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The Carabidae is a large family of beetles with 33,920 valid specieswddd While

the spedfic diets of many of these species are knoespecially among the Carabinae,
the feeding preferenes of the majority of species atamknown. Attempts to determine

the food preferences have been made relying upon morphological characters of the
head and mouthparts but not in a quantitative manner. A literature review of
morphological characters of the Carab&l in 2002 showed thatho consisént
morphological charactewould predict the feeding preferences of all species. In this
study, twenty morphologcal measurements and character conditions from the adults of
fourteen species of carabids representing five subfamilies and ten tribes were es@luat
to determine whether thered a correlation between the morphology of the mandibles
and proventiculus,the gut contents and field observations. Using cluster analysis the
measurement means and the presence or absence of structures of all twenty
characteristics were evaluated. Five characters were found to provide the most

information and provided logicaroupings. However, it was apparent that predicting



specific food preferences was not possiblilstead the analysis indicateétle type of
feeding, that is, fluid feeding with extraral digestion particulate feeding omixed
feeding incorporating both uid feeding and particulate feeding. Fluid and mixed
feeding species(Cicindelapunctulata Oliver and Calosoma calidunF, Paraclivina
bipustulata (F.) were predaceous while particulate feedefprimarily carnivorous:
Omophron labiatum F, Bembidion quadrimaculatum L, Poecilus chalcitegSay)
Stenocrepis duodecimstriatahevrolef Lebia grandidentz and Calathus gregariuSay
primarily herbivorous:Harpalus caliginosu§, Geopinus incrassatuBej, Stenolophus
lineola F, Zabrus tenebroidessoeze, and Anisodactylus laetu®ej) could be both
predaceous and herbivorous to varying degreleack of field observations or conflicting
evidence of other workers makes some of the designations question&aevergent
evolution seemed a likely mechanisim unrelated groups inthe development of the
proventriculus. Harpalus caliginosudemonstrated that although thenembers of the
genus Harpalusare widely regarded to be seed eatersl. caliginosuss at least a

scavengerif not predator, despite havingnandibles appropriate for eating seeds.
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INTROWICTION

The Carabidais one of the sidargestfamiliesin the order Coleoptera and largest in the
suborder Adephaga with 33,920 valid speciesorld-wide (Bousquet, 2012)Lawrence
(1982) and Larochelle (19D) estimated that world-wide 30,000 and 40,000 species
occur, respectively Becausethey occur in a diversity of habitagtsan be locally
abundant andare often agricultually relevant carabids have been extensively collected
and studied.The systematic treatment of the Carabidae for this study asda on
Bousquet (2012).Bousquet (2012) describes three groups within the family: the basal
grade carabids (those groups that diverged early from the main group, Cicindelinae, for
example); middle grade lineages (Carabinae); and higher carabids (Hag)alin

According to this current alignment, six subfamilies, two supertribes, eleven tribes and
three subtribes are eresentedby the fourteen species used this study (Table)l

. @ O2YLI NRaz2ys dzaAy3a [ AYRNRGKQAadbéimcthdedd 2 NH
in two subfamilies nine tribesand three subtribes Cicindelinae, Carabina€arabini,
Scaratini, Omophronini Pterostichini, Laiini, Oodini, Zabrini, BembidiiniHarpalini
(Harpali, Anisodactyli, and BradycglIT he differences in the tavschemes illustrate that
despite well defined groups within th Carabidae, there is stilxonomic uncertairty
concerning placement dhese groups within thdamily.

The question of what carabids eat is not new and many researchers have stadied
feeding mechanisms and food preferenc®ghile these studies have provided data on

feeding habits and dietary preferences of many species of carabids, especially the



Table 1 Species used in this study and theaxonomic psition within the Carabidae
based upon Bousquet (2012)Except for the Palearctic speci&@abrus tenebroidesall
species are native to eastern United States.

Subfamily Supertribe Tribe Subtribe Genus Species
Cicindelinae Cicindelini Cicindela punctulataOliver
Carabinae Carabini Calosoma calidumF.
Omophroninae Omophronini Omophron labiatum F.
Scaritinae Clivinini Paraclivina bipustulataF.
Trechinae Bembidiini Bembidion guadrimaculatumL.
Harpalinae Pterostichitae Pterostichini Poecilus chalcitesSay
Oodini Stenocrepis duodecimstriata
Chevrolet
Zabrini Zabrus tenebroidesGoeze
Harpalitae Lehkini Lebia grandisHentz
Harpalini Anisodactyla Anisodactylus laetusDej.
Geopinus incrassatude;j.
Stenolophina Stenolophus lineolaF.
Harpalina Harpalus caliginosug-.
Sphodrini Calathus gregariusSay

Carabinae and Cicindelinae, therenig current means of predicting dietary preferences
for the majority of carabidspecies. Few quantitadive studies of morphological
structures associated with catching and processing their food have beeducted I
this work the objective is to gantify selected (n = 20rharacters of the head,
mandibles, and proventriculus andorrelate these with gut analyss and field
observationsfor predicting dietary preference

Based uponfeedng observations Forbes (1883)surmised that carabids were
herbivorous as well as carnivorausOther researchergWebster 1900; Shough1940;
Morrison 1941, Davies 1953 Skuhavy 1959; Johnson and Cameroh969; Lund and
Turpin 1977;Tooley and Brust, 20024onek et al, 2005; Honek et al, 2007) have
supported these observationswell establishing carnivorous, granivorous (=

spermaphagous)and herbivorais feeding by carabids In reviewing the literature up to



1977, Larochelle (1990) detemaid of the 1054 species referencefl81 consumed
animal matter of which775 were exclusively carnivores. Eigfiye specieswere
exclusively phytophagous of whi80 speciesincludingZabrustenebroidesGoeze were
particularly noxious to plants and 206 species were omnivorddgny species have
seasonaldiets, being carnivorousduring part of the yeamnd largely granivorousor
herbivorous at other times(Burakowskil967, Tooley and Brust 2002

Researchers have determined feeding preferenoksther insect groupsespedally the
Acrididag usingmorphological cheacters Isley (1944), Chapman (196d)d Feroz and
Chaudhry (197pexamined the mandibles @frasslopper speciedo determine if there
were morphological differences according to type of food consumed. Their collective
results indicated a clear relationship between mandible morphology and toughness of
food, generating three groups: grass feedefsibs feeders and mixefeeders Bernays

and Hamai (1987) investigated head size and dietary preferences ifctidoidea and
found that grasshoppers feeding on grasses required greater musculature for chewing
tougher food than tlese feeding on forbs. In thistudy the amount of muscle
determined head size so that the dietary preferences of these insects could be
determined by their relative head sizeGrasshoppers wittproportionally larger heads

fed on grasses; the smaller head size indddorbs feedersand intermediate head size
mixed feeders.

Paul (2001) found that thenature of mandibular musculature of antslefined their

feeding preferences. pBcies with more muscle mass devoted to short stranded muscle



could closetheir mandiblesmore quickly and énce would be more predaty. Ants

with more long muscles, exhibited greaterlikelihood of granivory

Evans and Forsythe (1985) considered whether there were important morphological
aspects of theearabidheadcapsulethat mightbear upon feeding pregrences, but aside
from a few species, they discountethead characteristics as being important in

determining feeding habits.

Figure 1 The morphological features of carabid mandibles. Not visible in this view is the
retinacular ridge which lies ventral to the terebral ridge culminating posteriorly in the
retinacular tooth. IN incisor; TR; terebral ridge; T terebral tooth; RT¢ retinacular
tooth; PMT¢ premolar tooth; MT¢ molar toothy SCg scrobe

Carabids have twstructuresfor reduang their food to manageable size, the mandibles

and the proventriculus. Mandibular form and function have been studied byannel



(1926), Forsythe (1982), Evans and Forsythe (198%)n and Ball (1991)Ball et al
(2010, Begum andslam (1997, 2002). Generaly, carabid mandiblegre similar, as
noted by Jeannel (1926), who describedrthé a8 > &G G KNBS & A RiBtR LR NJ
developed thenomenclature forthe teeth and ridges(Fig. 1) The terminology was
reviewed and expandedybAcorn and Ball (1991) who described the array of teeth and
elevations found on the mesal margins of the mandibles as a series ofgbardfjes
separated by occlusagrooves. The terebral ridges psterior to the incisors sheathe
retinacular teeth ad ridges, may also sheaor, act as a compacter (Acorn and Ball
1991) The variable basal region may hawee or more teeth oridges for additional
reduction of food, or have a flattendaasal face.Abasal face may or may not support a
basal brush. Tébasal brush of hairs may be extensiveconfined to afew hairs, that
help transfer the food to the mouth. The left mandible is the dominant mandible
generally being longer and sliding over the dorsal side of the right mandible although
within speces,there are some exceptions (IngerstMahar, personal observations).
Snodgrass (1935) described in general the alimentaryal of Coleoptera noting the
similaity with orthopteroids and describinghe proventriculus as a structure with an
intima havng major and minor folds forming the surface of the lumen. Longitudinal
muscles lie within the major folds and the whole structure is in a sheath of circular
muscle although these muscles are not always attacheth®intimabut to each other
forming amuscular web about the proventriculus

The function of the proventriculus has been debateskinravy (1959)and Cheeseman

and Pritbard (1984a) agreedhat the proventriculus of some species serves as a



trituration organ, reducing food particle sizésom the crop to the mesenteron, in
contradiction to Brunetti (1931) and Thiel (1936) Y NI982) considered that the
proventriculus of Geadephaga beetles had four functions: triturationlinmg crushers,
filtration, pumping food to the mesenteron, and mixing food and digestive enzymes.
Evans and Forsythe (198&ated thatthe proventiculus acted as pump,filter, and an
organ for trituration. @eeseman and Pritchard 9840 questioned the filtering aspect
of the proventriculus.

