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Abstract.—Ecological explanations for the prevalence of resource specialists are abundant, whereas phylogenetic
evidence on their origins is scarce. In this paper, we provide a molecular phylogenetic study of the 19 specialist or
generalist species in the bark beetle genus Dendroctonus, which collectively attack species in four different genera
in the conifer family Pinaceae. Given substantial variation in diet breadth, we asked two general questions concerning
the evolution of resource use in this group. How conservative is the evolution of host use in these insects? Does
specialization tend to be derived (i.e., a ‘“dead end”’)?

To answer these questions, we estimated the phylogeny of Dendroctonus using mitochondrial DNA sequences and
mapped transitions in resource use on the resulting phylogeny estimate. The evolution of affiliations with Pinus and
Picea hosts in Dendroctonus was conservative among beetle species (PTP test; P < 0.012), but there was no significant
correspondence between the phylogeny of these beetles and the phylogeny among their Pinaceae hosts (among genera,
P = 0.28; among Pinus species, P = 0.82).

Degree of specialization, as measured in the proportion of hosts used, was bimodally distributed with *‘generalist”
species utilizing = 60% of the congeneric hosts within their range and six specialist species utilizing = 40% of the
available hosts. Among the generalists, we found a strong correlation between the number of hosts encountered and
the number of hosts utilized (R = 0.97, P < 0.0001), whereas there was no significant correlation among the specialists
(R = 0.27, P = 0.59). The evolution of specialization in Dendroctonus proved highly labile—specialists arose from
generalists at least six separate times (without reversal) all in derived positions, and closer examination of some
specialists revealed instances where they appear to have lost particular host species from their diet. However, evidence
from the ecological literature also suggests that several Dendroctonus generalists may have increased their range of
host genera within the Pinaceae.

Key words.—Coevolution, Coleoptera, cytochrome oxidase I, Dendroctonus, insect-plant interactions, mitochondrial

DNA, molecular systematics, phylogeny, phytophagous insects.
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Few questions in evolutionary ecology have been subject
to such intense investigation as the question of why organ-
isms specialize in resource use (Ehrlich and Raven 1964;
Bush 1969; Fox and Morrow 1981; Bernays and Graham
1988; Futuyma and Moreno 1988; Mitter et al. 1988; Futuy-
ma and McCafferty 1990; Jaenike 1990; Via 1990; Fox and
Eisenbach 1992; Bernays and Chapman 1994; Dyer 1995).
Because resource generalists should be less limited by re-
source availability, these should have an advantage over re-
source specialists, which may sometimes be extremely lim-
ited (Futuyma and Moreno 1988; Beissinger 1990; Mopper
et al. 1995). Yet vast numbers of species, perhaps the majority
of phytophagous insects, feed on only a fraction of available
hosts (Futuyma and Moreno 1988; Mitter et al. 1988; Jaenike
1990; Thompson 1994). How can we explain this apparent
contradiction?

The “‘jack of all trades, master of none” hypothesis is
commonly used to explain the prevalence of specialists (Via
1984, 1986; Simms and Rausher 1989; Tienderen 1991;
Schluter 1995; Robinson et al. 1996). Under this hypothesis,
specialization evolves as a consequence of trade-offs in per-
formance of organisms on different hosts, such that optimized
use of one host limits performance on others (Simms and
Rausher 1989; Futuyma and Moreno 1988; Jaenike 1990).
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Disparate results in the search for performance trade-offs has
led to evaluation of other factors favoring specialization, such
as freedom from natural enemies (Price et al. 1980; Bernays
and Graham 1988). Regardless of the primary source of se-
lection for specialization, however, long-term association
with a particular host might eventually result in loss of ge-
netic variation for the ability to use alternate hosts. Specialists
might thus become irreversibly constrained on a particular
resource or resources to the exclusion of others (Futuyma
and Moreno 1988; Beissinger 1990; Via 1990; Siddall et al.
1993; Hougen-Eitzmann and Rausher 1994; Robinson et al.
1996). Because of this exclusionary use of more limited re-
sources, specialization has been thought to result in a greater
likelihood of extinction (Simpson 1953; Mayr 1963; Hansen
1980; Koch 1980).

