
I Morphometric discrimination among sibling species 
in the fulva - rudis - texana complex of the ant genus 
Aphaenogaster (Hymenoptera: Formicidae) 

Gary J. Umphrey 

Abstract: The fulva-rudis-texana complex of the ant genus Aphaenogaster includes A. fulva, A. rudis, A. texana, and 
morphologically similar species. Morphometric and other morphological investigations were conducted on colony 
representatives of 10 forms (4 likely representing undescribed species) that were previously identified using cytogenetic 
and electrophoretic markers. In workers, most qualitative characters exhibit such a high degree of size-associated 
intraspecific variation relative to interspecific differences that they are not reliable for identification. Linear discriminant 
analysis and canonical variate analysis on 12 morphometric measurements were used to optimize classification and 
define a morphometric habitus for each form. Two-variable scatterplots clarify the nature of morphometric variation in 
the complex and provide simple characters that will reliably separate numerous pairs of forms. Indices appear to be of 
little taxonomic value in this complex. A preliminary key to the workers of the complex summarizes the most important 
taxonomic characters. This key substantially improves the ability to recognize morphologically most members of the 
complex, but sometimes only genetic evidence is definitive. 

RCsumC : Chez les fourmis du genre Aphaenogaster, le complexe fulva - rudis -texana se compose d'A. fulva, A. rudis, 
A. texana et des espkces morphologiquement semblables. Des examens morphomCtriques et morphologiques ont CtC 
effectuCs chez des reprksentants de colonies de 10 formes diffkrentes (dont 4 probablement d'espkces non dCcrites) 
prkalablement reconnues au moyen de marqueurs cytogCnCtiques et ClectrophorCsiques. Chez les ouvrikres, le plupart 
des caractkristiques qualitatives subissent un tel degrC de variation intraspecifique associCe a la taille comparativement 
aux diffkrences interspCcifiques, qu'elles ne peuvent servir a l'identification. Une analyse discriminante lineaire et une 
analyse des variables canoniques de 12 mesures morphomCtriques ont permis d'optimiser la classification et de dCfinir 
un habitus morphomCtrique pour chaque forme. Des diagrammes de dispersion impliquant deux variables prCcisent la 
nature de la variation morphomCtrique au sein du complexe et permettent d'identifier des caractkres simples qui 
distinguent trks bien plusieurs paires de formes. Les coefficients ont une valeur taxonomique douteuse pour identifier les 
fourmis de ce complexe. Une clC prkliminaire des ouvrikres de ce complexe rCsume les principales caractkristiques 
diagnostiques. Cette clC permettra de reconnaitre plus facilement la plupart des membres du complexe par des caractkres 
morphologiques, mais parfois seuls les caractkres gCnCtiques garantissent une identification exacte. 
[Traduit par la RCdaction] 

Introduction On the basis of cytogenetic and electrophoretic markers, 

This paper examines morphological differentiation, largely 
through morphometric methods, in the ' 'filva - rudis - 
texana" complex; a quick definition of this complex is that 
a member worker will reach couplet 18 in Creighton's (1950) 
key to the North American Aphaenogaster. Although these 
are some of the most abundant ants in the woods of eastern 
North America, their taxonomy requires revision. Previous 
work (Carroll 1975; Crozier 1975, 1977; personal observa- 
tion) suggested that standard morphological procedures alone 
would be inadequate to resolve the taxonomy of this com- 
plex, but Crozier showed that karyology and electrophoresis 
would be highly informative. My approach attempts to 
definitively resolve the tangled systematics of this complex 
by integrating these genetic methods with morphological 
analysis. 
- 
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Umphrey (1992; G :J. umphrey, unpublished data) recog- 
nized 10 genetically differentiated forms among 223 colonies 
from 63 localities collected primarily throughout eastern 
North America (but also Arizona, Missouri, and Texas; see 
Table 2). I believe that these 10 forms represent A. filva and 
a rudis - texana subcomplex of nine sibling species. Since 
better evidence of reproductive isolation is desirable in a 
couple of cases, I usually use "form" in place of "species" 
throughout this paper, but I expect these terms to prove to 
be synonymous. While basic questions of species status and 
nomenclature are unravelled, the nine forms in the rudis- 
texana subcomplex are labelled using a code that incor- 
porates the chromosome number of the haploid karyotype 
(excluding supernumeraries). Table 1 summarizes the codes 
and the names used (as species or subspecies) by Creighton 
(1950) that I believe apply to each form; the name silvestrii, 
described by Menozzi (1929) and incorrectly synonymized 
with texana by Creighton (1950), may be a senior synonym 
of miamiana. Umphrey (1992; G . J . Umphrey , unpublished 
data) gives a genetic diagnosis and distribution map for each 
form. (The rare desert species A. punctaticeps can also be 
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Umphrey 

included in this complex, but it is treated only briefly here; 
further analysis will be provided by S.P. Cover and G. J.  
Umphrey (in preparation). ) 

Specimens from genetically identified colonies allow 
morphological differentiation to be studied with greater con- 
fidence in the initial delimitation of the species. Morphomet- 
ric analysis was motivated by the apparent scarcity of simple 
external characters of taxonomic value. Discriminant analy- 
sis and canonical variate analysis attempted to optimize clas- 
sification using 12 morphometric variables, and to compare 
the taxonomic value of these variables. These multivariate 
methods also provide a "morphometric habitus" for each 
form. Numerous two-variable scatterplots are used to simplify 
and further illustrate the nature of intraspecific and inter- 
specific morphometric variation. Seven scatterplots provide 
an empirical test of the taxonomic value of indices for this 
complex. 

Rationale for a morphometric approach 
When individuals can be reliably identified to group on the 
basis of cryptic characters (e. g., genetic markers, genitalia), 
these samples can be used to search for external morphologi- 
cal characters that can be used to classify individuals for 
which the cryptic characters are either unavailable or avail- 
able at greater cost. When several measurement characters 
are used, discriminant analysis and canonical variate analysis 
are powerful multivariate methods of examining and sum- 
marizing the data. Discriminant analysis constructs functions 
that minimize classification errors for a given criterion (e.g., 
overall misclassification rate, costs of misclassification; see 
Lachenbruch 1975, 1982). By using a variable selection pro- 
cedure (e.g., stepwise), weak or redundant variables can be 
eliminated from the discriminant model and the relative 
value of the useful variables in the model can be adduced. 
Linear discriminant analysis assumes that the populations 
have multivariate normal densities and a common covariance 
matrix. Lubischew (1962) demonstrated how the choice of 
characters affects discriminant ability, using examples from 
sibling species complexes in two flea beetle genera. Canoni- 
cal variate analysis provides a powerful method of reducing 
the dimensionality of the data by constructing new canonical 
variables, uncorrelated with one another, that are linear 
functions of the original variables (see Blackith and Reyment 
197 1). 

Multivariate methods have not been used much in ant 
systematics, although several studies (e. g . , Francoeur 1973 ; 
Ward 1985, 1989, 1993; Wing 1968) have made extensive 
use of measurement data and scatterplots of pairs of variables 
(including ratio variables). Principal component analysis was 
used by Cagniant (1989) to compare morphological variation 
in three populations of Aphaenogaster weulersseae, and also 
by Crozier et al. (1986) to study evolutionary patterns in 
some species of Australian Rhytidoponera. Reyes Lopez and 
Porras Castillo (1984) used linear discriminant analysis on 
10 forewing measurements to obtain perfect separation of 
queens from five nests (52 specimens) of Goniomma hispani- 
cum and four nests (59 specimens) of G. baeticum, but it is 
never clear in their analysis how reducing variables might 
affect classification. The general applicability of their analy- 
sis is questionable, since the number of colonies used was 
small relative to the number of variables, and information on 

Table 1. Codes used in this paper for 
forms in the fulva - rudis - texana 
complex of Aphaenogaster, with 
corresponding names used by 
Creighton (1950). 

Code Name 

Undescribed 
Undescribed 
picea 
Undescribed 
carolinensis 
miamiana 
texana 
rudis 
Undescribed 

the geographical distribution of the sampled colonies is want- 
ing. Elmes (1978) used canonical variate analysis on 12 vari- 
ables to get excellent morphological separation of the males 
and queens of three species of Myrmica. His keys, based 
entirely on canonical variate scores, have the unusual feature 
of giving a confidence level for correct classification. 

Materials and methods 

Samples of specimens from a colony were collected into 85% 
ethanol and designated as either the primary or a secondary sample. 
An Aphaenogaster colony number was assigned (A001 to A446 in 
this study). The primary sample was taken preferably when the 
colony was first collected. Secondary samples collected in the 
laboratory could include reared reproductives, nest queens, unusu- 
ally small or large workers, and abnormal individuals. Long labora- 
tory rearing often produced minim workers, although none were 
present when the colony was first collected; these small workers 
(usually the only size class found in incipient colonies) have often 
caused taxonomic confusion. Any sample not preserved when the 
colony was first collected was also labelled with the date of preser- 
vation. 

Workers in the primary sample were laid out in rows, then six 
were selected using random-number tables, mounted individually, 
and labelled according to their position in the random sample. This 
was not a truly random sample from all workers present in the 
colony, since the primary sample itself could not be obtained ran- 
domly, but the greater source of bias likely comes in the laboratory 
when the specimens are selected (with a probable tendency towards 
mounting larger ants). 

From the remainder, two further pins of three workers (small, 
medium, large) were usually mounted, as well as selected males and 
gynes and any anomalous ants. Under normal air-drying, various 
sclerites of the males tend to collapse. Superior male specimens 
were prepared by John Swann using the critical-point dryer at the 
University of Guelph. Studies of morphological differentiation were 
aided by the preparation of representative scanning electron micro- 
graphs of the (i) head, (ii) alitrunk, and (iii) petiole plus postpetiole 
by Lewis Ling of Carleton University. Male genitalia were soaked 
in 10% KOH for 3 h at room temperature, rinsed thoroughly with 
distilled water, and stored in individual genital capsules in a drop 
of glycerin. 

The morphometric analysis in this paper is based on 12 measure- 
ments taken on the first randomly selected worker for each colony 
used. The additional material was used to make qualitative assess- 
ments of morphological differentiation and will serve as a base for 
further research. 
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Measurements were made at a magnification of 50 x (25 x if the 
measurement exceeded 2.00 mm) using a Nikon SMZ2T zoom 
dissecting microscope fitted with an ocular scale (laboratory of 
S. Marshall, University of Guelph). The scale was calibrated and 
checked frequently for accuracy with an ocular micrometer. The 
12 measurements made (usually on the left side of the body, but 
sometimes on the right if the body part was damaged or obscured) 
are as follows. 