Davies (1953) compared proventricular structure to gut contents of British carabids
developing different nutritional categories¢ carnivorous with chewing proventriculus,
carnivorous with extraintestinal digestion, temporary carnivores and herbivores
Zhavoronkova (1969) correkd mandibular and mventricular structure with gut
contents to discern three eleding categories ¢ obligate zoophages, predominately
zoophagous, and predominantly phytophagousForsythe (1982) and Evans and
Forsythe (1985) developed 3 categories of feeding behaviors based mostly on
mandibular form: fluid feeders, fragmentafeedersand mixed feedergcombining both
fluid and fragmentary feeding) Davies(1953, Sunderland(1975, Hengeveld(1980a,
1980h, Cheeseman and Pritchard (1984a) aHdlopainen and Heleniug1992)
conducted gut analysis and characterized food consumed labads.

The proventriculus, situated between the crop and mesentei®rhighy variable in
carabids, neaylindistinguishabldérom the cropin some specieand in others, large and
robust The relative length to widit ratio differs among species, as dabge amount

and arrangement ofinternal armament. Many esearchers have proved cross



sectional views of the pwentriculus but few have delved into the longitudinal
appearance of the folds and internal armamé®ichaefer 1931, Whittington 1933, Bess
1935, Judd 1947 anti948, Cheeseman and Pritchard 1983a

Evans and Forsythe (1985) reviewed the morphology of other mouthparts, such as the
maxillae, lacinia, and labrum and internal musculature of the cibarial pump and devised
feeding categories based ap these structures. Ingersdviahar (2002) reviewed the
carabid literature to ascertain if any morphological character studied thus far provided
consistent clues as to their dietary preferences among carabids and found none Gut
dissections, ELISA, labtwry and field observations all help to make a composite
picture of carabid dietary preferences but each technique has its limitations (Ingerson

Mahar, 2002).



METHODS

The burteen species, representingix subfamilies and elevdribes of theCarabidae,
used in this study areall common in the northeastern hited Sates except forthe
PalearcticZabrustenebroidesGoeze (Table)l Specimens wereollectedprimarily from
blacklight andpitfall traps. Lindroth (1969 was used for determining spees All
specimens weredissected retiing the head capsule anthe stomodeum The
stomodeum from each specimen was placed in 70% ethanol in a genitalia vial and
stored in a larger container of 70% ethanol. The head capsules were mounted on
doublesided tape on trays. Two digital imagédorsal and lateral views) of each
specimenwere taken using deica MZ 16 stereomicroscope equipped with a Leica DFC
480digital color camera and illuminated by a Leica KL 1500 Liidge Pr®with the
Scope Pro stware was used for photographyThe headcapsules wereghen dissected
retaining the mandibles fofurther imaging All head and mandibular imagewere
stored as TIFF filegroventriculi images were stad as jpeg files. Morphological
measurements werdaken usingmage J.45ssoftware(Table 2.

Gut dissections were conducted usimgVWR dissecting microscope Images of the
crops and proventriculi wereapturedwith a Nikon Coolpix 4500 digital camea#fixed

to the ocular tube of d.eica ATC 200atbmpound microscope.

Twenty characters were examéd and means calculate@@able 2and characters states
(Table 3)noted from the head, mandibles and proventriculus of all fourteen species
Cluster analysi¢Proc Cluster and Protree, The SAS system for kidows, Release 9.2.

SAS Institute Inc. 201Was used tanalyz the means of character states to determine



groupings of species with similar characteristics. The resulting dendogram groupings
were compared first in terms of logical placement of speciesFor example, having
Cicindela and Anisodactylus grouped together even though showing some
morphological similarities would be illogical whereas a group containing both
Anisodactylusand Zabrusmight not be. Secondy, the groupings were comparelaly
correlating the groupings with gut content data and field observatioM&lues for each
character were analyzed independently and then by groups of characters.

HEAD CAPSULE

Three dimensionsvere measured; the eye width, head widthred head depth. Theye
width is the distance between the compound eyes at the widest posterior margin of the
compound eye and heh(Fig. 2 Head width was measured at the point of the lateral
occipital sutures. In species lacking the occiptature the widest distancbehind the
eyes was measured. The head depth was measured from the dorsal locatibe of
occipital suture to thegreatest distance ventrally, posterior to the eyes. If the occipital
suture was absent then the head deptvas sinply the greatest distance dorsal
ventrally kehind the eyegFig. 2b).

MANDIBLES

The mandibles were identified as left and right when viewed dorsally with the head
facing the top of the page.Two measurements wertaken of both mandibles: length
and widh and compared as ratiogleft mandible - Lm/w; right mandible- Rm/w).
Mandibular length was from the exterior edge of the dorsal condyle ® farthest

point of the incisor. The width was measured from the exterior edge of the dorsal
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condyle to the pot of attachment for the adductor muscléFig. 3a) In Cicindela
punctulatg the dense basal brush obscured the adductor attachment so the width was
measured from the external dorsal condyle to the point of the brush margin at the base

of the mandible.

Figure 2 Lines indicate/vere the head measurementsvere made: ahead width (Hw)
and eyewidth (Ew) and b)headdepth (Hd)

Two additional measurementd-ig. ®) were taken from only the leftnandible: distance
from the apicalpoint of theincisor(IN) to the posterior base of the tebral tooth (TT)
and thedistance from theapical incisor pointo the base abng the mesal margi(B) of
the mandiblecreating the ratidNTINB.

Other mandibular characteristics evaluated includbd ratio of head wdth/length of
left mandible (Hw/Lm); the ratio of the length of the left mandible/right mandible
length (Lm/Rm); he crosssectional view of the base of the left mandible being

rectangular or triangulareither asa scalene, or isosceles triangllemX); pesence or
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absence of a madibular basal face (BF); and presence bsence of a premolar tooth

(PMT).

Figure 3 Mandibular measurementsa) The left and right mandible lengtivas
measuredfrom the outer edge of the dorsal odyle to the most distant point of the
incisor, and themandible widths were measured from the outer edge of the dorsal
condyle to the point of attachment for the adductor musclds. The INT distance
(yellow line)was measured from the incisor tip to th@osterior edg of the terebral
tooth. The I distance(blue line)was measured from the incisor tip to the point of
attachment of the adductor muscle.

PROVENTRICULUS

The relative length to width ratio of the entire proventriculus wasorded, as welas,
the nature of theinterior covering of the lumen and the structures thereinSpecific
characters noted were: presence or absence of a neck (neck); presence or absence of

anterior teeth (ant t); presence or absence of neck teeth (neck t); presenebésence

of posterior nodes with teeth (node t); presence or absence of opposing peasence
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or absence of cuticularidges (fl); length of proventriculus (L); width of proventriculus
(W); and estimated length to width ratio (L/W).

CATEGORIZING GUT CENTS

These were examinedsing a Leica ATC 2000 binocular microsdmpéaying out the
crop and proventriculus on a microscope Igle and examining it under 40x
magnification. Cropsvere recorekd as eithe empty, with little food, half full or mostly
full. Food items were determined as best as possible, immoth scales werdikely
contaminants from specimens taken from blackligatsl not included as food itemdn
addition to identifiable material, two other categories were developed related to the
amorplous nature of some food matal as lobs (dark oilyappearingclumps)and
gruel (non-clumped homogenous material) Initially, iodine wasused in an attempt to
detect the presence of starcamidst the food material but was deemed an unreliable
method The nature of the gut contentsvas used in combinationwith available
literature citations offield feeding observationso further substantiatepreferred prey

items.
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RESULTS

MEASUREMENTS OHARACTERS

All twenty means and evaluation of charactgates are summarized ihables 2 and 3

THE HEAD CAPSULE

The threemeasurements weregemarkably consistent acrosspecies with the exception

of Omophron labiatumF, which is uncharacteristatly wide compared tahe majority

of carabid species. Otherwisdielse measurements collectively show that the area of
the head capsule immediately posterior to the eyes is generally spherical, with minimal
variation.

THE MANDIBLES

The mandibles were consistent across species in hdeungregions, incisors, terebral
ridges and teeth, retinacular ridges and teeth and a basal regidariations were
observed in all of these aas but the most variable arewas the basal regionSpecies
were divided by having either a basal facavith or without a dense basal brush or
having one or more teetheither poorly developed or brodgl expanded Where the
basal tooth was broadly expanded medially, the medial edge was slanted laterally,
underneath, so that the medial edge could be used for either shearing or kneading (Fig.
18e).