The concept that specialization leads to an evolutionary
dead end, first postulated by Cope (1896) as the ‘““law of the
unspecialized,”” has been a central idea in evolutionary bi-
ology (Huxley 1942; Mayr 1963; Rensch 1980). However,
only a handful of studies address whether generalists tend to
give rise to specialists, or, more directly, whether speciali-
zation tends to be derived. For example, the chrysomelid
beetles in the genera Oreina and Ophraella, which feed on
plants in the Apiaceae and/or Asteraceae, show little evidence
that specialists tend to be derived (Futuyma et al. 1995; Dob-
ler et al. 1996), although these studies were not designed to
ask this question directly. However, trends toward evolution
of increased specialization have been reported in lizards (Lo-
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sos 1992; Losos et al. 1994) and ectomycorrhizal fungi (Cull-
ings et al. 1996), whereas generalists are derived in cowbirds
(Lanyon 1992) and in anthidiine bees (Muller 1996). Al-
though pertinent studies are accumulating, phylogenetic ev-
idence bearing on evolutionary trends in resource speciali-
zation remains sparse and very few phylogenetic studies di-
rectly test for such trends (Futuyma and Moreno 1988; Farrell
and Mitter 1993; Thompson 1994; Muller 1996). While shifts
between generalist and specialist habits surely occur in both
directions, it is not yet clear whether specialists are more
often phylogenetically derived and dispersed (i.e., highly
“tippy’’; found at the tips of the phylogenetic tree) consistent
with the notion that specialists more often go extinct.

Defining Specialists

An obvious challenge to phylogenetic study of the evo-
lution of resource specialization in phytophagous insects is
the long-standing problem of distinguishing significant”
differences in specialization among insect species in a clade.
Usually, such distinctions between specialists and generalists
draw on a combination of the number of plant species and
higher taxa in their respective host lists (i.e., the ‘‘taxonomic
disparity’’) to discover ‘“gaps’ in what otherwise might seem
a continuum in breadth of resource use.

Because the plant taxonomic groups spanned by the species
in different insects groups vary considerably, there is little
consensus on categories of diet breadth. For example, mo-
nophagy has been defined as feeding on a single plant species
(Bernays and Chapman 1994), several plant species within
a genus (Stark 1982), or even plant species within a family
(Muller 1996). However, because ecological studies of insect
host use typically focus on closely related species or popu-
lations within species, the distinctions are often simply rel-
ative, and not meant to reflect some generally realized syn-
dromes across insect groups. Nevertheless, it is difficult to
gain an evolutionary perspective of diet breadth evolution
without some agreement on the limits of variation.

The idea of ‘‘resource availability’’ has been important in
the conceptual development of relative niche width (i.e., diet
breadth; Colwell and Futuyma 1971). An obvious context is
the simple geographic availability of resourceés (e.g., host
plants) within the ranges of herbivore species, because a her-
bivore cannot use plant species it never encounters (Thomp-
son 1994). Additionally, herbivores may have some historical
propensity for feeding on related or chemically similar hosts
(e.g., Futuyma et al. 1995; Dobler et al. 1996; Becerra 1997).
For example, if herbivore X belongs to a clade that all feed
on plant family Y, the available hosts for X might be most
reasonably supposed to be those members of Y present in
X’s geographic range.

