horned lizards that cannot 

consume larger ant taxa (Ramakrishnan et al. 2018, Lahti and Beck 2008). Typically, horned 

lizards undergo ontogenetic dietary shifts: as horned lizards grow, gape size increases, allowing 

consumption of larger ant taxa (Ramakrishnan et al. 2018, Lahti and Beck 2008, Suarez et al. 

2000). However, in Karnes County, larger ant taxa such as carpenter ants (Camponotus spp.), 

acrobat ants (Crematogaster spp.), and acacia ants (Pseudomyrmex spp.) are either arboreal or 

solitary foragers. Thus, high consumption of big-headed ants in Kenedy and Karnes City may be 

driven by a functional lack of alternative larger ant taxa, which was also reflected in pitfall traps. 

Additionally, these results suggest that the rate at which Texas horned lizards encounter big-

headed ants may be sufficient to offset reduced energy intake and foraging costs from their 

small size (Newbold & MacMahon 2009).  

   One of the major criticisms of using pitfall traps to estimate prey abundance is their 

tendency to simultaneously over- and under-estimate prey availability (Newbold and 

MacMahon 2009). This is particularly true for assessing the availability of patchily distributed 
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species, such as harvester ants and harvester termites (Newbold and MacMahon 2009, Munger 

1984). This probably contributed to the observed discrepancies between the abundance of 

several taxa in pitfall traps and diet, including fire ants, harvester ants, and harvester termites. 

Although comparisons between pitfall traps and diet have previously been used to assess 

resource preference, biases of pitfall traps may systematically over- or under-represent 

selective foraging behaviors.   

Climate-induced activity patterns may explain the variation in harvester termite 

consumption over time in Kenedy and Karnes City as well. As a result of reduced exoskeleton 

chitin, harvester termites restrict surface activity at high surface temperatures and during 

periods of reduced rainfall to reduce risk of desiccation (Scheffrahn and Rust 1983, Nutting et 

al. 1974). In Australia, consumption of harvester termites is highest during the rainy season, 

when termites are most active (Abensperg-Truan 1994). Similarly, seasonal differences in the 

consumption of some alate ants and termites appear to be related to climatic conditions that 

may dictate their abundance at different times of year. Previous studies and our results suggest 

that Texas horned lizards opportunistically exploit nutrient-rich alate ants and termites 

following emergence events (Barker and Fitzpatrick 1998, Redford and Dorea 1984). This is 

supported by anecdotal evidence that Texas horned lizards exhibit strong preferences for alate 

ants and termites (Bott et al. 2001, A. Gluesenkamp and R. Reams pers. comm. 2018), likely due 

to their high caloric content (Barker and Fitzpatrick 1998, Redford and Dorea 1984). 

Our findings failed to support the conclusion that Texas horned lizards are harvester ant 

specialists. Although numerous studies have identified harvester ants as an important 

component of the diet of Texas horned lizards, our results suggest the importance of harvester 
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ants is context-dependent. Harvester ants are entirely absent from the diets Texas horned 

lizards at Tinker Air Force Base (Oklahoma), where harvester ants are virtually absent 

(Ramakrishnan et al. 2018). Similarly, our results found that prey selection for harvester ants 

was lowest at locations where harvester ant availability is low. The relative importance of 

harvester ants in the diets of Texas horned lizards is likely influenced by a combination of 

harvester ant availability and the nutritional quality and abundance of alternative prey.  

Implications for Conservation 

Our results support the hypothesized importance of prey abundance and nutrition in 

prey selection mechanisms of horned lizards. Texas horned lizards appear to exhibit 

opportunistic feeding behaviors which allow efficient exploitation of nutrient-rich prey. The 

relative importance of harvester ants in the diets of Texas horned lizards varies differs both 

spatially and temporally. Similarly, the role of harvester ants in the persistence and subsequent 

decline of Texas horned lizards is likely influenced by the abundance of alternative prey, 

predation risk, soil types, and vegetation community.  