Under fourth character, the head width/left mandible length ratifrable 2) three
species had mandibles longer than the head wi@@lgindela punctulat®liver, Harpalus
caliginosug-, and Stenolophus lineol& The remaining species had ratios gezahan

one indicating that the mandible length was shorter than the head width.
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Table 2 Ratios of eight morphological characters of the head and mandibles of
fourteen carabid species adults. The meani the ratios ardisted under obs with the

standad deviation listed under std.
Hw/Ew

Species

Cicindela punctulata
Calosoma calidum
Omophron labiatum
Geopinus incrassatus
Poecilus chalcites
Stenocrepis duodecimstriata
Calathus gregarius

Lebia grandis

Paraclivina bipustulata
Bembidion quadrimaculatus
Zabrus tenebroides
Stenolophus lineola
Harpalus caliginosus
Anisodactylus laetus

n
29
30
30

2
30
30
26
30
30
30

3
30
30

30

obs
1.01
0.93
1.00
0.98
0.85
0.90
0.86
0.71
0.84
0.93
1.00
1.09
0.93
0.84

std

0.03
0.03
0.01
0.00
0.02
0.02
0.04
0.01
0.03
0.08
0.02
0.04
0.01
0.01

obs
1.01
1.10
1.65
1.20
1.03
1.01
1.05
1.05
0.99
1.02
1.10
1.09
1.10

1.06

Hw/Hd

std

0.02
0.04
0.09
0.25
0.04
0.02
0.03
0.03
0.02
0.03
0.04
0.02
0.03
0.04

Ew/Hd
obs std
0.99 0.03
1.04 0.05
1.70 0.10
1.24 0.26
1.22 0.04
1.12 0.03
1.22 0.04
1.46 0.05
1.20 0.04
1.10 0.04
1.11 0.03
1.17 0.03
1.18 0.03
1.27 0.05

Hw/LM

obs
0.85
1.25
2.37
1.39
1.49
1.58
1.48
1.35
1.57
1.72
1.81
0.85
0.75
1.70

std

0.12
0.16
0.13
0.02
0.07
0.05
0.07
0.05
0.11
0.18
0.06
0.06
0.05
0.06

LM/w

obs
5.56
2.76
2.66
2.65
2.58
2.47
2.28
2.24
2.14
2.04
2.03
1.85
1.70
1.56

std

1.01
0.26
0.02
0.06
0.10
0.20
0.15
0.03
0.22
0.15
0.05
0.12
0.13
0.04

RM/w

obs
5.54
2.59
2.60
2.43
2.42
2.37
2.33
2.19
2.40
2.03
1.93
1.84
1.44

1.55

std

0.93
0.22
0.18
0.03
0.03
0.01
0.12
0.11
0.31
0.20
0.09
0.08
0.08
0.04

LM/RM

obs
1.01
1.05
1.09
1.05
1.02
1.05
1.03
1.03
0.96
1.04
1.01
1.06
1.17
1.06

std | obs
0.01]0.75
0.02 | 0.60
0.05| 0.68
0.02 | 0.57
0.04(0.71
0.02|0.73
0.03 | 0.66
0.03| 0.81
0.04 | 0.69
0.06 | 0.68
0.02 | 0.67
0.02 | 0.64
0.04 | 0.57
0.02|0.41

InT/InB

std
0.02
0.05
0.05
0.05
0.02
0.02
0.03
0.02
0.03
0.03
0.02
0.04
0.01
0.03

Hw = head width; Ew = eye width; Hd = head depth; Lm = left mandible Ilength; w = width of respective
mandible; Rm = rightmandible; INT = distance from incisor tip to posterior margin of terebral tooth of left
mandible; INB=the distance from incisor tip to the base of left mandible.

Table3. Character states of morphological characters of adults of fourteen carabid

species: the mandibles and proventriculus and estimates of the length and width, in

mm, of the proventriclus based upon two to four specimens of each species.
Lmx

Species

Cicindela punctulata
Calosoma calidum
Omophron labiatum
Geopinus incrassatus
Poecilus chalcites
Stenocrepis duodecimstriata
Calathus gregarius

Lebia grandis

Paraclivina bipustulata
Bembidion quadrimaculatus
Zabrus tenebroides
Stenolophus lineola
Harpalus caliginosus
Anisodactylus laetus

n
29
30
30

2
30
30
26
30
30
30

3
30
30
30

w

P RPPFPEPNNMNNMNNMNNNNEDNDN

BF

PRPPPOOOOOORFRORLEEF

PMT

OO0OFrRFPRFPORFRPRFRPPFPOOODO

o

Neck | Antt
0 0
0 0
1 0
1 1
1 1
1 0
1 1
1 1
0 1
1 1
1 0
1 1
1 1
1 1

Ne t

OO FRPOOFREFPNNNOODO

o

No t

P RPOPFPOOORFR OOOOOo

o

Opp

[N

OPRPOO0OFPOO0OO0COO0ORr PR

o

Ext f

[N NelNoeNeNeolNolNolNolNolNolNoNo

o

L
1.0
11
1.0
2.0
1.3
0.1
0.9
0.8
0.6
0.5
1.0
0.8
1.6
0.6

w

0.5
1.0
0.4
1.0
0.7
0.5
0.5
0.4
0.5
0.2
0.4
0.8
1.0
0.4

LmX = left mandible crossection shape (1=isosceles, 2=scalene, 3=quadrilateral); BF = basal face
(1=present, O=absent); prem = premolar tooth (1=present, O=absent); neck = posterior region of

provertriculus (1=present, O=absent) ; antt = anterior teeth on primary fold (1=present, O=absent); neck t
= teeth in neck region of proventriculus (1=present, O=present); node t = posterior nodes on folds with
teeth (1=present, 0=absent); op hairs =opposiagh in proventriculus (1=present, O=present); ext fl =

external flanges of proventriculus (1=present, 0=absent); L =length of proventriculus in mm; W = width of
proventriculus in mm; L/W = ratio of proventriculus length to width

L/W
2.0
1.0
2.5
2.0
2.0
2.0
2.0
2.0
1.0
2.5
2.5
1.0
1.6
15

The list ofspecies inTables 2 and 3are in descending order based upon the length to

width ratio of the left mandible(Lm/w), which initially Ithought to be a significant
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character. The length to width ratio of the right mandible (Rm/w) was very similar to
the Lm/w ratio wth the exception ofParaclivina bipustulata(F.), wherethe right
mandible had a larger Rm/w ratio.

The ratios of the left mandible length/right mandible length (Lm/Rm) showed
consistencywith values slightly greater than 1.@jth H. caliginosushaving he largest
ratio, 1.17 P.bipustulatahad the smallest Lm/Rm ratio, 0.96

Lebia grandisHentz had the largestINTINB ratig 0.81 even larger tharCicindela
punctulatg at 0.75 Not includingL grandis the remaining species fored two loose
groupings consistingof C punctulata Stenocrepis duodecimstria@hevrolet Poecilus
chalcites (Say) Omophron labiatum P. bipusulata, Bembidion quadrimaculatunt.,
Calathus gregariu$ayand Zabrus tenebroide§&oezewith values of 0.73 to 0.66. The
second grap had values of 0.640 0.57 includedCalosoma calidunt, Geopinus
incrassatuDej, Stenolophus lineolaandHarpalus caliginosuysvith Anisodactylus laetus
Dej.having the smallest ratio, at 0.41.

The crosssectional shape of the mandibular base als&lped separate species ot
groups: those with a scalertgangular shapgC calidum, O. labiatum, .Rhalcites, C
gregarius, B. quadrimaculatum,. Bipustulata, L. grandignd S duodecimstriata and
those with an isosceleshaped base(Z. tenebroidesG. incrassatysS. lineola, H
caliginosus, A. laetys The crossectional shape ofC. punctulata was nearly
rectangular.

The last two characters, presence or absence of a basal face and presence or absence of

a premolar tooth again split the fourteespecies into groups. Those with a basal face
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included C. punctulata C. calidum G. incrassatusZ. tenebroidesH. caliginosusA.
laetus and S. lineola Lebia grandis B. quadrimaculatum P. chalcites S
duodecimstriata C gregarius and Q. labiatum lacked a basal face and instelad one

or two nolar teeth. Zabrustenebroideswas the only species that had both a basal face
and premolar and molar teethSpecies lacking premolar tooth includedhose with a
basal face andl. grandisvhich had a molatooth.

THE STOMODEUM

The crops of all specieseve thinwalled and translucenut able to unfold or stretch to
accommodate food items. There was no delineation between the esophagus and the
crop. In all species there appearedle structural networkof thicker cuticular strands
within the intima reinforcing the crop wallFig. 4. On the surface of the crop lumen
sparse, posteriorly directed spinemose from the intima athe intersections of the
strands (Fig. 4a) These spines were considerablyoghr and thicker than the spines
covering the folds of the proventriculusin Lebiagrandisthe spines were more like fish
scales with multiple spines directed posteriorly around #uge of the scale, similar to
ctendia illustraed by{ Y NI982). At the juncture of the crop with the proventriculus

the density and length of the spines increaseall species.
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Figure4. Three views of crops showing the netting structure in the intimag; tygical
arrangement of spines are visibbm the internal surface of the crop; dexternal view
of the crop ofGeopinus incrassatus ¢ external view of the crop dPoecilus chalcites
The majority of crops contained food, though often in small amounts.

The proventriculus is a discretergan at the posterior end of the stomodeuthat is
highly variablein external dimensions and internal armamen It is tetraradially
symmetrical with eight invaginations,four primary folds and four secondary folds
corresponding respectively to the major aaxd minor folds described bysnodgrass
(1935). The primary folds arise from the anterior end of the proventriculus and
terminate either at the juncture with the mesenteron or at the juncture with the
proventricular neck. Thaecondary foldsare either low, nondescript ridges; narrow,
heavily armed ridges; are similar to primarylobes. Long, hatlike spines, sometimes
plumose, were present in most areas of the proventriculi. &Hexs been no consensus

among researchers for characterizing thepines of the intima, variously referring to

them as hairs, setae, spines or variantsspines. At the anterior end of the primary
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folds of most species, the spines formedfield that Zhaveonkova (1969)eferred to as

the radula, where spines were longer atticker (Fig. 14e; 28,e). The terminology
used here to describe the spines of the yeatriculus follows{ Y NI982).