Therefore, an explicitly phylogenetic approach may aid in
understanding the evolution of specialization in several im-
portant ways: (1) by helping define the suite of an herbivore’s
available hosts; (2) by allowing detection of host-use expan-
sion or contraction in the diversification of a group; and (3)
by identifying particular hosts gained or lost to particular
insect species. In this paper, we use a phylogenetic approach
to understand the evolution of resource specialization in a
group of herbivorous insects, the bark beetle genus Den-
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droctonus (family Scolytidae). These insects show interspe-
cific variation in the numbers and kinds of coniferous hosts
they use. To address whether the host affiliations of these
insects are conserved, apart from differences in diet breadth,
we evaluate the frequency of shifts among host genera, on
the grounds that these should represent the greatest disparity
in plant traits (e.g., in secondary chemistry) in the collective
range of hosts used by these herbivores. Recent phylogenetic
studies of a variety of herbivorous insects suggest that insect
host-use evolution is often quite conservative with respect
to host taxon (i.e., plant family, tribe, or genus [Farrell and
Mitter 1993]). Thus, some aspects of host-use evolution may
be better predicted from recent phylogenetic history (and
perhaps kinds of genetic variation) than by apparent ecolog-
ical opportunity.

Next, to determine whether the diet breadth of Dendroc-
tonus is conserved, we evaluate the rate of change in the
proportions of available hosts used by these insects, using
those aspects of host use that are strongly conserved to define
the array of potential hosts. Dendroctonus species are re-
stricted (with a few exceptions, discussed below) to one of
four confamilial genera of conifers (Wood 1982), and the
species vary markedly in how many species of host plants
they use. The host affiliations and other aspects of the life
histories of these insects are known in unusual detail, because
these beetles are among the most damaging insects to co-
niferous forests in North America (Wood 1982). We will show
that although affiliations with certain conifer genera seem
highly conserved, there have been frequent constrictions of
diet breadth, sometimes to subsets of hosts used by near
relatives. Once the boundaries of specialization become clear,
we then use a phylogenetic approach to determine, in at least
this one group of insects, whether specialists tend to occupy
phylogenetically derived and dispersed positions, as expected
if specialization is a ““dead end.”

Natural History of Dendroctonus

The genus Dendroctonus belongs to the tribe Tomicini,
subfamily Hylesinae, of the bark beetle family Scolytidae
(Wood 1982, 1986). Tomicini is worldwide in its distribution,
whereas Dendroctonus is mostly a New World group. Den-
droctonus species are found from Guatemala to Alaska with
two representatives in Eurasia. Although a phylogeny of the
Tomicini is not yet available, Wood (1982) cites several mor-
phological characters that suggest that the pine-feeding gen-
era Tomicus, Pseudohylesinus, and Hylurgus are among the
closest relatives of Dendroctonus.

Dendroctonus adults bore through the bark of standing or
fallen trees and feed on the phloem within. Eggs are laid
along the sides of tunnels, commonly called “‘galleries,”” ex-
cavated by the beetles, and the larvae feed outward into the
phloem. This feeding habit is prevalent in most of the tribe,
with the exception of several species of Dendroctonus that
dig cavelike grooves in the phloem into which numerous eggs
are deposited. After leaving the larval host, adult female Den-
droctonus disperse to a suitable host. Once a host has been
selected, females release sex pheromones (often termed “‘ag-
gregation pheromones’’ because of the tendency for beetles
to amass at high densities on the host) that attract members
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TABLE 1.
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Distributions and host affiliations of non-Pinus-feeding Dendroctonus species. Host associations of the Pinus feeders are given

in the Appendix. Asterisks indicate congeneric hosts available to the beetle species that are not reported hosts of those beetles.

Species Hosts Distributions
D. micans Picea abeis, P. stichensis, P. orientalis, P. ajanensis, P. breweriana, P. en- Eurasia
gelmanii, P. glauca, P. jezoensis, P. mariana, P. ovobata, P. omorika, P.
pungens (uncommon in Pinus spp., Abies spp., Larix spp.)
D. punctatus Picea glauca, P. rubens, P. sitchensis, P. engelmannii*, P. mariana* N. United States and Canada
D. rufipennis Picea engelmannis, P. glauca, P. mariana, P. rubens, P. stichensii, P. brew- N. United States and Canada
eriana*
D. simplex Larix laricina N. United States and Canada
D. pseudotsugae Pseudotsuga menziesii, P. macrocarpa (uncommon in Larix occidentalis, L. W. United States and Canada

laricina)

of both sexes to the tree (Borden 1986). Most Dendroctonus
species kill their living host trees, although there are a few
species (D. valens, D. terebrans, D. parallelocollis, D. micans,
and D. punctatus) that do not necessarily kill their hosts.