From land management to captive breeding efforts, assumed dietary specialization on 

harvester ants has defined many aspects of Texas horned lizard conservation. However, our 

results suggest that, in certain contexts, horned lizards can survive on generalized diets with 

low frequencies of harvester ants. Habitat suitability assessments should be modified to 

incorporate alternative prey availability. Optimal foraging behaviors for Texas horned lizards 

likely differ between populations due to differences in prey availability, predation risk, and 

vegetation communities. Translocation and reintroduction efforts should consider how 

optimum prey acquisition or predator avoidance behaviors may differ between habitats, to 
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ensure that lizards are well-suited to the selection pressures of foraging. Currently, diets of 

captive-bred Texas horned lizards typically consist almost exclusively of harvester ants (D. 

Barber, pers. comm. 2018). It is unclear if lack of dietary diversity or predation risk in captivity 

may hinder foraging efficiency following reintroduction.  

Our findings suggest that Texas horned lizards are not harvester ant specialists. Prey 

abundance and nutritional quality appear to play an important role in prey selection 

mechanisms of Texas horned lizards. Although the specific foraging behaviors exhibited in this 

study may be a unique combination of prey availability and habitat disturbance, our conclusions 

were similar the conclusions of Newbold and MacMahon (2009) regarding harvester ant 

specialization and prey selection mechanisms in desert horned lizards. This suggests that 

horned lizards, as a genus, may be less specialized than has been previously suggested.    
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APPENDICIES 
 
Appendix 1: Maps of 15 study sites occurring in Karnes County.  
 

Each site was surveyed 8 times by a minimum of 2 people. Black solid lines indicate the 

extent of the search area for each site, with 15-meter buffers indicated by broken grey line. 

Texas horned lizard captures and recaptures are indicated by white and grey diamonds, 

respectively. Locations of pitfall traps at sites 1, 3-7, and 13 are indicated by blue hexagons. 

Note that the number of traps varies based on the size and shape of each site. Brown triangles 

indicate the location of harvester ant (Pogonomyrmex spp.) colonies. Small, red triangles 

indicate the location of invasive fire ant (Solenopsis invicta) colonies. Brown circles (sites 1-7) 

indicate the location of scats used in diet analysis. Land use cover was determined for sites 1-8, 

10-13, and 15 using supervised classification of National Agriculture Imagery Program 0.5 m 

orthoimagery (Nagel and Yuan 2016). Dark and light green polygons indicate dense vegetation 

(trees, shrubs, etc.) and grass, respectively. Note that map scales differ between site maps.  
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Appendix 2: Images of arthropod exoskeleton fragments recovered from 133 feces of Texas 
horned lizards in Karnes County, Texas. 
 

Fragments were grouped based on morphological features, primarily texture, color, and 

size. Exoskeleton groups were then identified to order according to dichotomous keys and 

similarity to representative specimens collected in pitfall traps. Beetles (a-c) and weevils (d) 

were typically well preserved in scat, and could be identified by a combination of heads, 

thoraci, and elytra (hardened forewings). Additional bŜŜǘƭŜ ǘŀȄŀ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άƻǘƘŜǊ 

ōŜŜǘƭŜǎΦέ 

 
 
 
 
 
 

Head (Dorsal)  
Head (Ventral)  

Thorax (Ventral) 

Thorax (Anterior) 

Thorax & 
Attached Head  

(Dorsal) 

Elytra 
(Ventral) 

Ground Beetle (Coleoptera: Carabidae): Ground beetles possess smooth, black 
exoskeletons, which occasionally is iridescent. The thoracic cavity is circular, as seen from 
the anterior view of the thorax. The head is large and round with prominent eyes. 
Mandibles may remain attached to the head. 

a) 
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Dung Beetle (Coleoptera: Scarabidae): Like ground beetles, dung beetles also have a 
smooth exoskeleton. Dung beetles very in color, including black, brown, and brilliant 
metallic green. Their heads are distinctly flat. Eyes are often only visible from the 
ventral side. Dung beetles lack well-defined mandibles seen in ground beetles and many 
other insect taxa. Heads will often remain attached to the thorax, which curves 
downward toward the head. In contrast to the flat elytra of ground beetles, dung beetle 
elytra tend to be rounded. Many dung beetles appeared to be tumblebugs (Canthon 
spp.)   