Two types of proventriculare found in the fourteen species. The firstis relatively large
and thick (1:1 length/width ratioGalosoma calidunand Paraclivinabipustulatg), with

the intima covered by dense, ng hairs with the posterioend lacking a neck and
attaching drectly to the mesenteron (Fig. 10d, 11d,d)3 Cicindela punctulatdad a
similar proventriculus except that its length/width ratio was 2. The second type has a
region with folds, the bdy, and a distinct neck (Fig. d419d), which occurred in the
eleven remaining species The neck intima has short, blunt teeth or knobs in more or
less transverse rows, or is smop#s inStenolophus lineoléFig. 24). At the juncture
with the mesenteron, the neck forms broad cdbar about the opening to the
mesenteron.

Eight species had distinct radulae, the enlarged spines of the anterior primary fohes

B. quadrimaculatunradula (Fig. 14) consistsof large, thick posteriorly directedspines
Paraclivinabipustulata P. chalcites C.gregarius G.incrassatusS.lineola andA. laetus

have similar types of radulae comprised of shortened stout ted#arpalus caliginosus
had longer teetHike bristles that projected into # proventricular lumen (Fig. 22%).

In specis where nodes appear at the posterior ends of the folds, the spines are either
thickened and anteriorly directedH( caliginosus Fig. 22) or are peglike teeth S.

duodecimstriata Fig.16d,e; B. quadrimaculatumFig. 14,f).
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FOOD MATERIAL OF TSTIEOMODEUM

Two hundred and eighty sixpecimens were dissected and examined for gut contents
(Table 4. Many of the specimens caught by blacklight trap had dried and withered
internal organs thus reducing the number of specimens available for analygst of
contents. The dissection data, in concert with literature referencesand field
observations provide the correlating factor for the cluster analysis results.

About twentysix percent ofall dissected specimens had empty, or nearly empty, crops
and poventriculi. The most common food material in the crop was a dense, amorphous
grueklike mass that was probably formed by the mixing of food with digestive enzymes

Table 4 Percentage of food type found in the stomodewifourteen species of adult
Caralidae.

Species examined sclerite hairs/

n empty plant fragments spines blobs gruel spores other
Cicindela punctulata 16 13 0 0 0 6 69 6 32
Calosoma calidum 15 7 0 0 0 0 93 0 27
Omophron labiatum 26 38 8 12 8 27 8 8 4
Geopinus incrassatus 1 0 0 0 0 0 100 0 0
Poecilus chalcites 25 72 4 12 8 4 8 0 12
Stenocrepis duodecimstriata 28 43 0 11 3.4 4 21 7 14
Calathus gregarius 30 17 17 23 10 0 63 10
Lebia grandis 15 67 0 13 7 13 0 0 7
Paraclivina bipustulata 27 41 0 4 0 33 11 0 8
Bembidion quadrimaculatum 16 6 6 37 19 6 75 19 19
Zabrus tenebroides 3 0 0 0 0 100 0 0
Stenolophus lineola 31 35 3 0 3 0 58 0 6
Harpalus caliginosus 22 0 18 36 14 0 68 32 27
Anisodactylus laetus 31 29 3 10 0 3 42 6 19

in the crop. Superficially, the gruel material appeared similar across spectewithout
biochemical analysist would be difficult to determine its origin, whether animal or
plant. Several species had more globular lumps baotyan P. bipustulatadid these

lumps take on a dark, oilyappearance (blobsTable 4). Pieces of sclerites were
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frequently found including legs, tarshead, integument as well aswings, and
occasionally, entire arthropods. Plant material was common in some species as clumps
of celldar, spongdike structures.Fungal spores were commonly found. The crops of
same species held unusual itemsspecimen ofO. labiatum had a husk of plant bud

or seed, and a see®.75mm by 0.67mmwas found ina C.calidum Two specimens of

S. duodeaémstriata contained nematodes in their cropsNotably, C. punctulata had
rectangular crystalline structures of unknown gin present in the gut contents, but
other species also had saf#te crystalline structures in their cropsMost of these
crystalswere less than 0.1 mm, but s® were relatively large (Fig. d0 These and
several other unidentifiable items including ovoid objects, unusual lumps of unknown
material, cuticlelike structures with random holesyere OF 1 SI 2 NA T SRl & W2
3).

ANALYSIS OF MORPHOLOGICAL CHARACTERS

Using cluster analysis on the morphological means allows for the comparison of traits
and the nontaxonomic grouping of species. Table 2 lists the measurement means
(Table 2)and character stategTable 3)of the twenty morphological features evaluated

by cluster analysisAn analysis incorporatingll charactes provided a base line against
which later amalyses would be compared (Fig. 5Next, each character was reviewed
singly and then in groups of characters temove those deemed redundant or
suggesting illogicagiroupings. Through this process the number of useful characters
was reduced to five. The criteria for selecting these five charasterverethat they

formed logical groupings based upon observed sradf the head, mandibles, and
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stomodeum and secondlythe groupingswvere compared against field observations and
gut contents.

Three general groups existed throughout all of the analyseS: punctulataC. calidum
and P. bipustulata 2) P. chalcitesS. duodecimstriateC. gregariusB. quadrimaculatum
and L. grandis; 3) S. lineoland H. caliginosus The remaining four specie%.
tenebroides G. incrassatuysA. laetusand O. labiatumwere outliers that shifted from
group to group depending upon theaits being examined.

Four mandibular characteristics seemedlevant: the length to width ratio of the left
mandible, the ratio INT/IR, crosssection shape of the mandible bases, and the
presence of the basal face of the mandibles. The values ektlcbaacteristics wee
plotted (Fig. §to provide additional visual representation of the data

These four mandibular characters were analyzed with cluster analysis resulting in a
dendogram (Fig. 7) producing tteame groupings as the plot of the meaofthese

characters, and aligns generally with the known feeding habits. Looking at only these
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Cicindela punctulata

Calosoma calidum

Paraclivina bipustulata

Geopinus incrassatus

Zabrus tenebroides

p— Poecilus chalcites

Calathus gregarius

Stenocrepis duodecimstriata
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Harpalus caliginosus
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Average distance between clusters

Figure 5 The dendogram ofspecies grouping based on the analysis taknty
morphological characters from the headandibles, and proventriculusf fourteen
carabid species using cluster analysis.

four characters, Cicindelais an outlier because of the derived conditions of its
mandbles. The central group (Fig). éf O. labiatum P. chalcitesS duodecimstriataC.
gregarius P. bipustulata B. quadrimaalatum and L. grandisforms a tight cluster and.
grandis as the outlier in this group, because of its large INT/INB ratio. These four
mandibular characters were very important in looking at functional groups of species,
but the placement ofC.calidumin the group of supposed granivores and herbivores is
not credible even though both plotting ancluster analysis place it there. Numerous

references cite the predatory habit d@ calidum Paraclivinabipustulatafalls well

within the group of largely aophagous species. The herbivorous group ofG.
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incrassatusH. caliginosusS lineolg Z. tenebroidesndA. laetusare a close group, with

A. laetusappropriately an outlier here because of its low INT/INB ratio.
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0.81 0.80 0.79 0.78 0.77 0.76 0.75 0.74 0.73 0.72 0.71 0.70 0.69 0.68 0.67 0.66 0.65 0.64 0.63 0.62 0.61 0.60 0.59 0.58 0.57 0.56 0.55 0.42 0.41
Ratio of the incisor-terebral tooth distance and incisor-base distance of left mandible

length to width ratio of left mandible

Figure 6. A plot of four mandibar characters:-gxis - length to width ratio of the left
mandible; xaxis T ratio of incisorterebral length and incisdrase length. Open
triangles are species with a basal face andiswsteles mandible base; closed triangles
are species with a badake and isosceles mandible base. Circles are species lacking a
basal face and having a scalene mandible base. Superserithid 2- Cicindela 3-
Stenocrepis4- Poecilus 5 Paracliving 6- Bembidion 7- Omophron 8 Zabrus 9
Calathus 10 Stendophus 11- Calosoma 12 Harpalus 13 Geopinus 14
Anisodactylus

These genera are in the Harpalinae, belonging to different tribes and subtridésle
these groupings ardogical, they do notcoincide with field observations and gut
contents.

Further evaluation of characters resulted imetuse of mandibular charactergngth
width ration of left mandible and INT/INB ratio (Table 2), @nelsence or absence of a

basal face (Table 3put dropping the crossectional shape of the left malible; and

adding provatricular characterspresence or absence of a proventricular
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Figure 7 The dendogram of species groupings based on four mandible characters:
length to width ratio of left mandible; ratio of incisterebral tooth length to incisor
base length; crossectional shape of the left mandible; presence or absence of basal
face using cluster analysis.

neck and visible external flanges, respectiv@gble 3) These characters provided the
best fit of morphologcal characters, feeding obsations and gut contents (Fig).7
Three well defined groups are represented, group Q. (abiatum, P. chalcites, S.
duodecimstriata, C. gregarius, B. quadrimaculatum,gtandig, group 2, the fluid
feeders C. punctulataC. calidum, Poipustulatg; and group 3, the likely herbivore& (
incrassatusH. caliginosus, Z. tenebroides, A. laetudngola).