Host-Plant Affiliations

The 19 species in the bark beetle genus Dendroctonus col-
lectively encompass a wide range of resource specialization,
including both extreme specialists (species restricted to a
single host-plant species) and relative generalists (species
able to feed on up to 20 plant species, sometimes in several
genera: see Table 1; Appendix). Most species of Dendroc-
tonus are restricted to feeding on host species in one particular
genus of conifers. The majority of the species use plants in
the genus Pinus, although Dendroctonus punctatus, D. mi-
cans, and D. rufipennis feed on Picea; D. pseudotsugae uses
Pseudotsuga; and D. simplex is restricted to Larix (Wood and
Bright 1992; Table 1). Dendroctonus micans, D. valens, and
D. pseudotsugae have been recorded feeding on additional
host genera, at least in outbreaks. (Outbreaks are defined as
explosive rises in population densities in herbivorous insects
that result in near decimation of large, contiguous host pop-
ulations; see Barbosa and Schultz 1987.) It does not appear,
however, that such periodic use of alternate hosts commonly
supports normal development of offspring (Wainhouse and
Beech-Garwood 1994).

An advantage of the Dendroctonus system is the unusually
comprehensive information available on host use of these
(and many other) bark beetles across their ranges. Because
they are serious pests of timber, these beetles have been sub-
ject to intensive monitoring in coniferous forests in nearly
every state and province for approximately 100 years (Wood
1982). This is important for confidence in inferences about
relative diet breadth and host affiliations in two ways. First,
the species that use few hosts have distributions and affili-
ations that overlap the distributions and affiliations of those
that use many hosts (Appendix). Indeed, these apparent spe-
cialists are among the most serious and intensively studied
pests (Wood 1982). Second, virtually all of the rarer pine
conifer species are known hosts of bark beetle species (Wood
1982). Thus, it appears that neither the specialized beetles
nor the rare hosts are inadequately sampled.

Another potential consideration in characterizing special-
ization of a species as a whole is the observation by Fox and
Morrow (1981) that “‘generalist” species may actually com-
prise suites of populations specialized on particular hosts.

Again, because of their economic importance, there are many
reports that confirm the use of a variety of hosts in a single
locale by Dendroctonus populations of several species (e.g.,
D. ponderosae: Sturgeon and Mitton 1986; D. rufipennis:
Reynolds and Hard 1991, Holsten et al. 1995; D. frontalis:
Cook and Hain 1987; and D. micans: Voolma 1980, Bejer
1984, Gregoire 1988).

METHODS
Collections

Many colleagues helped us identify regions of recent out-
breaks of Dendroctonus where we were most likely to find
beetles. Specimens were collected from dying and fallen trees
by using a hatchet or a small ax to peel back the bark. The
beetles were then removed from their gallery systems, either
from within the bark or on the tree itself, and preserved in
100% ethanol or dried in vials of silica gel. A few species
were collected with Lindgren pheromone traps (Phero-tech
Inc., Delta, BC, Canada) and shipped to the authors in 100%
ethanol. S. Wood provided dried museum specimens of one
species, D. vitei, from the Brigham Young University ento-
mology collections. Finally, specimens of several species
were shipped by other researchers live in petri plates filled
with wetted cloth or in small glass vials. All material was
eventually stored at —20°C at the University of Colorado,
Boulder (see Table 2).

Identification

Multiple individuals from each species were collected at
each locale and a portion of each collection was mounted for
identification. All specimens shipped to the authors arrived
already identified by the contributors. Specimens from all
samples were mounted and shipped to Donald E. Bright, Ag-
riculture and Agri-Food Canada, Ottawa, for confirmation of
identifications.