HW Head width With head in full-face view, 
measured directly above the eyes 

HL Head length Maximum length down the centre 
of the head from the top of the 
head to the top of the clypeal 
notch. This measurement differs 
slightly from HL of most other 
ant taxonomists 

SL Scape length Maximum linear measurement of 
the length of the antennal scape 
(first antennal segment), 
excluding the basal condyle 

EL Eye length Maximum length (diameter) of eye 
in lateral view 

WLA Weber's length Similar to WL of Ward (1980), 
of alitrunk which was defined as a diagonal 

measurement "from the anterior 
margin of the pronoturn 
(excluding the collar) to the 
posterior extremity of the 
metapleural lobe. " The 
measurement was taken with the 
specimen in approximate lateral 
view but slightly tilted so that 
both reference points were 
sharply focused 

MH Mesonotal height Maximum measurement from the 
promesonotal suture to the 
posteroventral corner of the 
katepisternum 

Length of the propodeal spine, 
measured from the centre of the 
propodeal spiracle to the tip of 
the spine 

ISPL Interspinal length Distance from the centre of a 
straight line extending between 
the tips of the propodeal spines 
and the midpoint on the 
propodeum between the spines. 
The specimen was oriented to 
maximize this measurement. If a 
spine was broken, its length was 
estimated from that of the other 
spine 

SPD Spinal distance Distance between the tips of the 
propodeal spines 

FW Femur width Maximum width (diameter) of the 
hind femur, measured orthogonal 
to the line of measurement of FL 

FL Femur length Maximum length of the hind femur 
plus trochanter. This is easier and 
more precise than measuring the 
femur only 

TL Tibia length Maximum length of the hind tibia 

SPL Spinal length 

Measurements were made to the nearest 0.01 mm (one-half of the 
smallest scale unit at 5 0 x ) .  The greatest variability in measure- 
ments occurs with MH and WLA, which present difficulties in posi- 
tioning and defining limits. 

Despite the well-known criticisms of the use of ratios and indices 
in systematic studies as a method of scaling for size (Atchley et al. 
1976), indices (or ratios) have a long tradition of use in ant 
systematics. Hence, the following indices were calculated in order 
to empirically examine their taxonomic value in this complex: 
CI (cephalic index) = 100(HW/HL); SI1 (scape index 1) = 
100(SL/HW); S12 (scape index 2) = 100(SL/HL); EI (eye, or 
ocular, index) = 100(EL/HW); A1 (alitrunk index) = 100(MH/ 
WLA); SPI (spinal index) = 100(ISPL/HW); FI1 (femur index 1) = 
100(FW/FL); F12 (femur index 2) = 100(FL/HW). 

The "regular" data set, used to derive functions for the dis- 
criminant and canonical variate analyses and for the two-variable 
scatterplots, consists of 12 measurements on each of 264 workers 
in total for the 10 forms. I consider the identity of each worker to 
be known with certainty. The colonies of 222 of them were karyo- 
typed. Another 40 are from colonies for which karyotype slides 
were made but the slides were not examined, since I was confident 
of the identity of the colony. Two workers of N22b are from colo- 
nies that could not be karyotyped, but I find this form generally easy 
to distinguish by habitus. Sample sizes ranged from 5 for N19 to 
67 for N22a (see Tables 2 and 3). The functions derived from the 
regular data set were used to classify the workers in a further "test" 
data set of 30 observations. These included a paratype worker for 
each of "A. huachucana crinimera," described by Cole (1953), 
A. punctaticeps, described from two workers by MacKay (1989), 
and A. huachucana. Other selected specimens are discussed in the 
Results. 

Statistical analyses were performed using SAS, version 5.12 at 
the University of Guelph and version 6.03 at Carleton University. 
All essential documentation for the procedures used (CANDISC, 
DISCRIM, REG, STEPDISC) can be found in the SASJSTAT user's 
guide, release 6.03 edition (SAS Institute Inc. 1988). Linear discrim- 
inant analysis minimized overall misclassification rate, using equal 
priors. Sigmaplot version 4.1 was used to prepare Figs. 6-48. 

Results 

Morphological analyses: qualitative results 
Although workers  o f  most  forms have a fairly distinctive 
habitus, differences a r e  rather hard to  describe; the  most  
tractable appear  to  b e  slight size and  shape differences and  
differences in colour.  I have detected nothing o f  significance 
in chaetotaxy differences to  date,  and the  petiole and  post- 
petiole appear to  offer little o f  taxonomic value. A rogues'  
gallery o f  representative heads (Figs. 1, 2)  and alitrunks 
(Figs. 3 ,  4)  is presented; compare  the given measurement 
data  with Table  3 to  determine the relative size o f  a specimen 
illustrated for  its form.  Some apparent differences in head 
shape and length o f  the propodeal spines, which a r e  amena- 
ble  to  morphometric analysis, can  b e  readily noted, but  these 
differences a re  confounded by size effects. 

Understanding the nature o f  morphological differentiation 
in  this complex has  been impeded by a failure t o  appreciate 
how much size variation can  occur  within each fo rm,  and  
h o w  morphological characters vary with size. F o r  example, 
the primary component o f  "head shape" is often expressed 
by C I  (CI = 100HWIHL).  I n  all members  o f  this complex,  
C I  increases, o n  average, as body size increases (Fig. 42);  
combined with wide size variation in each form,  a smaller 
"broad-headed" fo rm can  have a relatively narrower  head 
(lower CI)  than a larger "narrow-headed" form.  

A s  for  shape, sculptural differences a r e  highly size 
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Umphrey 53 1 

Table 2. Colony composition of the regular data set used in the morphometric analysis of the fulva-rudis-texana complex of 
Aphaenogaster. 

fulva 

AZl: A432-A438. AZ2: A439-A443. TXl: A422. (Counts were verified for all colonies, but only A422, A435-A436, and 
A441 -A442 were examined with Carleton University's Zeiss microscope.) 

Locality codes: CANADA: Ontario: ON1, Chaffey's Locks; ON2, Constance Bay (30 km W Ottawa); ON3, 15 km E Gananoque; 
ON4, 6 km W Halls Lake, near Lake Kushog; ON5, Pinery Provincial Park (4 km S Grand Bend); ON6, Rondeau Provincial Park 
(15 km S Ridgetown). U.S.A.: Alabama: AL1, Cleburne Co., Cheaha State Park, 2300 ft. Arizona: AZ1, Cochise Co., 13 km WNW 
Portal, Pinery Canyon, Chiricahua Mountains, 6200 ft; AZ2, Pima Co., 16 km NE Tucson, Bear Canyon, Santa Catalina Mountains, 
6000 ft. Connecticut: CT1, Hartford Co., West Suffield. Florida: FL1, Alachua Co., 8 km E Gainesville (E shore of Newnans Lake); 
FL2, Franklin Co., 7 km S Sopchoppy (E bank of Ochlocknee River); FL3, Highlands Co., Archbold Biological Station; FL4, Lake Co., 
Ocala National Forest, 8 km N Altoona; FL5, Walton Co., 7.5 km W Bruce; FL6, Walton Co., 6 km E Bruce, W bank of 
Choctawatchee River. Georgia: GA1, Greene Co., Oconee National Forest, 6 km N Greensboro; GA2, Montgomery Co., 14 km N 
Mount Vernon; GA3, Rabun Co., Black Rock Mountain State Park; GA4, Toombs Co., Vidalia. Indiana: IN1, Bartholomew Co., 
20 km SW Columbus; IN2, Orange Co., Hoosier National Forest, 2 km SE Paoli, Pioneer Mothers Memorial Forest; IN3, Perry Co., 
Hoosier National Forest, 3.5 km SE Oriole. Kentucky: KY 1, Laurel Co., Daniel Boone National Forest, Bald Rock Recreation Area; 
KY2, Rowan Co., Morehead, Daniel Boone National Forest, Rodburn Hollow Recreation Area. Maryland: MD1, Calvert Co., 8 km S 
Prince Frederick; MD2, Washington Co., near Hagerstown. Missouri: M01, Callaway Co., Graham Cave State Park; M02, St. Louis 
Co., Eureka. North Carolina: NC1, Davie Co., 4 km N Mocksville; NC2, Forsyth Co., Rural Hall; NC3, Haywood Co., Pisgah 
National Forest, 8 km SE Waterville: NC4, Iredell Co., Duke Power State Park; NC5, Montgomery Co., Uwharrie National Forest, 
8 km SW Troy; NC6, Moore Co., 3 km N Southern Pines; NC7, Moore Co., Whispering Pines; NC8, Stanly Co., Morrow Mountain 
State Park; NC9, Swain Co., 8 km E Bryson City; NC10, Swain Co., Great Smoky Mountains National Park, Newfound Gap, 5048 ft; 
NC11, Stone Mountain State Park. New Jersey: NJ1, Burlington Co., Bass River State Forest; NJ2, Burlington Co., Wharton State 
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Table 2 (concluded). 

Forest, 1 km E Atsion; NJ3, Mercer Co., Princeton; NJ4, Middlesex Co., New Brunswick; NJ5, Warren Co., Worthington Forest. 
New York: NY 1, Saratoga Co., Saratoga Spa State Park. Ohio: OH1, Lawrence Co., Wayne National Forest, 4 km E Pedro, Lake 
Vesuvius Recreation Area, Sand Hill; OH2, Morgan Co., Wayne National Forest, 20 km W Stockport, Wildcat Hollow. Pennsylvania: 
PA1, Butler Co., Morraine State Park; PA2, Cumberland Co., Dickinson; PA3, Perry Co., 8.7 km S Millersburg, Notch Road, 
4.5 km W Hwy 11-15; PA4, Schuylkill Co., 4 km W Pine Grove; PA5, Sullivan Co., Wyoming State Forest. South Carolina: SC1, 
Beaufort Co., Hunting Island State Park; SC2, Berkeley Co., Francis Marion National Forest; SC3, Chesterfield Co., Carolina 
Sandhills National Wildlife Refuge; SC4, Colleton Co., Colleton State Park. Tennessee: TN1, Cumberland Co., 5 km W Crab 
Orchard; TN2, Knox Co., Knoxville. Texas: TX1, Travis Co., vicinity of Austin (the single colony from here had been reared at the 
University of Texas for at least 3 years). Virginia: VA1, Roanoke Co., Roanoke. West Virginia: WV1, Braxton Co., Servia; WV2, 
Preston Co., 13 km W Bruceton Mills, Coopers Rock State Forest. 