Adding character 17 (external proventricular flanges) to the analythis resulting

dendogram (Fig. 8) realigr8 lineolato be an outlier and altering the grouping of the

particulate granivores, so thah. laetusstill remains an outlier with this grouping. By
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setting S. lineolaapart the analysis emphasizes the uniqueness of its proventriculus, at
least amongsthese species, but also supports its probable omnivdrge other groups
remain unaffected by adding character 17. Now the fluid feeders remain intact with
Cicindela punctulata being the outlier of that group. Groud, the carnivorous
particulate feeders emainclosely affiliated while the herbivorous group is more loosely

associated.

Cicindela punctulata

Calosoma calidum

Paraclivina bipustulata

Omophron labiatum

Poecilus chalcites
Stenocrepis duodecimstriata

Calathus gregarius

Bembidion quadrimaculatum

Lebia grandis

Harpalus caliginosus

Zabrus tenebroides

Anisodactylus laetus

Stenolophus lineola

= 1
T
— — (GeOpinus incrassatus
e
|

15 1.25 1.0 0.75 0.50 0.25 0.0

Average distances between clusters

Figure 8 The dendogram of species groupings based on three mandibular characters
and two proventricular characters: length to width ratio of left mandible; ratio of teng

of terebral region to length of mandible; presence or absence of a basal face; presence
or absence of a neck; and, presence or absence of externally visible ridges, using cluster

analysis.
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DISCUSSION

HEAD CAPSULE MORPHOLOGY

Looking at the work doneroorthopteroidswhere relatve head size helped to indicate
their dietary preferencesthe heads of carabids posed problems. A cursory comparison
of the relative head size compared to body length did not seem to provide any relevant
information for dietay preferences; the head to body length ratio was surprisingly
consistentacross species Therefore the dimensionsof the headwidth, eye width,and
headdepth were measured.

The head width to head depth ratio of about 1:1 is consistent across spe@asimg

the head capsule is nearly circularan axialview. This may have greater importance in
body form for the wedge pushing ability of carabids (Evans 1986) ratheratharfactor

in dietary preferences. Only the head capsule@flabiatum and G. incrassatus
deviated from this ratio Table 2. In twelve of the fourteen speciethe eye wdth is
equal to or greater tharthe head width producing a larger ratio of the eye width to
head depth. OnlyC. punctulata and S. lineola have greater head width than eye
widths. These measurements do not provide information on feeding preferences.
Analysis of the amount of musculature to operate the mandibles in future studies may
yield more meaningful information regarding dietary preferences.

MANDIBULAR MRPHOLOGY

The mandibles of nearly all species examined are approximately triangulaoss
section and curve ventrally towards the apicekeannel(1929) referred to the three

sided nature of mandiblesvith one edge forming the medial margin bearitige teeth
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and the opposing side forming the lateral surfacetl@d mandible. While this was the
consistent pattern of structural morgtogy, another speciesiot included in this study,
Galerita bicolorDrury, is exceptional by havinglorsoventrally flatened mandibles
attaining the approximate triangular shape onbt the base anterior to the condyles
suggestingconsiderable variation in mandible morphology across the familthe
mandibles of all species wemgenerally similar, but the goakas to define feeding
preferences based upathe variability found amongpecies

The order of the ridges and teeth were uniform across all species with the ecafti

C. punctulata and P. bipustulaa. Ball etal 2010 addressed the evolution of tiger
beetle mandilles from the moretypical carabid mandible. IR. bipustulata the left
mandible is inconsistent with the rest of the species in that the terefdgie of the left
mandible does not extend to a medial terebral togttwhich is lackingbut instead
diminishes from the base of the incisor towards the dorsal condyle. The retinacular
ridge curves dorsally from itgentral positon assuming the rolef the terebral ridge of
other species. The significance of this anomaly ismclear. How this unique
characterstic relates to food preferences, if at all, requires more scrutiny.

' O2NY FyR . Iff omddpm0O doSdBnotd] tkeSexidieBaddof w2 OO
grooves that extend diagonally from the dorsal surface of the mandibles antero
ventrally to the ventral side. According to the Ness Visual Dictionary of Dental
Technology(Ness, 2011)the term, occlusal groovewould describe a groove on the
surface of a tooth or cusp. The grooves on the mandibles of the adult beetles separate

the ridges that give riseotthe teeth, so itseens inappropriate to use the term occlusal
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in this instance. The purpose of the grooves is not clear. Possibly they allow fluids to
move along the ridges or provide strength to the ridgesl mandibles

After a review of the mandibdar characters bothndividually and as a grougertain
characters were efninated from further consideratignsuch asthe ratio of the head
width to the length of the left mandibl€This character provided an illogical grouping
both taxonomically, straturally, and observationally,of C. punctulata with H.
caliginosusand S. lineola); the ratio of the length of the right madible to width was
redundant to the left mandiblelength to widthratio; and the ratio of the length of the
left mandible to the ight mandible. lexpectedthe latter ratioto be important because
it would show the degree of asymmetry between the manditdesl potentially indicate
the degree of granivory However, it only demonstratedhat H. caliginosushad the
most asymmetricamandibles

| thought the most informativemandibularcharacterwould be the length to width rato
of the left mandible andheorized that thesmallerratio indicates a shifto herbivory.
When the speciewere listed in descending ratipg made intuitive sense Lack offield
observationsof G. incrassatusmade it difficult to evaluate thisspeciesplacement on
the list. In appearancethe mandibles ofG. incrassatusare intermediate letween
carnivory and herbivonhaving neitherthe acute incisors gected ina predator, nor
the crushing surfacef an herbivore.One character suggesting carnivory fGr.
incrassatuss the stronglyproduced,acute retinacular tooth of the right mandible.

As forH. caliginosusit had the mandibular structur¢guadrae mandibles with broadly

rounded incisors and a basal fac@nd phylogenetic affinitieso strongly suggest an
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herbivorous diet but abundant observations show thad. caliginosusas carnivorous
(or scavenginy tendencies (Larochkd 1990). Thirtysix percent of the H. caliginosus
specimensdissected for this study containestlerite fragmens, more than any of the
other species exce®. quadrimaculatum

This study lacked a comparable specied doicera pilicornigF.)which Forsythe (1987)
showed hadshort mandibles with a length to width ratiof less than 2, but with acute
incisors. Field observations supported a carnivorous diet forplicornis despite its
small length to width mandibular rati(Forsythe 1987; Larochelle 1990Species with a
length to width ratio less than 2 with rounded incisors tend to be granivores
herbivores. While informative the left length to width mandibular ratio wasnot
definitive on its own merits.

The crosssection of the madible at its base was approximdgetriangular for all
species, although irC. punctulata the shape was nearlya quadrilateral. In the
remaining species the triangular outline of the base showed that fexies that were
the most likely to consume a large proportion of plant matehall an isosceleshape
that is, G. incrassatus H. caliginosusA. laetus S.lineola and Z. tenebroides The
triangular shapes of the remaining spedies Yiblgs Rvere scalene andpparently
were associated witltarnivorous dietsthat is,C.calidum O. labiatum, P.chalcites S
duodecimstriata C. gregarius L. grandis P. bipustulata and B. quadrimaculatum
These species araot strict carnivores however. Br example,O. labiatum has been
observedfeeding on seedling maiz€ea may4.. (Larochelle 190) andP.chalciteshad

damagedcommon chickweedeeds Stellaria medigL.) (Lund and Turpin 1977n the

or
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scalene species, the molar tooth is wedgfgaped when viewed from ¢hproximal end
of the mandibles. The dorsal surface projectssally and recees ventrally producing
thin edgefor either kneading or slicin¢Fig. 1&).

The ratio of the distance between the incisor &pdthe posterio edge of the terebral
tooth to the distance between the incisor tip artle mandible basewvas informative.
This ratio provided a way of discerning the relatiygoportion of the terebral ridge, a
possible indication of carnivoryAgain, this made intuitive sense but when ratios were
compared between species, a 0.6 ratio @calidumwas very close to the 0.5atio of
both G. incrassatusand H. caliginosus The characterization oAnisodactylussp. by
Forsythe (1982) as having short, quadrategndiblesblunt at the tips and being largely
herbivorous fits well with itdNT/INB ratio(0.41)as it hal the lowestvaluein this study
Seven speciesn this studyhave a basal facelrble 3, abroad, more or less flat area
extending from themolar tooth to the adductor muscle attachmenforsythe (1982)
suggested that the dense basal brusiGarabus problematicuderbst aided in the flow
of digestive juices to prey and the subsequent ingestion of digested prey fluids.
Cicindela punctulataand C. calidumhad dense basal brushes that obsalithe area
(Figs. 16, 11c) implying that theyalsoare fluid feedes.

Of the otherfive specieswith a basal facefour had a narrow line of hairs on the dorsal
medial edge of the mandible. The basal fac& aénebroidesvas glabrous suggesting
that it would not likely digest foodextra-orally. Therefore Z tenebroidess probablya

particulate feederasare the four remaining species
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The presence or absence of a premdi@oth indicating feeding habstwas suggested by
Acorn and Ball (1991), nag that Euryderus grossusSay)lackeda premolar tooth,a
characteristicof herbivorous carabids. Alone, this criteriovould be misleading.L.
grandis and O. labiatum lack a premolar toeh, but it would be erroneous to surmise
that these species are mostly herbivorougabrus tenebroices a notorious granivore
has a weakly mduced premolar tooth The premola character was notonsidered
further.