Preparation of DNA, PCR, and Sequencing

DNA was extracted from individual beetles crushed with
a mortar and pestle in liquid nitrogen. After crushing, DNA
was isolated and purified using procedures and materials from
the QIAamp Tissue Kit (QIAGEN Inc., Chatsworth, CA).
DNA was eluted from the QIAamp spin columns with 10
mM Tris-HC1 pH 8.0 in volumes ranging from 0.1 to 0.5 ml
depending upon the size of the beetle. We amplified a 1250
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TABLE 2. Collecting sites from which populations of Dendroctonus
species and Pseudohylesinus n. nebulosus were sampled. If multiple
populations were collected for a species, the locale for each pop-

ulation is numbered in the table.

Species Localities sampled

D. adjunctus (1) NM: Otero Co., Cloudcroft; (2) Mexico:
Estado de Mexico

D. approximatus CO: La Plata Co., Durango

D. armandi China: Shaanxi Province

D. brevicomis (1) CO: La Plata Co., Durango; (2) CA: River-
side Co., San Jacinto

D. frontalis (1) TX: Angelina Co., Lufkin; (2) Mexico:
Municipio Tancitaro, Est. de Michoacan

D. jeffreyi (1) CA: Lassen Co., Susanville; (2) CA: Sierra
Nevada Mt., Placerville

D. mexicanus Mexico: Cerdo Cordo, Valle de Bravo, Est. de
Mexico

D. micans France: Les Estables, Departement de la
Haute-Loire

D. murrayanae  Canada: Elkford, British Columbia

D. ponderosae (1) CO: Boulder Co., Boulder; (2) CA: Lassen
Co., Susanville

D. pseudotsugae (1) CO: Jefferson Co., Deckers; (2) WY: Sho-
shone N.E

D. punctatus Canada: Seventy Mile House, British Colum-
bia

D. rhizophagus  Mexico: Municipio de Modena Chihuahua,
Est. de Chihuahua

D. rufipennis CO: Clear Creek Co., Empire

D. simplex (1) Canada: Saskatchewan; (2) NY: Schenectady

D. terebrans TX: Angelina Co., Lufkin

D. valens (1) CO: La Plata Co., Durango; (2) CA: Las-
sen Co., Susanville

P. n. nebulosus  CO: Boulder Co., Boulder

base-pair fragment of the mtDNA gene Cytochrome Oxidase
I (COI) using the polymerase chain reaction (PCR). Using 1
pl of extracted DNA, we amplified double-stranded DNA
product under the following conditions: 10 pmole of each
primer, 200 uM of each dNTP, 2.0 uM MgCl,, 1X buffer
provided by Promega (Madison, WI) and 1 unit of Tag DNA
polymerase (Promega) in 50 pl total volume. Typical thermal
cycling conditions were a 95°C denaturing step for 1 min
followed by a 47°C annealing for 1 min and a 72°C extension

TABLE 3.
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for 2 min. This series of steps was repeated 35 times and
ended in an indefinite 4°C refrigeration period until removal.
For manual sequencing, 1 pl of the double-stranded product
was then used to make single-stranded DNA with one of the
primers from the double- stranded reaction. The reaction con-
ditions were similar to the ones used to amplify double
stranded product with the following changes: 30 pmole prim-
er and 2 units Taq polymerase (Promega) were used in a total
volume of 100 pl, and the thermal cycling conditions were
changed to a 55°C annealing temperature and a total of 30
cycles. Both double-stranded and single-stranded PCR re-
actions were cleansed using QIAquick Spin PCR Purification
columns (QIAGEN Inc., Chatsworth, CA) and eluted in 50
pl 10mM Tris-HCI pH 8.0. The single-stranded DNA was
dried down for 2 hr in a vacuum centrifuge and brought up
to 13 plin 10 mM Tris. We sequenced 3 pl of the concentrated
single-stranded DNA using Sequenase 2.0 (United States
Biochemical, Cleveland, OH) following the protocol supplied
with the kit. Double-stranded and single-stranded PCR
reactions were carried out using the primers C1-J-1718 and
C1-N-2962 (see Table 3). The sequencing primers were C1-
N-2973, C1-N-2650, C1-N-2542, C1-N-2416, C1-N-2191,
C1-N-2099, C1-J-2797, C1-J-2673, C1-J-2441, CI-J-2411,
C1-J-1718, and C1-J-1863 (Table 3). Both strands were se-
quenced in all samples with the “J”’ strand sequenced on an
automated Perkin-Elmer ABI 377 in the Molecular, Cellular,
and Developmental Biology sequencing facility at the Uni-
versity of Colorado.