Note: Karyotypes were verified except those identified as follows: *, karyotyped but not verified; ', not karyotyped. 

dependent. On average, the most heavily sculpted form is 
filva; for example, the rugosity on the forecoxa of thefilva 
worker illustrated in Fig. 3a (also Fig. 36, but the contrast 
is poor) is heavier than for any illustrated workers of the 
other forms (Figs. 3d-3h, 4a  -4h). However, the relief of 
this sculpture decreases with decreasing body size. Three 
filva workers (Figs. l a -  lc) demonstrate the reduction in 
cephalic sculpture as head width declines (the change in head 
shape is also apparent); note that the workers shown in 
Figs. 1 b and l c  are from the same colony. In fact, the sides 
of the alitrunk of the filva minim (Fig. 3c) are smooth and 
shiny, with much less sculpture than any of the other ali- 
trunks in Figs. 3 and 4 ;  the filva minim also lacks rugose 
sculpture on the forecoxa. Also note the difference in 
cephalic sculpture between large (Fig. 2d) and small 
(Fig. 2e) workers of N21b from Arizona. The outstanding 
feature of the head of the punctaticeps paratype (Fig. 2f) is 
not that it is so lightly sculpted and posteriorly pointed 
(MacKay 1989), but that such a large individual possesses 
these characteristics. For sculpture to be useful, it is neces- 
sary to account for its high size dependency, but there is 
likely little information here that is not more readily obtained 
from standard quantitative characters. 

Creighton (1950) considered colour to be highly unrelia- 
ble for identification, but it must be examined like any other 
character, and its limits of variability assessed. In thefilva - 
rudis - texana complex, several forms are relatively constant 
in colour, and thus the dark brown (often appearing black to 
the naked eye) N 17 and N18 (picea) are readily distin- 
guished from the much lighter yellowish brown to reddish 
brown N20 (carolinensis), N 19, and N22b, and still sepa- 
rated fairly readily from the medium brown N16 and the 
more variable (light brown to a fairly dark medium brown) 
N22a (rudis). However, N2 1 a (miamiana) has a wide range 
of colour variation correlated with geographic distribution 
(medium reddish brown in southern Florida but light brown 
to dark brown elsewhere), and N21b (texana) has an 
extremely wide colour range (yellow to dark brown). Further 
details on colour are provided in the key. 

Other qualitative differences in the workers tend to be 
slight or exasperatingly inconsistent. For example, Creighton 
(1950) characterized filva by the strong projection of the 
anterior edge of the mesonotum above the pronotum and by 
the long propodeal spines being directed more strongly 
upwards rather than backwards. Manyfilva workers possess 
these characters (both are illustrated fairly well in Fig. 3b), 

but they are not sufficiently consistent and nonoverlapping 
with other forms to be diagnostic on their own. Certainly the 
filva minim (Fig. 3c) lacks the strong mesonotal projection, 
but it is also not much stronger in the largest filva worker 
illustrated (Fig. 3a) than in the N 16 and N 17 workers illus- 
trated (Figs. 3d, 3e). As Crozier (1977) noted, there is often 
a rather strong mesonotal projection in N18 workers. Simi- 
larly, there is a zone of overlap in the angle of the propodeal 
spines, particularly with the longer spined forms N 17, N 18, 
and N21a. 

The most distinctive taxonomic character in the complex 
is found on thefilva queen (Carroll 1975). The mesopleurae 
(anepisternum and katepisternum) are heavily rugose infilva 
queens (Fig. 5a) but largely smooth and shining in rudis- 
texana subcomplex queens (e .g . , Fig. 56). Carroll (1 975) 
noted that males offilva had thick propodeal spines, while 
"carolinensis' ' (N20 and N2 1 a ,  I believe) rarely had pro- 
podeal spines. The propodeal armature of the males of other 
forms is somewhat variable; most have only small nubs but 
N16 usually has thick propodeal spines somewhat like those 
of filva. I have also briefly examined representative male 
genitalia for each form. There may be potentially useful 
characters here, primarily in the digitus and cuspis, but if so 
the differences are not glaringly obvious. As with other 
morphological studies on the reproductives, this is an avenue 
for further investigation. 

Multivariate analysis of the regular data set 
Table 3 presents summary statistics, including each form's 
sample size and mean, minimum, and maximum observa- 
tions and coefficient of variation (CV) for each variable. 
Table 4 gives pooled within-class and between-classes corre- 
lation matrices. 

Logarithmic (base e) transformation made little difference 
in the overall numbers misclassified in the linear discrimi- 
nant analyses; the results were only marginally better when 
the data set was transformed (51 were misclassified; see 
Table 5) than when it was not (55 were misclassified). How- 
ever, a comparison of the individual correlation matrices for 
three forms with good sample sizes (Umphrey 1992) showed 
that most two-variable correlations were higher when the 
data set was logarithmically transformed (out of 66 correla- 
tion coefficients, higher values for transformed data num- 
bered 42 for filva, 63 for N20, and 62 for N22a). For this 
reason, the multivariate results discussed are based on the 
analysis of log-transformed data. For simplicity, the data 
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Table 3. Summary univariate statistics for each form in the fulva - rudis - texana complex of Aphaenogaster, regular data set. 

fulva N16 N17 N18 N19 N20 N21a N21b N22a N22b 
Variable Statistic (n = 38) (n = 15) (n = 33) (n= 39) (n = 5) (n = 32) (n = 13) (n = 13) (n = 67) (n = 9) 

HW Mean 
Min. 
Max. 
cv 

HL Mean 
Min. 
Max. 
cv 

SL Mean 
Min. 
Max. 
cv 

EL Mean 
Min. 
Max. 
cv 

WLA Mean 
Min. 
Max. 
cv 

MH Mean 
Min. 
Max. 
cv 

SPL Mean 
Min. 
Max. 
cv 

ISPL Mean 
Min. 
Max. 
cv 

SPD Mean 0.34 0.30 0.31 0.32 0.26 0.28 0.33 0.30 0.28 0.28 
Min. 0.26 0.22 0.24 0.25 0.22 0.20 0.30 0.25 0.22 0.23 
Max. 0.43 0.35 0.40 0.39 0.30 0.33 0.36 0.38 0.36 0.32 
CV 13.19 9.57 12.60 10.76 14.39 11.15 6.05 13.32 9.94 11.06 

FL Mean 
Min. 
Max. 
cv 

FW Mean 
Min. 
Max. 
cv 

TL Mean 1.15 1.06 1.08 1.08 1.10 1.08 1.18 1.29 1.07 1.14 
Min. 0.98 0.86 0.95 0.94 0.99 0.84 1.06 1.06 0.87 0.96 
Max. 1.28 1.14 1.26 1.21 1.24 1.22 1.32 1.48 1.18 1.20 
CV 6.36 6.82 6.04 5.19 8.61 8.29 6.09 9.64 5.75 7.75 

Note: Mean, sample mean; min., minimum observation in sample; max., maximum observation in sample; CV, coefficient of variation (%). All 
measurements are given in millimetres. 
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Fig. 1. Frontal views of heads of workers of the fulva-rudis-texana complex of Aphaenogaster. Data are given as the form code 
or species name, followed by the colony number, locality code or locality, head width (HW) in millimetres, and Weber's length of 
alitrunk (WLA) in millimetres. (a) Aphaenogaster fulva, A168, NJ3; HW = 1.1 1, WLA = 1.78. (b and c) A. fulva, A385, IN2; 
HW = 1.00, WLA = 1.62, and HW = 0.63, WLA = 1.2 1, respectively. (d) N16, A188, ON5; HW = 0.99, WLA = 1.64. 
(e) N17, A204, ON5; HW = 1.04, WLA = 1.77. (f) N18 @ices), A203, ON1; HW = 1.05, WLA = 1.81. (g) N16 (?), A380; 
Mo.: Franklin Co., Shaw Arboretum; HW = 0.76, WLA = 1.30. (h) N19, A372, M01; HW = 0.87, WLA = 1.65. (i) N20 
(carolinensis), A179, NJ1; HW = 1.00, WLA = 1.73. 
Fig. 2. Frontal views of heads of workers of the fulva-rudis-texana complex of Aphaenogaster. Data are given as the form code 
or species name, followed by the colony number, locality code or locality, head width (HW) in millimetres, and Weber's length of 
alitrunk (WLA) in millimetres. (a) N21a (miamiana), A096, FL3; HW = 0.87, WLA = 1.64. (b) N21a (miamiana), A242, FL1; 
HW = 1.00, WLA = 1.77. (c) N21b (?), GJU0327; Brownsville, Tex.; HW = 0.97, WLA = 1.83. (d) N21b (texana), GJU1046; 
Chiricahua National Monument, Herb Martyr Forest Camp, Cochise Co., Ariz., 6150'; HW = 1.00, WLA = 1.87. (e) N2 1b 
(texana), A437, AZ1; HW = 0.71, WLA = 1.40. (f) A. punctaticeps, unique paratype; Dona Ana Co., N.Mex., 45 km NE 
Las Cruces, Jornado Experimental Range; HW = 1.04, WLA = 1.90. (g) N22a (rudis), A085, ALL; HW = 0.83, WLA = 1.49. 
(h) N22b, A222, ON6; HW = 0.95, WLA = 1.62. (i) N17 X N22b hybrid, A221, ON6; HW = 1.04, WLA = 1.77. 
Fig. 3. Lateral views of alitrunks of workers of the fulva-rudis-texana complex of Aphaenogaster. Individuals illustrated are those 
shown in Figs. l a -  lf, lh, and li, respectively. Data are given as the form code or species name, followed by the colony number, 
locality code or locality, and Weber's length of alitrunk (WLA) in millimetres. (a) Aphaenogasterfulva, A168, NJ3; WLA = 1.78. 
(b and c) A. fulva, WLA = 1.62 and 1.21, respectively. (d) N16, A188, ON5; WLA = 1.64. (e) N17, A204, ON5; WLA = 1.77. 
(f) N18 @ices), A203, ONl; WLA = 1.81. (g) N19, A372, M01; WLA = 1.65. (h) N20 (carolinensis), A179, NJ1; WLA = 1.73. 

Table 4. Pooled within-class correlation matrix (top) and between-classes correlation matrix (bottom) for the regular 
data set, log transformed. 