In those species lacking a basal face the molar area is either pdsca blunt tooth

or a thinedgethat seens to provide an area for kneading or slicing prdahar (1979)
obsewred a carabid adultCymindigPinacodera)imbata Dej,in the field as itonsumed

a small geometd caterpillar. Tie beetle kneaded th®© I (G SNLJA £ f | NBdire 0 2 R& |
length, twice, before rolling itinto a ball and consuming it entirelyExaminaibn of the
mandibles ofC. limbata reveakd a broadly rounded, flattened molar toothCarabid
fluid feeders would noknead the prey and those that are known to feed on seeds crush
the seeds with theiterebral andretinacularridges and teeth

Plotting the means ofthe four most useflimandibular characters the species divide into
two primary groups: a tight group comprised dD. labiatum P. chalcites S.
duodecimstriata C. gregarius B. quadrimaculatumand P. bipustulata with L. grandis

as an outlier and a more loosely defined group & incrassatusZ tenebroidesS.
lineola H. caliginosusand A. laetusas an outlier(Fig. §. Calosomacalidumand C

punctulatado not seem to fit in either group.
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MORPHOLQY OF THE STOMODEUM

There are obvious fferences between species on the size, shape and internal
organizationof the proventriculus. Yahird990) faind the samein 43 Japanese carabid
species. Evans and Forsythe (1985) suggested different feeding preferefuretbe
different types of provetriculi found in carabids, for example, fluiddders and mixed
feeders includinglegrees of fluid and fragmentafgod consumption.

The proventriculi ofC.calidumandP.bipustulataare similar in havindong, dense hair
like spines covering the primgrand secondary folds. h&seare directed posteriorly in
the anterior portims of the proventriculus, bufrom approximately midength the
spines are directed anteriorly, against tHew of food. \Where the posteriorlydirected
spines meet the anteridy directed spines there is a point of flexion

LGQa a LIS CheztilcufaBrRusciied IC (calidimand P. bipustulataconstrict the
proventriculus &out the middle forcinghe liquefied food back against the spines in the
anterior portion. In transverse views of the proventriculus (ForsytiE982, 1987) the
space around and between the folds is very narswvthat fluids being forced against
the spines would be thoroughly mixedJpon relaxing the muscles fluid material would
flow from the cropinto the anterior end of the proventriculus.Similarly,when the
circular muscles are constrictete fluid food in the posterior part of the provemtulus

is mixed a second timeby the anteriorly orieted spinesas it is forced into the
mesenteron Thus theproventriculs for these two specieactsas both a pump and
blender to thoroughlymix the prey fluids with digestive fluidsllowing for maximum

digestionand absorption(Fig. 9.
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Figure 9. lllustration ofsupposedoroventricularactionA y | Fisdqe\gR FSS RS NI
Calosomand Paraclivind proventriculus: @ proventriculus opens drawing in fluids
from crop b) circular muscles about miggion contract forcing prey fluids and
digestive enzymes back agat the grain of the long haspinesfurther mixing food and
enzymes. Fluids in latter half of the proventriculus are pushed into mesenteron.
The organization of the proventriculus @f. punctulatais similarto C calidumand P.
bipustulatain the presence ofong, densehairs coveringhe folds, but opposing spines
occur only in the posterior pton of the primary folds. Based on the pattern of these
spines a different type of fl@on is occurring since theds of the secondary folds would
prevent medial constrictions.The longitudial rods may be specific 8. punctulateas
comparable rods are not mentioned by Judd (1948) @GarindelasexguttataF. The
presence ofshort peglike spines at the distal end of the fold§ig. 1@), further
complicates theanalysis ofunction of theproventriculus, which needs detailed study

The most critical distinction to separate the fluid feeders from the particulate feeders is

the lack of a neck connecting the body of the proventriculus to the mesenteron
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Calosomecalidum C punctulataand P. bipustulataall lack necks of the proventriculus.
Both C. punctulataand C.calidumare known fluid feeders. Siné&bipustulataalso has
this same type of provenculus it probablyis a fluid feeder even thought lacks the
dense mandibularbasal lbush of the other two speciesRegardlessP. bipustulatadoes
retain enlarged spinesthe radula,on the anterior end of the primary folds, unlike either
C calidumor C.punctulata Perhapsas the four primary folds come together the spines
at the anteaior ends of the folds mesh together forming both a barrier to food passage
and also to help cut through more viscous materiaNearly all food found in the
stomodeum ofP. bipustulatawas dark, globular material, unlike the gltie material
found inthe other specieswhichmay bedue to either prey selectionor differencesin

the proteinases for digestion

The remaining species have neaksvarying lengticonnectng to the mesenteron. The
opening to the mesenterof these specieseems relativelysmall n contrast tothe
opening of he fluidfeedingspecies. Thisuggessthat the neck serves as a sort of valve
to allow only a smalamount of foodof a specific size tenterthe mesenteron.Larger
pieces of material that cannot pass through theck may be forced back into the
proventricular body for further trituration

The presence o4 distinctve radula in eight species is difficult to evaluate because its
function is unclear and is present in unsuspected spe(feparacliving and lackig in
species wher it might be expectedZ.tenebroide$. The function of the radula may
vary by species, perhaps acting as means to cut through viscous prey material or to

regulate the amount of food proceeding to the proventriculus. Blrquadrimaculéum,
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the spines of the radula are very large and probably help with the trituration of solid
food.

The hair-like spinesof the intima ofparticulate feedersare shorter andiess dense than
those ofthe fluid feeders suggesting that the mixing of prey ffughd digestive proteins

is not as prominentOmophronlabiatumandS lineolahave opposing spines that would
suggest that theyalso have flexion points in their proventriculi, kbese occur caudgt
near thejuncture with theneck

In O. labiatum, P. chalcites C.gregarius L. grandis and A. laetus the intimacoating of
spines ends abruptly with the primary folds extendinginto the neck regionthe hairs
being replacedthere with blunt spines or rounded bumpsn transverse lines.These
modified spnes probably further erode or grind solid food before passing into the
mesenteron.

Harpalus caliginosu@ig. 22), S.duodecimstriata(Fig. 1@l,f), andB. quadrimaculatum
(Fig. 14/) had swollen areagnodes)of the most distal portion of the primary élds
(and secondary folds i& duodecimstriaty which are covered by spines and teeth
directed anteriorly (. caliginosusind B. quadrimaculatupor by short, stout pegthat
cover the nods extendng in all directions $. duodecimstriaja It seems ohwous that

the proventriculus of these three species is designed to scrape or crush solid food
particles before passing into the neck and have the ability to stop the flow of food
particles, altogether.

The proventriculus o8.lineolais distinctly diffeent in structure from the othespecies

examined(Fig. 2). Given the eighexternally visible ridgesorresponding to each of
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the folds and their accompanying musculatyrand the highly developed secondary
folds ascrushing surfacewith appressed latal teeth, the proventriculus appears to be

a food grinding organ.Nebria obtusaLeConte (Cheeseman and Pritchard 1984a) and
Nebria gylenhalldo { OK Yy KSNND OC2NE@UGKS wmpyHO Yl & |fa
Both species have expandedgis and crushing surfaces similaBolineola In species

like S. lineolaand Nebria sp., the beetles may be able to ingest food more quickly
(Cheesema and Pritchard, 1984a), letting the proventriculus do the work of masticating
particulate bod. This may occuwhere there is either strong competition for food or
where prey is quick and elusivestenolophus lineolaccurs in disturbed habitats, such

as farm fields, wheremany species oftenolophusnd related generaccur m the soil
surfacecompeting for food. mgestng food items quickly and I&hg the proventriculus
mastiate the food mightbe advantageous. The mandiblesSflineolaare transitonal

in appearance between predatory species and those which consume more vegetative
material, suggesting that this species is moreanfomnivore able to consume an array

of food itens.

FOOD PREFERENCES AND FEEDING BEHAVIORS

Theoriginal questiorwas, do adult morphological charactersf carabid beetlegpredict

their feeding preferences? dN necessarily Given the mandibular structure of
punctulatait is likely to ke a predator as opposed tan annivore or granivore. e
mandibles ofC.calidumandS.duodecimstriatavould also suggest predatory diets. But
Ay GSN¥a 2F &LISOATA O flitimiBdata floiNiF sSuyBo/sGsgaim G K S N

that conclusion Despite similarities betweemandibles across species, excludi@g
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punctulatg there is nopattern that would definitely indicate aholly predatory diet or

not. Based solely on mandibular structuke, caliginosusvould be one of the species
that could be assumed to ke seedeater, yet thirtysixpercent of the specimens in this
study contained the remains of arthropods.Zhavoronkova (1969) thought that the
morphological characters of the mandibles and proventriculus produced three
categories of feeding: obligate predators; obligate predators and facultative herbivores;
and, facultatie predators and obligate herbivores. She indicated that several of her
twenty-two species consumed seasonally different foodstuffs varying between plant
and anmal material. Relying upon theéad similar studies (Johnson and Cameron 1969,
Lund and Turpirl977, Sunderland 1975, Tooley and Brust 2002), the results of the gut
contents of this study, and feeding observations from the literature, it becomash
more difficult to determine specific feeding preferences of any species, with the
possible exceptio of the fluid feeders.