Head 
(Dorsal View) 

Head 
(Ventral View) 

Thorax (Dorsal 
Anterior View) 

b) 

Head Thorax Abdomen with Elytra 

Dorsal 

Ventral 

Darkling Beetle (Coleoptera: Tenebrionidae): Exoskeletons of darkling beetles are black, 
matte, and have a rough texture compared to ground and dung beetles. The head is 
rounded, but mandibles can typically only be seen from below. Eyes are visible on both 
sides of the head but are less prominent than ground beetles. The thorax is dorso-
ventrally flattened compared to dung beetles, with pronounced lateral edges. Elytra 
appear more matte than ground beetles but are otherwise difficult to distinguish. 
Identification based on heads or thoraci is preferred.  

c) 
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  Like beetles, the heads and thoraci of true bugs (Hemipterans, e-f) tend to be well 

preserved in scat. True bugs can be characterized by two main features: a well-defined, 

prominent scutellum, and piercing, sucking mouthparts (i.e. true bugs lack mandibles). The 

scutellum is a large, triangular projection of posterior region of the thorax which is typically 

absent or severely reduced in beetles. Hemipterans vary widely in color and texture. The the 

wings of hemipterans differ from beetle elytra by the hemelytral membrane found on the 

posterior portion of the wing (g). 

d) 

Weevils (Coleoptera: Curculionidae): Weevils are most easily identified by their 
prominent snouts and rough texture. They frequently remain fully intact. Hairs, 
which cover the entire body, may be visible. The thorax is typically narrower 
than the abdomen, and highly circular. The bodies of weevils tend to be more 
cylindrical than beetles.    

Ventral view of weevil 
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Burrowing bugs (Hemiptera: Cydnidae): Burrowing bugs possess a smooth, black 
exoskeleton which resembles ground beetles. Although burrowing bugs vary in 
size, their rounded heads make burrowing bugs and smooth, black exoskeletons 
easy to distinguish from other hemipterans.  

e) Dorsal View 

Head 

Forewing 

Pronotum 
(Thorax) 

Scutellum 
(Thorax) Abdomen 

Ventral View 

Head 
Pronotum 
(Thorax) 

Scutellum 
(Thorax) 
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g) 

Comparison of ground beetle (Coleoptera: Carabidae) elytra and burrowing 
bug (Hemiptera: Cydnidae) forewings. Elytra are entirely hardened. 
Hemipteran wings are either entirely membranous or partially hardened, with a 
hemelytral membrane towards the posterior region of the wing.  

Hemelytral 
membrane 

Coleoptera elytra 

Hemipteran forewing 

Ventral View 

Head 

Pronutum 
(Thorax) 

f) 

Misc. true bugs (Hemiptera): the size, shape, texture, and color of 
other true bugs varies. Heads are have a cone-like or triangular 
shape compared to burrowing bugs. Note that sucking mouthparts 
are always visible.  

Ventral view of misc. hemipteran heads 

sucking mouthparts 
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 Because termite exoskeletons are easily digested, they can typically only be identified by 

their heads. All workers and soldiers lack compound eyes. Harvester termite (T. cinereus) 

nasute soldiers are unmistakable (h).  

 

Harvester termite nasute soldier caste (Isoptera: Tenuirostritermes cinereus): the  
harvester termite nasute soldier caste is unmistakable. Their heads are dark brown 
and smooth. All heads are virtually identical in appearance. They lack compound eyes 
or mandibles and are characterized by a pronounced nasute structure on the anterior 
portion of the head.  

h) 
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Appendix 4. Foraging harvester termites (left) and harvester ants (right). 

Appendix 3. Size comparisons of T. cinereus worker (top left), Pheidole minor worker 
(bottom left), and Pogonomyrmex worker (right).  