HW HL SL EL WLA MH SPL ISPL SPD FL FW TL 

HW 1 0.970 
HL 1 
SL 
EL 
WLA 
MH 
SPL 
ISPL 
SPD 
FL 
FW 
TL 

HW 1 0.650 - 
HL 1 
SL 
EL 
WLA 
MH 
SPL 
ISPL 
SPD 
FL 
FW 
TL 

Note: The total sample consisted of 264 observations among 10 classes. 

set was not transformed for the two-variable scatterplots classification between these two forms may not be a practical 
(Figs. 13-48). taxonomic problem. The perfect classification of N21a is 

The most serious misclassifications in the linear discrimi- misleading, as discussed later, but discrimination of fulva 
nant analysis on the regular data set (Table 5) occurred workers was excellent; posterior probabilities of belonging 
between the two dark brown forms, N 17 and N 18. Since N19 to fulva were 0.0000 for all non-fulva workers and 1.0000 
has not been found within the range of N20 sampled, the mis- for all fulva workers except one (0.9981 for A303). Note 
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Fig. 4. Lateral views of alitrunks of workers of the fulva - rudis - texana complex of Aphaenogaster. Individuals illustrated are those 
shown in Figs. 2a-2d and 2f-2i, respectively. Data are given as the form code or species name, followed by the colony number, 
locality code or locality, and Weber's length of alitrunk (WLA) in millimetres. (a) N21a (miamiana), A096, FL3; WLA = 1.64. 
(b) N21a (miamiana), A242, FLl; WLA = 1.77. (c) N21b (?), GJU0327; Brownsville, Texas; WLA = 1.83. (d) N21b (texana), 
GJU1046; Chiricahua National Monument, Herb Martyr Forest Camp, Cochise Co., Arizona, 6150 ft; WLA = 1.90. (e) A. punctaticeps, 
unique paratype; Dona Ana Co., New Mexico, 45 km NE Las Cruces, Jornado Experimental Range; WLA = 1.90. (f) N22a 
(rudis), A085, AL1; WLA = 1.49. (g) N22b, A222, ON6; WLA = 1.62. (h) N 17 x N22b hybrid, A221, ON6; WLA = 1.77. 

Fig. 5. Lateral view of the mesopleurae (anepisternum and katepisternum) and surrounding area of the ahtrunk on queens of the 
fulva-rudis -texana complex of Aphaenogaster. Data are given as the form code or species name, followed by the colony number 
and locality code. (a) fulva, A385, IN2. (b) N 16, A409, ON5. 

Table 5. Classification results (using jackknife) for linear discriminant analysis, regular data set, log 
transformed, for 10 forms of the fulva - rudis - texana complex of Aphaenogaster. 

Number of individuals classified into form: 

From fulva N16 N17 N18 N19 N20 N21a N21b N22a N22b 

fulva 38 0 0 0 0 0 0 0 0 0 
(100.0) 

N 16 0 13 0 0 0 0 0 0 1 1 
(86.7) (6.7) (6.7) 

N 17 0 0 27 6 0 0 0 0 0 0 
(81.8) (18.2) 

N18 0 0 14 24 0 0 0 0 1 0 
(35.9) (61.5) (2.6) 

N19 0 0 0 0 4 1 0 0 0 0 
(80.0) (20.0) 

N20 0 0 0 0 6 22 0 0 4 0 
(18.8) (68.8) (12.5) 

N21a 0 0 0 0 0 0 13 0 0 0 
(100.0) 

N21b 0 0 0 0 1 0 0 12 0 0 
(7.7) (92.3) 

N22a 0 0 6 1 1 5 0 0 5 1 2 
(9.0) (1.5) (1.5) (7.5) (76.1) (3.0) 

N22b 0 0 0 0 0 0 0 0 1 8 
(1 1.1) (88.9) 

Note: Values in parentheses are percentages. 
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Fig. 6. Plot of the first two canonical variates from the canonical variate analysis of the log-transformed regular data set with 
all forms included. The small graphs in b-e contain subsets of the forms in order to give a breakdown of the graph in a with 
all forms plotted. 
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Table 6. Selected results of canonical variate analysis for the filva - rudis - texana 
complex in Aphaenogaster; log-transformed regular data set with all 10 forms included 
and with filva and N21b excluded. 

- - - - - - - 

(a )  With all 10 forms included (b) With filva and N2 1 b excluded 

CAN1 CAN2 CAN3 CAN1 CAN2 CAN3 

Constant 
HW 
HL 
SL 
EL 
MH 
WLA 
SPL 
ISPL 
SPD 
FL 
FW 
TL 

HW 
HL 
SL 
EL 
MH 
WLA 
SPL 
ISPL 
SPD 
FL 
FW 
TL 

% var 

Raw canonical coeff~cients (and constant) 

Standardized canonical coefficients 

Class means of canonical variables 

filva -5.64 2.77 -1.11 
N16 -0.43 -2.34 -3.04 -3.45 -1.61 1.98 
N17 -0.47 - 1.73 1.07 -0.27 2.05 -0.38 
N18 -1.02 -1.75 0.17 -1.12 2.11 0.00 
N19 3.35 2.21 1.96 3.30 -1.59 -1.81 
N20 1.52 0.94 1.32 1.98 - 1.18 -0.02 
N2 la  -0.29 2.40 4.19 4.95 0.92 1.79 
N21b 8.23 4.94 -2.49 
N22a 1.35 -0.93 -0.1 1 -0.28 - 1.07 -0.42 
N22b 1.92 -2.12 -2.25 -2.37 -2.30 -0.33 

Note: % var is the percentage of among-groups variation explained by the particular 
canonical variable. 

also that N22a, which I believe is the true rudis, gets con- 
fused with several other forms. 

Canonical variate analysis on the regular data set 
A plot of the first two canonical variates (Fig. 6) from the 
canonical variate analysis on the regular data set (with all 
forms included) illustrates the morphological distinctness of 
fulva. Good separation of fulva and N21b from the other 
eight forms requires only the first canonical variate (CANl), 
but using the second canonical variate (CAN2) reduces the 

chances of misclassifying fulva and N21b. The other eight 
forms are plotted in a rather amorphous mass between CAN1 
values of -4 and 5, but there is a pattern here as well. For 
example, all N2 la  workers have CAN2 > 0, while all N16 
and N22b workers have CAN2 < 0. The N21a observation 
at CAN2 = 7.65 is a properly measured individual from 
colony A096 collected at FL3 (Archbold Biological Station), 
and often appears as an outlier; workers in this colony have 
unusually narrow heads and long thin femora. 

Of the nine canonical variates generated in the analysis of 
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Fig. 7. Canonical variate 2 on canonical variate 1 for the log-transformed regular data set with 
fulva and N21b deleted from the analysis. 

- 4  - 2  0 2  4 6 8 

Canonical Variate 1 (CAN1 ) 

Fig. 8. Canonical variate 3 on canonical variate 1 for the log-transformed regular data set with 
fulva and N21b deleted from the analysis. 

Canonical Variate 1 (CAN1 ) 

all forms, the first four account for 96.9% of the among- To enhance visual separation, another canonical variate 
groups variation; CANl alone accounts for 51.2 % and analysis was made on a reduced data set obtained by remov- 
CAN2 accounts for 23.9% (Table 6a). Some groups are ing fulva and N21b. In the plot of CAN2 versus CANl 
separated further on other canonical variates, but it is often (Fig. 7), five or six fairly distinct zones can be discerned. 
difficult to see this; the presence of fulva and N21b partly Four of the zones are composed mainly of N21a (the most 
obscures the differentiation among the other forms. distinct zone), N20 overlapping N 19, N22a, and N17 over- 
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Table 7. Results of canonical variate analysis on three subsets of forms from the 
filva - rudis - texana complex of Aphaenogaster. 

(a)  N16, N22, N22b (b) N 17, N 18, N22a (c) N20, N21a, N22a 

CAN1 CAN2 CAN1 CAN2 CAN1 CAN2 

Constant 
HW 
HL 
SL 
EL 
MH 
WLA 
SPL 
ISPL 
SPD 
FL 
FW 
TL 

HW 
HL 
SL 
EL 
MH 
WLA 
SPL 
ISPL 
SPD 
FL 
FW 
TL 

% var 

Raw canonical coefficients (and constant) 

Standardized canonical coefficients 

Class means of canonical variables 

Note: Data are log transformed. % var is the percentage of among-groups variation 
explained by the particular canonical variable. 

lapping N18. In addition, N16 is distinct from all except 
N22b, which more or less fits between N16 and N22a. In the 
plot of CAN3 versus CAN 1 (Fig. 8) there is better separation 
of N 16 and N22b, but one N 16 point is still quite close to 
some N22b points. Of the seven canonical variates gener- 
ated, the first three account for 92.5% of the among-groups 
variation (Table 66). 

Separate canonical variate analyses were performed on 
three selected triplets of forms; each included N22a, as this 
form is the most widespread and abundant, and most likely 
to be confused with another form. Analyzing three forms can 
generate only two canonical variates, so plotting CAN2 
against CAN 1 illustrates all among-groups variation (see 
Table 7 for a breakdown). Although there will be some mis- 

classifications using only measurement data, N 16, N22a, and 
N22b are reasonably distinct (Fig. 9). The plot for N17, 
N 18, and N22a (Fig. 10) shows substantial overlap between 
N 17 and N18, and both overlap with N22a to some extent. 
The plot for N20, N21a, and N22a (Fig. 11) shows fairly 
considerable overlap between N20 and N22a. 

Mahalonobis' generalized distances 
The most commonly used measure of distance between two 
multivariate means is Mahalanobis' generalized distance, 
which corrects for the effect of correlation among variables 
(Lachenbruch 1975). The population parameter is denoted by 
62, which is estimated by the sample statistic D2. Following 
Baker et al. (1972), I have given D,  the square root of 
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Fig. 9. Plot of the two canonical variates using only the data on N16, N22a, and N22b. 

- 4  - 2  0 2  4  

Canonical Variate 1 (CAN 1 ) 

Fig. 10. Plot of the two canonical variates using only the data on N17, N18, and N22a. 