Sequence Analysis

Sequence data were entered, compiled and edited for anal-
ysis using the Sequencher 3.0 program (Gene Codes Cor-
poration, Ann Arbor, MI). The alignment of the protein-cod-
ing genes was checked and compared with that of Drosophila
yakuba (Clary and Wolstenholme 1985). Maximum-parsi-
mony and bootstrap analyses were performed using PAUP*
test, version 4.0d55. Decay analyses were performed using
the program Autodecay 3.0 (Erikkson and Wilkstrom 1996).
Maximum-parsimony analyses were performed using PAUP*

Primers used for PCR and sequencing. The origins and names of the primers come from a compilation of primers designed

from insects in Simon et al. (1994). This is true with the exception of a few, denoted by asterisks, that were designed exclusively for
this project from Dendroctonus sequences, and primer ‘“C1-N-2962°" designed by S. Dobler and “C1-N-2542” designed by B. Farrell
both for use with chrysomelid beetles. In the primer name, “C1”’ refers to cytochrome oxidase I, ““N”” and “‘J”” refer to whether it was
designed from the miNority or the malJority strand (see Simon et al. 1994, p. 687 for explanation), and the number indicates the position
of the primers 3’ end when aligned with Drosophila yakuba (Clary and Wolstenholme 1985). Primer sequences read from 5’ to 3’ and

standard (IUPAC) codes are used for degenerate sites.

Name Sequence
C1-J-1718 GGA GGA TTT GGA AAT TGA TTA GTT CC
C1-J-1863* GCY TCT AAT ATT KCT CAT GAA GG
C1-J-2411* CTA TAA TTA TTG CAG TTC C
Cl1-J-2441 CCA ACA GGA ATT AAA ATT TTT AGA TGA TTA GC
C1-J-2673* CAA TGA TTC CCT CTT TTT ACA GG
C1-J-2797 CCT CGA CGT TAT TCA GAT TAC C
C1-N-2099* GTA GTG TTG ATA TTT CGG TC T
C1-N-2191 CCC GGT AAA ATT AAA ATA TAA ACT TC
C1-N-2416* CAT CTA AAA ATT TTA CTT CC
C1-N-2542 GTA ATA TCA ATG GAT RAA TTA GC
C1-N-2650* CAA TGA TTC CCT CTT TTT ACA GG

C1-N-2962

GG AAG TTC WGA ATA TCT ATG TTC WGC WGG WG
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heuristic search function (Swofford 1993) with 100 random
addition sequences. Although this algorithm does not guar-
antee finding the most parsimonious tree(s), the use of a large
number of searches with a relatively small number of starting
taxa (21) helped assure that a large portion of the tree space
was searched (Maddison and Maddison 1992). For outgroups,
we sequenced individuals of Pseudohylesinus n. nebulosus, a
species from a closely related genus within the same sub-
family (Hylesinae) and tribe (Tomicini) as Dendroctonus
(Wood 1982) and obtained from Genbank the following ad-
ditional sequences from two other scolytid genera repre-
senting the two subfamilies of Scolytidae: Tomicus minor
(Hylesinae: Tomicini; Genbank Accession No. U82583) and
Orthotomicus erosus (Scolytinae: Ipini; Genbank Accession
No. U82236).