A second questiorcan be asked, dthe morphological characters indicate the type of
feeding, that is, fluid or particulate, to whichte answer is yes.The structure and
armament of the proventriculus largely dictas the tpe of feeding Large, robust
proventriculi with a dense coating of hdike, plumose spines and a direct connection
to the mesenteron suggest fluid feedinipat is, using extraral digestion Proventriculi
with a distinct neck posterior to the folds batterior to the mesenteron would indicate
either particulate feeding or, at leasa mixture of particulate and fluid feeding.

Evans and-orsythe {985 supported this third type of feeding, a combination of fluid

and particulate feeding usin@roscus ceplotes L as an examplereferring to it as
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mixed Examining a single specimen®f cephalotesthe proventriculus is more like a
particulate feeder in that it has a 0.5 length tadth ratio and has a short neck, while
retaining dense, hailike spines avering of the folds.In this study,P. bipustulatamay
be a mixed feedebecause ohaving a radulan the primary foldsanda proventricular
structure and vestituresimilar toC.calidum

Forsythe (1991) also thought th&. l[abiatum should be includeds a mixed feeder.
Examination of theO. labiatum proventriculus showed that in most respects it had the
characteristics associated with particulate feedeasthough it did have opposiniggairs
near the posterior ends of thprimary folds.

In Fig. 8the three species with the fluideeding type of proventriculus are quickly
separated out from the remaining species, which are particulate feedescindela
punctulata is further sepaated from C. calidum and P. bipustulata by the derived
mandibular cheacteristics

Another characteristic that was not directly addressed is the amount of musculature
associated with the proventriculus In the three species addressed above, the
proventriculus isrelatively large and robustaving a length to width rati of 1 forC.
calidumand P. bipustulataand 2 forC punctulatg although Evans a@nhForsythe (1985)
consider the provertricular musculature of Cicindelasp. and Carabussp. poorly
developed

For the particulate feedersit is much more difficulto separate the species into food
preference categories because of tbeerlagping morphologicatharacters. However,

five species which are the most likely to include vegetable matter in their dietmbe
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separatedbecause of the presence of a mandlidr basal face.Stenolophus lineole
quickly separated from the rest of theerbivorousparticulate feedersbecause ofits
proventricular structure

Of the four remainingnembers of this groupn Fig. 8 Z.tenebroidesH. caliginosusG.
incrassats and A. laetus their mandiblesshare the characteristis of the isosceles
shapal mandible baseand the presence of a basal face. Theseurin herbivoious and
granivorous speciesvhere structurally strog mandibles would be an assetet, n
overall apmararce, the mandibles of these fogpecies are quite dissimilar.

The central groupof six species representing six tribes, possess overlapping
characteristis andincludes known prdators, but also species that periodically consume
plant material The mandiblesare generally similar with differencdsetween species
mostly in the area of the retinaculum and basal teeffihe proventriculiof this group
are rather simple withfour primary folds and four secondary fadwhich are often
reduced to lowridges, are relatively undifferentiated, and are covered in sparse to
densehair-like spines.

How do these groupings match with literature feeding references aloslerved food in
the stomodeum? In many of the species, particulate matter was found ingjyolizint
and animal materiglandalso fungal spores Most, if not all, animal material appeared
to be of arthropod origin. Besides the particulate matter, all species had what was
deda ONA 0 SRQ | & NJWed RIAS 6 dpparéntly @ll food materiaingested,
whether fluid or particulate produces a thickened gruel when exposed and mixed with

digestive enzymes.
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The third category offered by Evans and Forsythe (1985) is more generalized where
variation of the anterior teeth on the folds, centrélkirs and posterior teetlwould fit
particulate feeders havingdiets including plant and animal material wging in
proportions andseasonality.

Based upon the results of this study of fourteen carabid species the following key is

suggested to better idetify the different feeding categories.

A key to feeding habit modesf Carabid beetles

1 ¢ mandibles withmesally produced, or expandedasal areasa basal brushh@irs
along basal median edyeither lackng or, only a fewhairspresent 2

M Qbasal area of mandibles not produced or expanded; rather, surface more or less flat
with either a narow line of, or, thick coveringdf hairs extending from molar tooth to
base of mandible 3

2 ¢ proventriculus lacking a neck; enlarged (elongated) spines on the anterior end of the
primary folds, otherwise interior of proventriculus densely covered by long;likair

spines mixdhlid feeders

(Paracivina)

H Qproventriculus with a neck; sparse to dense Hiie spines covering interior of
proventriculus body; other characteranable _ primarily zoophagoysarticulate
feeders(PoecilusOmophron StenocrepisBembidionCalathus Lebig

3 ¢ crosssectional shape of mandible base forms an isosceles triangle, or nearly so;
proventriculus having a neck; otherwise proventriculus internal structure vaiabl
omnivoroukeobivorous particulate feeders
(GeopinusHarpalts, AnisodactylusStenolophusZabru3

0 Qcrosssectional shape of base may be a scalene triangle or some other shape
fluid feeders(CicindelaCalosoma
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TAXONOMIC CONSIDERATIONS

An importantquestion is, do the seleetl morphological characters align themselves in
a systematic framework that would suggest thdeeding preferences are
phylogeneically driven or is there convergent evolution of traits and behavibrs

Four situations can be addressei) P. bipustulata being a mixed feeder2) the
apparent similarity of the proventriculus betwee8. lineola and Nebria sp., 3) the
similar structural mandibularmorphology ofZ tenebroidesto S.lineolg 4) the posterior
nodes ofS.duodecimstriata H. caliginosusandB. quadrimaculatum

Regarding the fluid or mixed feeding Bf bipustulatg from the workof Evans (1965),
Evans and Forsythd 985 and others, it is well known thdtoth the Cicindelinae and
the Carabiae are fluid feeders. Additionally, Evans anéorsyhe (1985 descrile
Scaritessp. (Scaratini)as fluid feeders.The Scaratinis closely relatedo the Clivinini in
whichthe genusParaclivinaresides. Aase can be made for a phylogenetic connection
with mode of feeding, if not feeding preferences

The proventriculus bS.lineolais awell-developedgrindng organ.The proventriculus of
Nebria gyllenhaland N. obtusashow cuticular ridges ad crushing secondary folds
similar t0S. lineolaCheeseman and Pritchard 1984zorsytle 1982 and Yahiral990)
This is arexample of convergent evolution as tlespecies are igeparde subfamilies,
Nebriasp. arein the TrechinagandS.lineolais in the Harpalinae.

Another case of convergent evolution involvBstenebroidesa wellknown seed eater
and croppest in the Palearctic Region. It belongs to the Zabrini, a tribe within the

Pterostichitae. Itgoroventriculus is not much different from the proventriculi of other
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particulate feeders, such aB. chalcitesor C. gregarius However, the mandibles are
distinct from the mandibles ofP. chalcitesand share more traits wittS. lineola
belonging to theStenolophina of theHarpalitae.

The posterior nodes found in the proventriculi 8fduodecimstriata H. caliginosusand

B. quadrimaculatumindicate thatthese species have triturating proventriculi (Evans and
Forsythe 1985) Bembidion quadrimaculatumbelongs in the Bembidiinwithin the
Trechinae. Senocrepisduodecimstriataand H. caliginosushoth occur in the same
subfamily, Hepalinae, but in differat supertribes, Pterostichitae fd&8 duodecimstriata
and Harpalitae forH. caliginosus The recurrence of these structuresnong these
taxonomicallyseparated species & third example of convergent evolution

Other morphological characters of the mahbilis and proventriculus are both more
general and also specific.The radula, hickened spineson the anterior ends of the
primary folds is a common feature occurring in ten species and the presence of
posterior teeth spinelike or pegsjn six. It would appearthat converget evolution is a

commonwithin the Carabidage
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GONCLUSIONS

The conclusions drawn frorthis study as well as others thdiave addressedthis
problem havebeen largely basd uponthe same groups of specigwhich includeonly a

small percentage of either genera or species of carabids. Some of the difficulty in
determining the feeding habits is the lack béld obseavations forthe majority of
species.Anisodactylusaetusand Stenocres duodecimstriataare cases in point, in hat

as far as known there are mublishedfield observations of thesspecies.

From this study and also from conclusions drawn by other researchetably Evans

and Forsythe (1995t does not seem possible to determine feeding preferences based
solely upon the morphological characters of the head, mandibles or proventriCuily

in a few species that are specialists on molluscs is it possible to say with certainty what
the preferred prey is. Convergent evolution ofmorphologi@l charactersamongstthe
different groups can complicate their use to determine food preferences.
Morphological characters occurring unexpectedly in a particular species forces a
reevaluation of the role of the traits.

Many of even the most predaceous speciese generalis predators whether fluid
feeders or mixed feeders But the greateshumber of carabid species appears be
particulate feeders, which may includaoth animal and plant prey, depending upon
species, andgeason. Seasonal availability of different foodsfs alters diets of manyif

not, most carabigé. Of Zhavoronkov& dhree categories of feeding preferences 1)
zoophagy, 2) obligate predators/facultative herbivogresand 3) obligate

herbivores/facultative predators, the second and third growge diffiault to distinguish



because the degree of carnivory versusrbivorymay vary continuously among, or even
within taxa Those who ignore particular species as unimportant in biological control
situations because of the phylogenetically perceived diet mayowerlooking a key
component in the management of a pest species.