- 4  - 2  0 2  4  
Canonical Variate 1 (CAN 1 ) 

Mahalanobis' generalized distance, rather than the more variate means separated by the distance h2 is approximately 
usually reported 02 (Table 8). These values can be more a(-612) (Lachenbruch 1975). To obtain a probability of 
readily interpreted in terms of the standard normal distribu- misclassification that is less than 0.01, 6 must be at least 
tion. Let a denote the cumulative standard normal distribu- 4.66; less than 0.001 requires 6 be at least 6.19. Only one 
tion function. Then if equal prior probabilities are used, the observation was misclassified between forms separated by 
probability of misclassification between two groups from D 1 4.66 (see Tables 3 and 6): an observation of N21b was 
approximately multivariate normal populations with multi- classified as N19, even though their D value was 7.61. 
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Fig. 11. Plot of the two canonical variates using only the data on N20, N21a, and N22a. 

- 4  - 2  0 2 4 6 
Canonical Variate 1 (CAN 1 ) 

Table 8. Square roots of Mahalanobis' generalized distances (D2) between forms of the 
filva - rudis - texana complex of Aphaenogaster (regular data set, log transformed). 

- 

filva N16 N17 N18 N19 N20 N21a N21b N22a N22b 
- - - - --- 

filva 0 7.86 7.35 6.81 9.59 7.88 7.74 14.25 8.02 9.40 
N16 7.86 0 5.39 4.88 8.16 5.99 8.72 11.98 4.17 3.64 
N17 7.35 5.39 0 1.50 5.95 4.26 5.92 11.55 3.28 5.31 
N18 6.81 4.88 1.50 0 6.53 4.76 6.57 11.74 3.57 5.27 
N19 9.59 8.16 5.95 6.53 0 2.74 4.93 7.61 4.52 6.76 
N20 7.88 5.99 4.26 4.76 2.74 0 4.04 9.25 2.63 5.16 
N21a 7.74 8.72 5.92 6.57 4.93 4.04 0 11.59 5.93 8.45 
N21b 14.25 11.98 11.55 11.74 7.61 9.25 11.59 0 9.77 10.24 
N22a 8.02 4.17 3.28 3.57 4.52 2.63 5.93 9.77 0 3.63 
N22b 9.40 3.64 5.31 5.27 6.76 5.16 8.45 10.24 3.63 0 

Small sample sizes of 5 for N19 and 13 for N21b may 
account for this (see Lachenbruch 1975). 

The results for forms separated by D values of less than 
4.66 are consistent with the probabilities obtained from sub- 
stituting D for 6 into the cumulative standard normal dis- 
tribution function expression given above. The results are 
complicated by some forms being close to more than one 
other form; for example, the D value is less than 4.66 
between N22a and six other forms. Nonetheless we can con- 
sider the results of those correctly classified or misclassified 
into the other form when comparing two forms in order to 
obtain an empirical misclassification rate (undoubtedly 
biased to some degree). For example, D = 2.63 between 
N20 and N22a gives an estimated probability of misclassi- 
fication of 0.093. For N20, 22 specimens were classified 
correctly and 4 were misclassified as N22a; for N22a, 
5 1 specimens were classified correctly and 5 were misclassi- 
fied as N20. The empirical misclassification rate is thus 

9/85 = 0.106. Similarly, between N17 and N18 (the two 
closest forms) we obtain an empirical misclassification rate 
of 20171 = 0.282 compared with a theoretical rate of 0.227. 
In each case, the empirical and theoretical rates do not differ 
statistically ( X 2  goodness-of-fit test; p > 0.10). 

Stepwise discriminant analysis 
Some pairs of variables are highly correlated, both within 
and between classes (Table 4); these include (using an 
arbitrarily chosen value of 0.9) the obvious pairs of FL and 
TL, ISPL and SPL, and MH and WLA, as well as HL and 
WLA. Several other pairs of variables have high within-class 
(although not between-class) correlations; note the values 
between WLA and each of HW, SL, EL, FL, FW, and TL. 
Weaker within-class correlations between WLA and the 
three spinal variables likely reflect highly variant spinal 
development and (or) nonlinearity rather than a lack of size 
dependency or measurement error. 
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Table 9. Classification results (using jackknife) for linear discriminant analysis, regular data set log 
transformed, using reduced set of seven variables, for 10 forms of the fulva - rudis - texana complex of 
Aphaenogaster. 

Number of individuals classified into form: 

From fulva N16 N17 N18 N19 N20 N21a N21b N22a N22b 

fulva 3 8 
(100.0) 

N16 0 

N17 0 

N18 0 

N 19 0 

N20 0 

N21a 0 

N21b 0 

N22a 0 

N22b 0 

Note: Values in parentheses are percentages 

Stepwise discriminant analysis of all 10 forms entered the 
variables in the order ISPL, TL, FW, HW, EL, SL, HL, 
SPL, SPD, MH, FL, WLA. Each variable made a statisti- 
cally significant addition to the average squared canonical 
correlation, although only marginally so for WLA ( p  = 
0.0434 compared with p I 0.0001 for entry of each of the 
other variables). No variables could be removed at any stage. 
Entry of ISPL first indicates that it is the single best discrimi- 
nator (the second to fourth best choices as the first variable 
entered were SPL, TL, and SPD, respectively). Emery's 
(1895) decision to classify members of this complex on the 
basis of the length of the propodeal spines is thus seen to be 
quite reasonable. It is also symptomatic of the difficulties in 
morphologically separating members of this complex: the 
single best variable for discrimination also has the highest 
relative variation, as measured by the coefficient of varia- 
tion. Each form has a higher CV for ISPL than for any other 
variable (Table 3). 

Since most of the information contained in SPL has already 
been accounted for by ISPL, it enters the model late (eighth). 
Similarly, TL (the second variable entered) explains almost 
all information accounted for by FL (the 1 lth variable 
entered). It makes little difference which of TL or FL is 
used, but TL may be more easily and precisely measured. 
The very late entries of MH and WLA are not surprising, as 
they are simply measures of body size; this information is 
contained in other variables. I consider WLA to be the single 
best variable for "body size" comparisons among species in 
the complex, and adequate within species. Both HW and HL 
are more easily and precisely measured for body size com- 
parisons within species. 

After all variables were entered, the last step attempted to 
remove a variable as no longer necessary, given that the 

other variables were in the model. The five most difficult 
variables to remove were (in order, starting with the most 
difficult) EL, HW, SL, FW, and ISPL, with partial R2 
values for removal of 0.472, 0.468, 0.443, 0.409, and 
0.386, respectively. This indicates which variables contain 
the most unique information for discriminating among groups. 
The appearance of ISPL in this group is surprising, since it 
would be expected that SPL would contain most of the infor- 
mation contained by ISPL, but SPL has a partial R2 value 
for removal of only 0.202. In contrast, it is fairly easy to 
remove either TL or FL, given that the other is in the model. 
This suggests that ISPL really is a more discriminating varia- 
ble than SPL. 

Although the entry of a variable into the model may have 
a "statistically significant" effect in further separating the 
group means, it may be unnecessary for purposes of dis- 
crimination. The first seven variables into the model gave an 
average squared correlation of 0.339, while adding the other 
five variables raised this value to only 0.393. Hence, a dis- 
criminant analysis was run using only the first seven varia- 
bles to be entered into the model (ISPL, TL, FW, HW, EL, 
SL, HL). For this analysis, 67 individuals were misclassified 
(Table 9) compared with 5 1 with all variables used (Table 5). 
The discrimination offilva, N 16, and N2 1b was still excel- 
lent, but there is substantially more confusion among the 
other forms. At the current stage of model development I 
recommend measuring all 12 variables to help separate the 
phenetically close forms. 

Interpretation of standardized canonical coefficients 
The absolute value of a standardized canonical coefficient is 
proportional to its contribution to the canonical variate. In 
the canonical variate analysis of all 10 forms, the largest 
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coefficients in absolute value for the first canonical variate 
(CANl) are those for HW and ISPL, and they have the same 
sign (Table 6a). This sets up a strong contrast between the 
broad-headed, long-spined filva and the narrow-headed, 
short-spined N21b; other forms fall in between. The coeffi- 
cient for SL is of the opposite sign, as the scapes offilva are 
relatively shorter than those of N21b. Although a femur of 
filva is relatively slightly thinner than one of N21b, the 
primary contribution of FW is probably to separate filva 
from most of the other forms, which generally have a stock- 
ier femur. The second canonical variate (CAN2) is more 
difficult to interpret, but forms with relatively wide heads 
also tend to have wide femora (filva is an exception), broad 
heads, and short legs. Note that EL makes little contribution 
until the third canonical variate (CAN3); also, CAN3 is plat- 
ing a strong contrast between head size (HW and HL both 
negative) and SL (positive). 

When filva and N2 1 b are excluded from the canonical 
variate analysis, HW is still the most important contributor 
to CAN 1, but now EL is second in importance, although of 
opposite sign (Table 6b). This contrasts the small-eyed, 
broad-headed forms against the larger-eyed, more narrow- 
headed forms. The largest contributor to CAN2 is HL. The 
standardized coefficients for the three spinal measurements 
do not look very large, but CAN2 is highly correlated (corre- 
lation coefficient 20.82) with each of ISPL, SPL, and SPD 
in the among-groups canonical structure. This suggests that 
CAN2 has captured the discriminatory power of the spinal 
characters using other, less variable characters. As in the 
analysis with all forms, CAN3 is contrasting (at least in part) 
scape length against head size. 

The canonical variate analysis of N16, N22a, and N22b 
essentially separates N16 and N22b from N22a using CANl, 
and then separates N16 and N22b on CAN2 (Fig. 9). The 
standardized canonical coefficients (Table 7a) show that 
CANl contrasts head and body size (particularly HW and 
WLA) against scape and femur lengths; relative to N22a, 
N16 and N22b have short scapes and femora for their body 
size and head width. Although CAN2 is based heavily on 
HW, HL, and WLA, its interpretation is not clear. In a step- 
wise discriminant analysis, the order of variable entry was 
HW, SL, FL, HL, SPD, WLA. No other variables could be 
entered at the 15% level of significance (the highest partial 
R2 to enter was 0.043 for SPL) and none of the six variables 
entered could be removed at the 1 % level of significance (the 
lowest partial R2 to remove was 0.133). By far the most 
difficult variable to remove from the model was SL, with a 
partial R2 to remove of 0.647 (the next largest was 0.223 for 
HW). The very large size of many N22b workers likely 
accounts for the value of WLA. 

Almost all separation in the canonical variate analysis of 
N 17, N 18, and N22a occurs on CAN 1, which differentiates 
N22a from N 17 and N18 (Fig. 10). The principal contribu- 
tors to CANl are clearly HW, HL, and SPL (Table 7b). This 
contrasts forms with relatively short, broad heads and long 
spines (N 17 and N18) against N22a, which has, on average, 
a narrower head and shorter spines for a fixed body size. 
Although N17 and N18 are poorly separated on CAN2, the 
scapes of N17 are probably, on average, longer for a fixed 
head width; the other high standardized coefficients (for EL, 
MH, and SPL) are hard to interpret. 