Analysis of Character Evolution

Character mappings of the transitions between specialists
and generalists and between different genera of host plants
were performed using MacClade 3.0 (Maddison and Mad-
dison 1992). For these analyses, we rooted the trees with the
single outgroup Tomicus because our analysis indicated it to
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be the most closely related genus to Dendroctonus (Fig. 1),
although rooting with any of the outgroups gave the same
answers. All Tomicus species feed on Pinus, and most appear
to share a generalist habit (Wood 1982), but we also used
the most basal Dendroctonus species, D. armandi (Fig. 1), as
an outgroup in the analysis of diet breadth evolution because
diet breadth appeared to evolve quite rapidly.

Permutation tests (Faith and Cranston 1991) were per-
formed using the PTP utility in PAUP*. In our utilization of
the PTP utility, we randomized the taxa (i.e., their associated
ecological character states) 10,000 times while holding the
tree topology constant (as a constraint tree). This application
of the PTP test produces a distribution of the frequencies of
the number of steps (i.e., the tree length) of the randomly
permuted character to test whether the observed tree length
is significantly shorter (i.e., more correlated with phylogeny)
than expected under a random model (Maddison and Slatkin
1991). We also tentatively introduce another utilization of
the PTP utility that tests whether particular character states
are in significantly derived/dispersed positions (i.e., are tip-
py) on the phylogeny (Farrell et al., unpubl. ms.). Specifi-
cally, we test whether the specialists (i.e., state 1) collectively

22

p===D. ponderosae
Synapomorphies 177100 | D. jeffreyi
Decay Index / Bootstrap Values 61/:;2 * 8 ‘ _;77_.: g :::(licanus
9 3/65 D. frontalis
5/84 3 _29__: D. adjunctus (Mex)
*5 26/100 D. adjunctus (NM)
3/68 110 pe————————— D. approximatus
1/<50 5/76 12 D. brevicomis (CO)
5/70 D. brevicomis (CA)
== D. valens
15 10 9/96 b D, rhizophagus
5/64 5/71 D. terebrans
17 D. micans
21 | Wl: D. punctatus
= 3 I 15/99 36 p===D. rufipennis
4176 33/100 === D.murrayanae
17<50 l 17 e D. simplex
| 7 10/99 D), pseudotsugae
D. armandi
T. minor
P. nebulosus

FiG. 1.

O. erosus

Single most-parsimonious tree for the relationships among 18 of 19 species of Dendroctonus based on information from the

cytochrome oxidase I mitochondrial gene. Numbers of synapomorphies are given above the branches. Decay indices and bootstrap values
(calculated without D. vitei, which has much missing data, see Methods) are presented below the branches. Asterisks denote clades with
relatively weak support (bootstrap proportions < 0.50). The arrow indicates the alternative placement of D. frontalis when D. vitei is

included in the analysis.
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Permutation Test: Conservation of Host Taxa

10000
>
Q
5 .
g_‘ 5000 P=0.012
)
=
=]

*
0
2 3 4 5

(B)

Number of Steps

Host Genera

[ Pinus
Il Picea

FiG. 2.
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D. ponderosae

D. jeffreyi
(A) D. vitei

D. mexicanus

D. frontalis

D. adjunctus

D. approximatus
D. brevicomis

D. valens

D. rhizophagus
D. parallelocollis

D. terebrans

D. micans

D. punctatus

D. rufipennis

D. murrayanae
D. simplex

D. pseudotsugae
D. armandi

T. minor

(A) Phylogeny estimate of all 19 Dendroctonus species mapped with most-parsimonious transitions between host genera of