Table 5displays the fourteen species categorized by th@iost probabletype of
feeding. Those species with question marks are not fully detehieither because of

a lack of feeding observatioms conflicting views with other researchers.

Table 5 Classificatiorby feeding typeof the fourteen species in this study. Question

marks indicate uncertainty of the placement of the species per catedased partly on
conflicting views of other researchers and/ack of observationadata.

Fluidmixed feeders

Particulate

feeders

Carnivores

Primarily carnivores

Primarily herbivores

Cicindela punctulata

Omophron labiatun?

Anisodactyluslaetus

Galosoma calidum

Poecilus chalcites

Zabrustenebroides

Paraclivina bipustulata

Calathusgregarius

Geopinus incrassat®s

Lebiagrandis

Harpalus caliginosu3

Bembidion

guadrimaculatum

Stenolophus lineola

Stenocrepis

duodecimstriata

Regarding furthe research, a much broader study of this sort should be done to better
understand the diversity of morphology dnfeeding habits and modes within the
Carabidae. The benefits of such a study would aid phylogenetic studies, help in better
manipulation of ceabids for biological control of pest organisms, including weeds, and

understandinginteractions between carabidnd arthropodand plant communities.
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APPENDIX

ECOLOGICAL INFORMATION AND MORPHOLOGICAL DESCRIPTIONS O
THE MANDIBLES, PROVENTRICULUS AND GUT CONTENTS BY SPECIES

Species:Cicinckla punctulataOlivier

Size: 11 to 13 mm (Pearson, et al, 2006)

Ecology and field feeding observationsC. punctulataprefers dry, upland soils with
sparse vegetation, inhabiting open areas as well as sidewalks, lawns, and cultivated
fields (Pearson, etal, 2006). While there have been numerous laboratory feeding
observations, there are no known field observations of catching prey.

Description of mandiblesThe distinctive teeth including the incisor and othemne
quite different from allother speciesn this study(Ball et al 201p The mandibles are
much longer than wide, having the largest ratio of all the species stugle86 for the

left mandible and 5.54 for the rightFig. 1@). The crosssectioral shape of the
mandibular basg while still having the three pointattachment, is of a quadrilateral
rather than a triangle The mandibular base is covered in a dense brush of posteriorly
directed hairs(Fig. 1@, arrows)

Description of ProventriculusThe proventriculus (1mm x 0.5mm) appears mordess
typical of the other carabids in this study having four primary and four secondary folds.
Its structure is comipcated by having long cuticulamds arising from the secondary

folds extending to the posterior enaf the proventriculs (Fig. 16,f,g). The internal

covering of the proventriculus has a series of transverse striafrons which the



51

moderately long setae arise from all surfaces. The anterior ends of the folds are
covered in sparse setae that transition to the more dense coverimguofiose hairs. In
the posterior third of the fold, the fold broadens with a medial fold before tapering to
an end in the posteriemost portion of the proventriculus. Towards the posterior end of
the folds the covering of hairs give way to shortened 4i&g spines, sitar to the split

a LJA y S & (198%) that Yuhiddo the lumen facing anteriorly against the flow of food.
The proventriculus lacks a neck connecting to the mesenteron immediately posterior to
the folds.

The contents of the crop and provieiculus of all specimens was amorphous, gHilet
material that is most likely the congealed body fluids of pf€gble 4. Occasional mold
spores were also found but these are likely toibeidental to the consumption of prey.
There wererectangularcrystallire bodies presenapproximately 0.01 mnto 0.1 mm

long (Fig. 1@, arrow).
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Figure 10 Cicindela punctulataa) dorsal view of head, b) lateral view of head, c) dorsal
view mandibles, d) external view of proventriculus, arrow indicating/atatline body,

e) closeup of anterior end of a primary fold, f) internal view of proventriculus, g) close
up of posterior end of a primarfold, arrow indicating an irregular pattern dfairs



53

Species:Calosoma calidunf.

Size:19 to 25 mm(Lindroth, B69)

Ecology and field feeding observationhese beetles occur in open ground with
moderate cover and cultivated land, such as carrot fields, potatmed other crops.
Theyprefer dry lighter soil{Larochelle and Laviere, 2003They have been fourtd eat
caterpillars (various species) ahoth larval and adul&arabaeidadn the field(Davis,
1919.

Description of mandibles:Both mandibles are strongly arcuate with thgposed upper
surface heavily rugose. Length to width ratiosleft - 2.76 and right - 2.59. The left
mandible has an incisor tooth followed by arg terebral blade ending in a groove
oriented diagmally, posteredorsal to anteo-ventral. Posterior and ventral to the
groove is a short, broad bidentate retinacular tooth. Postetothis tooth is a dense
brush of hairs on the basal portion of the mandible. There is no evidence of a premolar

or molar tooth. Theright mandiblehas a prominent incisor tooth and a long terebral

blade behind it. The raised terebral blade culminatasai weak terebral tooth that
protrudes as a broad, rounded projection, anterior to and dorsad of a more or less
conical retinacular tooth, whiclis bifurcated at its apexn specimens where there is
littte mandible wear. Separating the terebral tooth athe retinacular toth is a broad
shallow groowe oriented diagonally, posterdorsal to anteo-ventral. Posterior to the
retinacular tooth is a dense brush of hairs on the mandible base. Dorsal to the basal
brush on both mandibless a second line of hay finer and less dense ending at the

juncture of the mandible and intersegmental membra(fag. 1t).
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Description of Proventriculus: The proventriculus ofC. calidumis approximately as
wide as long(1.1mm x 1.0mm) The primaryfolds are strongly prduced coinciding
with invaginations on the external surface of the proventriculus. They extencetiggh

of the proventriculus but athe posterior end are forked before tk proventriculus
mesenteron juncture The radula is a sparse array of longickened spines directed
posteriorly. Further along the folds the spines give way to plumoselikaispines.The
secondaryfolds are as broad as the primaigids thoughshorter and attenuatingo a
point, posteriorly. At about twahirds of way anterio to posterior there is a point of
flexion (Fig. 1%, arrow) The primanfolds are divided by a constriction and the long
hairs covering both pés are oriented in opposingirectiors; the hairs on the anerior
portion are directed posteriorly andhe spines on the posterior portion are directed
anteriorly. At rest, there is no indication of the constriction but for the juncture of the
opposingspines No such division occurs with the secondatfgs but thespineson the
secondaryfolds are oriented te same way as on the primafglds. As inCicindela
punctulatg there does not appear to be a distinct neck connecting the proventriculus to
the mesenteron

Gut contents: One hundred percent of specimens examined had some amount of
amorphous mateaal within the crop and proventriculugTable 4. None of the beetles
had hard particles or structures that could be associated with prey. One specimen had
consumed a rounded pellet, 0.75 mm long, 0.67 mm wide, with a seam, likely a seed
but it is unknavn if the beetle would have ingested this structure independently of a

prey item.
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Figure 11 Calosoma caliduma) dorsalfrontal view of head, b) lateral view of head, c)
dorsal view of mandibles, d) exposed internal surface of proventriculus tezjoinview
of the line of flexion, arrow indicating where there are opposing hairs on a primary fold.



56

Species:Omophron labiatumF.

Size:4.8 to 6.3 mm (Lindroth, 1969)

Ecology and literature references to field feeding observatioriBhese beetles pfer

bare open ground that is wet as along watercourses or ponds on either sandy or silt soil
(Larochelle and Lariviere, 2003The only fieleedingobservation is one of this species
feeding on young corn plantd.arochelle, 1990)

Description of manadbles: The mandibles are mudionger than wide Length to width
ratios: left- 2.66and right- 2.6. Thdeft mandibleis more or less straight with a curving
incisor tooth coming to an acute poirfFig. 12c) Posterior to the incisor the terebral
blade is long and straight ending with a strongly produced, blunt terebral tooth. Basad
to this tooth is a narrongroove and ventral is a retinacular blade ending in a rounded
tooth followed by a broadgroove and strongly produced molar tooth. Tlnight
mandble is more rounded and narrower on the upper surface. The incisor tooth is long
followed by a long, curved terebral blade that culminates dorsad of the retinacular
tooth. The retinacular tooth is strongly produced. Basad of the tooth the retinacular
ridge continues to a shallongroove and a strongly produced molar tooth. Both
mandibleslacka basal brgh.

Description of ProventriculusThe proventriculus oO. labiatumis about twice as long

as wide (Imm x 0.4mm), although about half of the lerigtmade upof the neck which

is longer relative to the body of the proventriculus of any of the species exanmnids
study. Theprimaryfolds extend into the neck but lack the covering of long spinBse

anterior ends of the primaryfolds have cowse spines at the entryway to the
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proventriculus. The secondanyfolds are broader and shorter than the primary fol@sd
attenuate to a point, posteriorlyFig. 12)), terminating at a line of flexion visible on the
primary folds and indicaté by the opposig hairs (Fig. ¥ arrows). All of thefolds are
covered in moderate lengthairs. Scaldike ctendia are apparent over almost the entire
surface of the intima giving it a striated surface.

Gut contents:Food items found include partial head capuleof a very small arthropod
and a pectinate tarsal claw similar to that seen in Melanotus (Coleoptera: Elateridae).

Table 4lists the percentages of food found in the stomodeum.
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Figure 12 Omophron labiatuma) dorsal view ofiead, b) lateral view of head, c) dorsal
view of mandibles, d) exposed internal surface of proventriculus, e) ¢lpsa flexion
line, arrows.