The separation of N21a from N20 and N22a on CANl 

(Fig. 1 1) in the canonical analysis of these three forms is based 
largely on the relatively larger eyes of N21a (Table 7c); 
N21a also has relatively long narrow femora and long spines. 
Most of the rather poor separation of N20 and N22a is on 
CAN2; the tendency of N22a to have relatively longer spines 
and shorter femora is reflected in the values of the stan- 
dardized canonical coefficients for ISPL and FL (but TL has 
an opposite sign to FL!). The high values of the HW coeffi- 
cients for both CANl and CAN2 suggest that it is being used 
as a size contrast variable, but this is not clear. In a stepwise 
discriminant analysis, the order of entry of variables into the 
model was ISPL, FW, EL, HW, SPD, SPL, MH, FL; no 
other variables could be entered and none were removed at 
any step. The first three variables clearly contribute the most 
to the average squared canonical correlation: 0.394 for the 
first three variables versus 0.509 for all eight. 

Multivariate classification of selected test data 
The first two canonical variates (using the functions derived 
on the regular data set, all forms) were calculated on the test 
data set and overlaid on the regular data set plot of CAN2 on 
CAN 1 (see Figs. 6a, 12; several points are obscured). Points 
for the paratypes of huachucana and punctaticeps (Fig. 12) 
are far removed from all other forms; these are incorrectly 
classified as N21 b by the discriminant functions with posterior 
probability of 1.000, since N21b is the form to which they 
are closest. There is no doubt that huachucana is a distinct 
species, and it seems likely that punctaticeps must be as well; 
additional material of punctaticeps since acquired supports 
this view (S . P. Cover and G . J . Umphrey , in preparation). In 
contrast, the data point representing the paratype of 
crinimera is in very close proximity to the N21b cluster 
(Fig. 12, point C), consistent with the hypothesis that 
crinimera is conspecific with N2 1 b. 

Two workers identified as N2 1 b prior to classification 
with the multivariate methods also are clearly in ,the N21b 
cluster in the plot of CAN2 on CANl (Fig. 12, points A 
and B). One (Arizona: Cochise Co., Miller Canyon, 5600- 
5800 ft  (1 ft  = 0.3048 m), Huachuca Mountains, coll. R.R. 
Snelling) was classified as N21b by means of the discrimi- 
nant functions (also see Fig. 12, point A), but the other, from 
Brownsville, Tex., was classified as N 19. This worker has 
CAN3 = 3.448, which is substantially outside of the 
observed N2 1 b range of -4.36 to - 0.13 and closer to the 
N19 range of 1.11 -2.66 (the range for N21a is 2.17 -6.27). 

All 13 workers of N21a (miamiana) in the regular data set 
were properly allocated, but the performance of the dis- 
criminant functions in classifying 10 other workers that I 
believe are N21a was poor. Three were classified as N21a, 
three as N20, and four as N19. Most of the test colonies 
came from localities outside of the range of most colonies 
used in the regular data set. Three of these colonies were 
collected at Baton Rouge, Louisiana, in a very wet habitat, 
and clearly resemble other N21a colonies from northern 
Florida and Georgia. However, only one of these colonies 
was correctly identified by the discriminant functions; the 
other two were classified as N20. Five of the colonies (all 
four classified as N19 and one as N21a) came from southern 
Florida: one from Orlando, two from Everglades National 
Park, and two from Big Pine Key. These five cluster in the 
region between the point for colony A096 (largest CAN2 
value for N21a) and the N2 1b points in Fig. 12. Despite 
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Fig. 12. Plot of the first two canonical variates from the canonical variate analysis of the 
log-transformed regular data set with all forms of the fulva - rudis -texana complex of 
Aphaenogaster included; this figure is the same as Fig. 6a, but an additional 30 data points 
have been plotted. These data points represent additional measured workers for which 
canonical variates were calculated using the functions generated by the canonical analysis on 
the log-transformed regular data set. For details see Fig. 6a; larger symbols represent 
additional individuals identified prior to the multivariate analysis. Two additional symbols 
represent a huachucana paratype (a large open diamond with a small dot inside near the right 
border) and the punctaticeps paratype (a large open circle with a dot inside near top border). 
"A," "B," and "C" denote specific individuals referred to in the text. 

Canonical Variate 1 (CAN 1 ) 

some interference from other points, it is obvious that N21a 
is a very heterogeneous form, the workers from colonies 
from southern Florida having a substantially different mor- 
phology from those farther north. 

Crozier (1977) obtained a karyotype considered to be very 
similar to that of fulva on a colony from Alexander Bay, 
Florida, that was identified as " rudis-group (? 'miamiana' ) . " 
A randomly selected worker from three vouchers (kindly 
supplied by Ross Crozier) was classified as fulva with a 
posterior probability of 1.0000, and is within the fulva 
cluster in Fig. 12 (at -5.29, 2.16), even though this worker 
was smaller (HW = 0.78 mm) than any in the regular data 
set (minimum HW = 0.8 1 mm). Although fulva and N2 l a  
appear quite distinct in the canonical variate plots (Figs. 6, 
12), they are quite easy to misidentify where they are sym- 
patric. Both have relatively long propodeal spines and rela- 
tively long thin femora and nest in wood in mesic habitats 
(see Carroll 1975). The SL-HW relationship (Fig. 23) is 
likely the easiest way to separate workers of these two forms. 

James Trager (personal communication) found an 
Aphaenogaster sp. nesting in prairie habitats in Missouri 
(Fig. lg). A karyotype could not be obtained from a colony 
he provided (A380; Missouri: Franklin Co., Shaw Arbore- 
tum), but a worker included in the test data set was classified 
as N16 with a posterior probability of 0.9929. This repre- 
sents a substantial extension to the known range of N16 and 

is consistent with the hypothesis that N 16 was originally a 
prairie (or at least midwestern) form. 

Two-variable scatterplots 
Since two-variable scatterplots present the data in a more 
conventional and perhaps more easily understood manner, 
the set of 36 scattergrams is presented in Figs. 13-48; the 
first 29 use variables measured directly ("conventional" 
two-variable plots), while the last 7 involve indices. Any 
conventional two-variable plot for all 10 forms shows sub- 
stantial overlap between forms (e.g., Figs. 13, 21, 3 1, 32, 
36, 38), but brealung down these plots gives diagnostic 
characters for separating some pairs of forms. In other cases, 
the plots may not provide diagnostic characters but may pro- 
vide further evidence on the reliability of an identification. 
They also show where some of the problems occur with 
existing taxonomic keys and help to illustrate the nature of 
morphological differentiation in this complex. 

In all but three plots, estimated linear regression lines 
have been superimposed on the scatter plots for the range of 
the data. These lines (i) illustrate the nature of interspecific 
variability in the two-variable relationships, (ii) help tie 
together the points for a particular form, and (iii) serve as a 
base for visually estimating intraspecific variability. It is 
usually clear in the plots involving small subsets of the 
10 forms as to which form each line belongs to; in most cases 
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Figs. 13-18. Two-variable scattergrams with fitted regression lines, except that Fig. 15 gives regression lines 
only for data of Fig. 13. 
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Table 10. Parameter estimates and individual standard errors for 
five two-variable linear regression relationships for each of the 
10 forms in the fulva - rudis - texana complex of Aphaenogaster. 

Y X Form bo b~ SE(bo) SE(b,) 

HL HW fulva 
N16 
N17 
N18 
N 19 
N20 
N21a 
N21b 
N22a 
N22b 

SL HW fulva 
N16 
N17 
N 18 
N 19 
N20 
N21a 
N21b 
N22a 
N22b 

ISPL WLA fulva 
N 16 
N17 
N 18 
N19 
N20 
N21a 
N21b 
N22a 
N22b 

FW FL fulva 
N16 
N17 
N 18 
N19 
N20 
N21a 
N21b 
N22a 
N22b 

EL WLA fulva 
N16 
N 17 
N18 
N 19 
N20 
N21a 
N21b 
N22a 
N22b 

Note: Estimators of the regression parameters are b,, the Y intercept, 
and b , ,  the slope. Each standard error is based on data from that form 
only. 

this can be determined by checking the identity of the points 
at the ends of the regression lines. In other cases, it is essen- 
tially irrelevant to know this. 

Table 10 gives estimates of regression parameters and 
associated standard errors for five important relationships: 
HL on HW, SL on HW, ISPL on WLA, FW on FL, and EL 
on WLA. The standard errors use an estimate of the variance 
about the regression line based only on the data for each form 
rather than a pooled estimate from all 10 forms. Estimates 
could also have been based on pooling the mean square error 
(MSE) from the ANOVA tables for testing the significance 
of the regressions. For those favouring such an approach, 
and as a quick way of making statistical comparisons, the 
following values for the standard deviation of Y about the 
regression line ( s ~ . ~ ,  the square root of the pooled MSE) are 
presented: HL on HW, 0.01 874; SL on HW, 0.03 124; ISPL 
on WLA, 0.01434; FW on FL, 0.008114; EL on WLA, 
0.008417. 

In a plot of HL versus HW (Fig. 13), only the N21b data 
points are reasonably distinct, while those of the other nine 
forms appear as a poorly differentiated mass. However, each 
species has a rather tight zone of variability about its fitted 
regression line, so that it can be said that the head of N21b 
is usually narrower than that of N20 (or any other form), 
while the head of N20 is narrower than that of N16 (Fig. 14), 
for a fixed value of HL. 

If only the regression lines of Fig. 13 are plotted (Fig. 15), 
three distinct groups can be discerned: (1) the most narrow- 
headed group consists of N21b only; (2) five forms (N 19, 
N20, N21a, N22a, N22b) compose a group with moderately 
narrow heads, although there appears to be some variability; 
(3) four forms (fulva, N 16, N 17, N 18) compose a group 
with the broadest heads. The interspecific variability for 
head shape for the four broad-headed forms is negligible 
compared with the intraspecific variability for each form 
(Figs. 16, 17; if these diagrams are superimposed, the scat- 
terplots overlap completely). A similar phenomenon is seen 
among N 19, N20, and N2 1 a (Fig. 18). However, comparing 
N20 and N22a (Fig. 19), it would appear that, on average, 
HL increases at a slower rate as HW increases (or HW 
increases at a faster rate as HL increases) for N22a, although 
there is considerable overlap. The regressions of N22a and 
N22b are very similar (Fig. 20), but the tendency of mature 
colonies of N22b to have very large workers is obvious. 

Couplet 19 of Creighton's (1950) key separated texana 
(N2 1 b) and carolinensis (N20) from miamiana, rudis, and 
picea (N2 1 a, N22a, and N 18, respectively, in my usage, but 
likely containing other forms in Creighton's usage) on the 
basis of head shape. Creighton considered the latter group to 
have "head of the largest workers (mandibles excluded) not 
more than one-sixth longer than broad; head of the smaller 
workers approximately one-fifth longer than broad," while 
texana and carolinensis had "head of the worker, regardless 
of size, approximately one-third longer than broad. " This 
couplet cannot do what Creighton intended; N2 1b does have 
a relatively narrower head than the other forms, but N20's 
HL-HW relationship is very similar to that of several forms. 

Plots of HL versus HW (Fig. 13) and scape length (SL) 
versus HW (Fig. 21) are similar, but greater interspecific 
variability among the regressions for the SL-HW plot may 
offer more taxonomic potential. For example, despite greater 
intraspecific variability about the regression lines, more 
confident taxonomic judgements might be made using SL 
(Fig. 22) instead of HL (Fig. 14) with HW to separate N16 
and N20 (but it makes little difference in differentiating N 16 

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

E
nt

om
ol

og
y 

on
 0

7/
09

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Umphrey 

Figs. 19-24. Two-variable scattergrams with fitted regression lines. 
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Figs. 25-30. Two-variable scattergrams with fitted regression lines. 
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or N20 from N21b). The SL-HW relationship provides 
other useful and (or) interesting comparisons. Good separa- 
tion of filva, N21a (at least the northern dark ones), and 
N2 1 b is obtained (Fig. 23). Separation offilva from N20 and 
N22a (Fig. 24) is weaker, but, on average, filva has com- 
paratively shorter scapes for a fixed head width. Consider- 
able overlap between the scatterplots of filva and N16 
(Fig. 25) and N22a and N22b (Fig. 26) means that the 
SL-HW relationship would not be very useful for separat- 
ing each pair of forms when used alone, but may contribute 
to multivariate discrimination; this may also apply to the 
separation of N 19 and N20 (Fig. 27). Highly coincident scat- 
terplots of N 17 and N22a (Fig. 28) indicate that the SL - HW 
relationship is of little value in separating these two forms. 
Note that N16 is fairly distinct from N22a and N22b 
(Fig. 26) and to a lesser degree from N 17 and N 18 (Fig. 29). 
Sincefilva can be recognized by other means, the SL-HW 
relationship can separate N16 from the other eight forms. 

Stepwise discriminant analysis selected interspinal length 
(ISPL) as the first variable to be entered into the model, 
while I have suggested that WLA is a good size variable. A 
plot of ISPL versus WLA (Fig. 31) indicates that inter- 
specific and intraspecific variability in ISPL are both large 
for a fixed value of WLA (length of spines appears to have 
a positive allometric relationship with body size, particularly 
for filva) . On average, propodeal spines are longest in filva 
and shortest in N21b for a fixed value of WLA, but the over- 
lap of scatterplots between filva and other forms (particu- 
larly N17, N18, and N2 la) is considerable. Separation of 
N21b is reasonably good, but is improved by using tibia1 
length (TL) instead of WLA on the horizontal axis (Fig. 32). 
This uses the fact that N21b has long legs, especially com- 
pared with other forms with relatively short propodeal spines. 

The ISPL- WLA relationship gives excellent separation 
of N2 1b from N19, N20, and N2 la, and appears to give 
fairly good separation of N2 1 a from N20 and N 19 (Fig. 33). 
However, at least part of the problem in classifying "N21a" 
test specimens using the discriminant functions seems to be 
attributable to relatively shorter propodeal spines in some 
N2 la test colonies than in the regular data set. For example, 
the measured worker from one Big Pine Key colony had 
ISPL = 0.13, WLA = 1.64; using the estimated regression 
function of ISPL on WLA (Table 10) would give a predicted 
ISPL of 0.20. Of the four forms of the rudis-texana sub- 
complex that occur in Ontario, the darker N 17 and N 18 have 
longer spines, on average, than the lighter N16 and N22b 
(Fig. 34). For a fixed value of TL, N22a has shorter spines, 
on average, than N 17 and N 18, but there is still considerable 
overlap (Fig. 35). 

The relationship between the width and length of the (hind) 
femur (Fig. 36) was surprisingly useful. The unusually thin 
femora of filva are distinctive. Broader headed forms tend 
to have comparatively shorter and thicker femora, but filva 
falls completely out of this pattern. Hence, filva and N16, 
which share the same HL-HW relationship (Fig. 16) and 
overlap considerably in their SL-HW relationship (Fig. 25), 
can be separated easily by their relative femur dimensions 
(Fig. 37). The femora of N2 1b are relatively thin compared 
with those of several other forms, but their outstanding fea- 
ture is their great length in larger individuals (Fig. 36). 

Creighton (1950) used a comparatively larger eye size as 
one character that would separate miamiana (N2 la) from 

rudis and picea. He measured eye size by the number of 
facets in the greatest diameter, whereas I have used eye 
length (EL), since the facets can be difficult to count. The 
large eye size of N2 la  is fairly noticeable, but as can be seen 
on a plot of EL versus WLA (Fig. 38), there is some overlap 
with other forms, particularly N20 (also see Fig. 41; two 
points looking like solid circles are overlapped symbols for 
N20 and N2 1 a). Creighton's key had separated carolinensis 
(N20) from miamiana on the basis of a comparatively nar- 
rower head in the former, but I have shown here that there 
is little if any difference in the HL -HW relationship between 
these two forms. Undoubtedly EL (or some other measure of 
eye size) is a useful character for separating N21a from 
several other forms. For example, the EL - WLA relation- 
ship provides fairly good (although not completely unambig- 
uous) separation of N21a from the other very dark forms, 
N17 and N 18 (Fig. 39), in the rather unlikely event it was 
ever needed. Using HW rather than WLA on the x axis 
improves separation (Fig. 40). In a plot of EL on WLA, 
separation of N2 la  and N2 1b is quite distinct (Fig. 4 1). 

Figures 42 -48 illustrate selected plots involving indices. 
If an index is independent of size, then a regression of the 
index on a size-dependent variable (WLA was used here) 
should result in regression lines that are parallel (within the 
bounds of sampling error) to the x axis. The cephalic index 
(CI) (Fig. 42) and scape index 1 (SI1) (Fig. 43) are highly 
correlated with size, as expected. The spinal index (SPI) also 
appears to be correlated with size (Fig. 44). The eye (or 
ocular) index (EI) appears to be somewhat negatively cor- 
related with size (Fig. 45), but femur index 1 (FI1) appears 
to be relatively uncorrelated with size (Fig. 46). A plot of EI 
versus FIl (Fig. 47) shows that some forms could be sepa- 
rated on the basis of the indices used, such asfilva, N 16, and 
N22b from N21a using EI, and filva from N16 and N22b 
using FI1. A plot of SPI versus FI1 (Fig. 48) also shows 
some separation of forms. However, the failure of these plots 
to clearly distinguish filva from all other forms is a clear 
example of the inferiority of this method to the multivariate 
approach. It is also difficult to see what any of the indices 
offer in taxonomically useful information that is not more 
simply available from the two-variable scatterplots, espe- 
cially given the close morphological similarity among the 
forms. The empirical evidence suggests that indices are of 
little value in the taxonomy of this complex, despite their 
obvious utility in other groups. 

Discussion 

The species (or forms) recognized in this paper were first 
delineated by genetic markers that exhibit very little variabil- 
ity. Morphological differentiation among forms was then 
examined, primarily using morphometric methods; morphol- 
ogy (including morphometrics) was not used to initially 
define the forms. The multivariate analysis and scatterplots 
provide a morphometric description of "habitus" differ- 
ences that accounts for size; even most minims can be identi- 
fied with reasonable confidence. These morphometric analyses 
on the genetically identified colonies have provided a basis 
for judging the taxonomic status of the names punctaticeps 
and crinimera, although no live colonies attributable to these 
names were seen in this study. 

Errors in classification are inevitable with the 12 variables 
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Figs. 31-36. Two-variable scattergrams with fitted regression lines. 
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Figs. 37- -42. Two-variable scattergrams with fitted regression lines 
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Figs i. 43-48. Two-variable scattergrams, some with fitted regression lines. 
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used because of insufficient phenetic distance between some 
forms. The most serious errors occur between N 17 and N 18, 
both dark ants found in northeastern North America that 
appear to differ in karyotype by a single centric fission or 
fusion (G. J. Umphrey , unpublished data); these appear to be 
parapatric forms that require further testing for evidence of 
hybridization and introgression. However, on a local level 
sympatric forms are often differentiable, and some forms can 
be recognized confidently on a broad geographical basis. 
Used judiciously, colour can effectively discriminate between 
many pairs of forms, especially if a good reference collection 
is available. The key following summarizes the most impor- 
tant taxonomic characters recognized. 

The multivariate classification might be improved by 
(i) using additional variables, (ii) using better measuring 
equipment, or (iii) measuring more ants per colony. The last 
is most likely to lead to improved results. Daly and Balling 
(1978) obtained better results for identifying Africanized 
honey bees by using the mean measurements of 10 bees per 
colony rather than individual bees. Better measuring equip- 
ment, particularly for positioning the specimen, would likely 
improve the results for individual specimens. Both EL and 
FW are very coarsely measured at a resolution of 0.01 mm. 
I see few possibilities for the addition of other useful varia- 
bles, but they may exist. 

Further sampling is not likely to affect overall results, but 
it would increase the reliability of the functions for taxo- 
nomic discrimination. While some forms have been diversely 
sampled, others have a small sample size or restricted geo- 
graphical coverage. For example, the 38 colonies of filva 
came from 22 localities broadly spread over 11 states, and 
the 67 colonies of N22a came from 23 localities in 11 states. 
In contrast, all but one of the N2 1b colonies used in the regu- 
lar data set came from two localities in Arizona, and all five 
N 19 colonies came from two localities in Missouri. The sam- 
pling for N2 la  also appears deficient for accounting for some 
heterogeneity outside of the localities sampled. Further sam- 
pling is required, especially through the midwest, and more 
intensive sampling is desirable within the range covered, par- 
ticularly within Florida, with the specific objective of 
expanding the data sets of N19, N21a, and N21b. This is a 
very direct extension of the work to date that simply requires 
some time and resources. 

Clusters of sibling species appear to be quite common in 
ants (Crozier 1981), and this complex appears to contain one 
of the largest such clusters. Since sibling species present spe- 
cial problems in taxonomic delineation and recognition, it is 
hoped that the methodology employed here can usefully be 
applied to other taxa. 

A preliminary key to the workers of the fulva-rudis-texana complex 

This key should be used when couplet 18 is reached in Creighton's (1950, p. 140) key to the species of Aphaenogaster. This includes 
A. punctaticeps, which seems to be restricted (north of Mexico) to the desert regions of southern New Mexico, Arizona, and Texas. 
As its karyotype is unknown, punctaticeps is brought out in the first couplet, but it is most similar in morphology to N21b (texana). 
The key is intended for North America north of Mexico, but especially eastern North America. Distributional data should be inter- 
preted with care pending additional sampling. 

As much as possible, simple morphological and distributional characters are used, but more confident diagnosis often requires 
using canonical variates, karyotypes, and (or) electrophoretic information. For several forms only the karyotype is completely diag- 
nostic; electrophoresis is required only to separate N22a and N22b. Karyotype information includes the basic haploid chromosome 
number, but supernumeraries can exist; the additional chromosome information should provide a karyotypic diagnosis anyhow. The 
second couplet uses, in part, the sculpture of the queen's mesopleurae (anepisternum and katepisternum), as this is the best morpho- 
logical character found in this complex; all other morphological comparisons are for workers. 

Comparisons based on canonical variates require all 12 variables be measured as defined in the Materials and methods. Natural 
logarithms of these values are multiplied by the appropriate set of corresponding raw canonical coefficients in Tables 6 and 7; these 
products and the constant are added to give the canonical variate value. All measurements are given in millimetres. 

Body colour descriptions refer especially to the head and alitrunk, and usually also to the petiole plus postpetiole. All except 
dark brown ants usually have somewhat darker gasters and often some infuscation on the head. Legs are usually lighter. 

1. Legs exceptionally long for body size, usually with TL > 1.50 (likely not true for minims, but adjusting for head size, usually 
with TL > 0.28 + 1.2HW) (rare; restricted to desert regions of southern New Mexico, Arizona, and Texas; reddish brown; 
cephalic sculpture delicate for size) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .punctaticeps 

- Legs not exceptionally long for body size, almost always with TL < 1.50 (adjusting for head size, usually with TL < 
0.28 + 1.2HW) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

Queen with mesopleurae entirely rugose (Fig. 5a). Worker with scapes relatively short for HW (Figs. 21, 23, 24) and hind 
femora relatively long and thin (Figs. 36, 37), so that SL < 0.55 + 0.84HW and FW < 0.014 + 0.141FL; sculpture generally 
very heavy on medium-sized and larger workers, the forecoxa often rugose (Figs. 3a, 3b); propodeal spines relatively long 
(Figs. 3 1, 32) and often directed upwards; mesonotum often with anterior edge rising abruptly above the adjacent portion of 
the pronotum (Fig. 36; mainly in medium-sized and larger workers); CAN 1 < -3 and CAN2 > 0, using the coefficients 
of Table 6a (Fig. 6a); karyotype of n = 18, of which none of the six largest chromosomes are acrocentrics with very small 

. . . . . . .  short arms (widespread and abundant in eastern North America; fairly uniform light to dark reddish brown) .fulva 
Queen with mesopleurae largely smooth and shining (Fig. 5b). Worker with scapes relatively long for HW or hind femora 
relatively short and thick, so that SL > 0.55 + 0.84HW and (or) FW > 0.14 + 0.141FL (with rare exceptions); sculpture 
variable, but not as heavy as found on manyfulva workers, the forecoxa with little sculpture (Figs. 3d-3h, 4a-4h); propodeal 
spines often relatively shorter and often directed backwards; mesonotum only occasionally (primarily in N 17 and picea) with 
anterior edge rising abruptly above the adjacent portion of the pronotum, and never as strongly as found in many fulva; 
CAN1 > -3 or CAN2 < 0, using the coefficients of Table 6a; karyotype variable, but if n = 18, at least one of the six 
largest chromosomes (usually two of the largest three) are acrocentrics with very small short arms . . . . . . . . . . . . . . . . . .  .3  
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Propodeal spines relatively short and legs relatively long, so that ISPL < -0.17 + 0.233TL (Fig. 32); CAN 1 > 5 (and 
CAN2 > 2) using the coefficients of Table 6a (Fig. 6a); karyotype of n = 2 1, with no large metacentrics and no very small 
acrocentric present; range includes Texas to the mountains of southern Arizona but excludes eastern North America (colour 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  widely variable, from yellow to dark brown) N2 1b (texana) 
Propodeal spines relatively longer or legs relatively shorter, so that ISPL > -0.17 + 0.233TL (Fig. 32); CANl < 5 using 
the coefficients of Table 6a (Fig. 6a); karyotype of n = 16-22, with at least one large metacentric or (for n = 22 forms) 
a very small acrocentric present; range includes eastern North America but likely excludes the southwestern United States from 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  western Texas to the mountains of southern Arizona .4  

Scapes short relative to HW, so that SL < 0.632 + 0.687HW (Fig. 30, also see Figs. 26, 29); karyotype of n = 16, of which 
five of the seven largest chromosomes are metacentrics subequal in size (medium brown, sometimes a bit darker, head and 
especially gaster often darker than alitrunk; known from ~ i i s o u r i  to New Jersey and north to southeastern Canada) . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  N16 
Scapes longer relative to HW, such that SL > 0.632 + 0.687HW (rare exceptions); karyotype of n 2 17, of which no more 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  than four of the seven largest chromosomes are metacentrics . 5  

Dark brown (piceous), with eyes relatively small for HW (EL < -0.017 + 0.255HW), and occurring in northeastern North 
America and throughout higher elevations of the Appalachians; CAN1, CAN2 falling within zone for N17 and N 18 on Fig. 7 ,  
using coefficients of Table 6b; karyotype of n = 17 or 18. (These forms are most likely to be confused within their range 
with the medium-brown N22a, from which they can be separated in part by using the plot of ISPL on TL in Fig. 35. Better 
separation is obtained by calculating CANl from the coefficients in Table 6b, and comparing this value with the plot in 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Fig. 10) 6 
Light reddish brown to medium brown, except for N21a, which is dark brown outside of southern Florida but has relatively 
large eyes for HW (EL > -0.017 + 0.255HW for N21a, variable otherwise; Fig. 40) and occurs in southeastern United States 
at lower elevations (restricted to coastal plain?) outside of range of N17 and N18; CAN1, CAN2 falling outside zone for N 17 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and N18 in Fig. 7, using coefficients in Table 6b; karyotype of n 2 19 . 7  

Karyotype of n = 17, with one metacentric substantially larger than the other chromosomes; range includes Ontario, Ohio, 
and Kentucky, but is probably mainly to the west of range of N18, and likely excludes the higher elevations of the 

. . . . . . . . . . . . . . . . . . . . . .  Appalachians. (The forms in this couplet are essentially indistinguishable morphologically.) N 17 
Karyotype of n = 18, with the largest metacentric subequal in size to two acrocentrics; range includes the higher elevations 
of the Appalachians, Ontario, Connecticut, New York, and Pennsylvania, and likely several other eastern states and provinces, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  mainly east of the range of N 17 N 18 (picea) 

Karyotype of n = 19 -21, with one or two very large metacentrics; CAN 1, CAN2 falling inside zone (defined approximately 
as CAN1 > 1) for N 19, N20, and N21a in Fig. 7, using coefficients in Table 6b; at least one form present throughout Florida 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and coastal plain of the southeastern United States, but not confined there . 8  
Karyotype of n = 22, with no large metacentric; CANl,  CAN2 falling inside zone (defined approximately as CANl < 1) 
for N22a and N22b in Fig. 7, using coefficients in Table 6b; both forms apparently absent from all of Florida and the coastal 
plain of the southeastern United States. (The most difficult forms to separate at this couplet are N20 and N22a, which are found 
sympatrically in the piedmont of the southeastern United States. Using the coefficients in Table 7c to obtain CAN1 and CAN2 
values, Fig. 11 will aid in separating these two forms. As well, N22a tends to be medium brown, while N20 tends to be light 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  reddish brown, but only the karyotypes are diagnostic.). .10 

Karyotype of n = 21, with only one very large metacentric; propodeal spines often relatively long (Fig. 33); CAN1, CAN2 
falling inside zone for N21a in Fig. 7, using coefficients in Table 6b; dark brown (piceous) outside of southern Florida, where 
they are a lighter reddish brown (range probably extends throughout the coastal plain from North Carolina to eastern Texas 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  and includes all of Florida) N21a (miamiana) 
Karyotype of n = 19 or 20, with two very large metacentrics; propodeal spines usually relatively short (Fig. 33); CAN1, CAN2 
falling inside zone for N19 and N20 in Fig. 7, using coefficients in Table 6b; yellowish brown to reddish brown but never 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  dark brown, and likely absent from southern Florida . 9  

Karyotype of n = 20, very small acrocentric present; known range includes the piedmont of the southeastern United States 
. . . . . . . . . . . . . .  and the whole of the coastal plain from southern New Jersey to the Florida panhandle. N20 (carolinensis) 

Karyotype of n = 19, very small acrocentric absent; known only from Missouri (probably found throughout much of the 
Mississippi basin) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  N19 

Larger workers frequently with HW > 1.05 mm (Fig. 26); CAN 1, CAN2 falling within N22b zone in Fig. 9, using coefficients 
in Table 7a; unique fast allele for isocitrate dehydrogenase present; scarce (light to medium reddish brown; known from 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Missouri to Maryland and north to southern Ontario) N22b 
Larger workers rarely with HW > 1.05 mm; CAN 1, CAN2 falling within N22a zone in Fig. 9, using coefficients in Table 
7a; common slow allele for isocitrate dehydrogenase present; very common and widespread (generally medium brown, only 
occasionally approaching lighter colour of N22b or darker colour of N17 and N 18; known range includes Missouri, Alabama, 
Georgia, Indiana, and New Jersey, but it has not been found in Canada or Florida and may be absent from most of the coastal 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  plain of the southeastern United States) N22a (rudis) 
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