Pinaceae. The name of the one beetle species, D. parallelocollis, for which we do not have sequence data is in italics. Because the
phylogeny estimate in Figure 1 corresponds very closely to Wood’s (1982) groupings of Dendroctonus species, we place this taxon
according to Wood (1982) for completeness. Its inclusion does not change the significance of any of the tests. The arrow indicates the
alternative position of D. frontalis when D. vitei (which has missing data) is included in the analysis. The alternative placement of D.
frontalis does not affect any of the test results or interpretations. (B) Histogram detailing the results of a permutation tail probability
test randomizing the character host genera across beetle species, holding the tree topology constant (P = 0.012).

occupy positions that are a surprisingly large number of nodes
from the root of the tree. To accomplish this, the character
state changes were fixed to be ‘“‘irreversible down” (1—-0)
going from specialist to generalist. This procedure counts a
step for each node that lies between an origin of a specialist
(1) and the root by requiring a separate origin for each in-
stance of a generalist (0) that arises from such intervening
nodes. Therefore, the more derived and dispersed (tippy) the
specialists are, the more steps will be added to the overall
tree length. We then permuted the observed states across the
tree 10,000 times, producing a frequency distribution for
evaluation of whether the observed number of steps (under
irreversibility) is significantly longer than randomly generated
tree lengths.

Tests of the hypothesis that host affiliations are correlated
with beetle phylogeny took two forms: (1) association with
each of four conifer genera; and (2) association with Pinus
and Picea (i.e., separately, as states 0 and 1) versus the other
conifer genera, Pseudotsuga and Larix, which were grouped
as a single character state (i.e., state 2). This procedure was
followed for two reasons. First, Pseudotsuga and Larix are
close relatives, and D. pseudotsugae has been found to feed
occasionally on Larix, although it is not a common host.

Second, the use of these two genera is autapomorphic and
can fit the phylogeny estimate no better or worse than ob-
served.

Note that for all the following tests, we added to the phy-
logeny D. parallelocollis, which we have not sequenced. For
completeness we included this species according to S. Wood’s
(1982) placement (Fig. 2) because all other aspects of the
phylogeny estimate reported here show close correspondence
to Wood’s morphologically based groupings.

To examine patterns in the evolution of specialization in
Dendroctonus, we first determined whether there were dis-
tinct categories of specialization that would allow parsimo-
nious reconstruction of ancestral states. Because the use of
host genera seems strongly conserved in this group, we tallied
the number of species within host genera (as opposed to all
Pinaceae or all conifers) within the geographic range of each
beetle species, judging these to comprise the set of potentially
available hosts. We excluded those very few conifer species
that were unused by any Dendroctonus species. We then plot-
ted the frequencies of Dendroctonus species in incremental
proportions of available hosts used (from zero to one) for
statistical evaluation of variation in apparent diet breadth.
Finally, we assessed whether specialists tended to be in de-
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rived positions, both graphically in MacClade 3.0 and sta-
tistically with the altered PTP test described above. For these
analyses, we left D. simplex and D. pseudotsugae undeter-
mined because, although they use all the congeners in their
ranges, there are only one and two host species available,
respectively (Table 1).

Statistical analyses were performed using SAS/Insight
(Statistical Analysis Software, Raleigh, NC) on a Sun Sparc
20/712 computer at the University of Colorado. Analyses of
the correspondence of beetle and host phylogeny were per-
formed with TreeMap 1.0 (Page 1994). This program max-
imizes cospeciation events by permitting host shifts, dupli-
cation, or extinctions and then compares the observed number
of cospeciation events to a distribution produced by random-
izing the tree topology of the hosts or herbivores. For these
tests, we used the Pinus phylogeny estimate of Krupkin et
al. (1996) and the relationships among the Pinaceae genera
from Price et al. (1987). For evaluation of correlation of
beetle host use with host range, we used Pinus species dis-
tributions in Critchfield and Little (1966) and estimated the
total geographic area of distribution by weighing paper trac-
ings of these distributions on a fine-scale balance adjusting
for scale following Sturgeon and Mitton (1982). Using the
weight of a traced known area (the state of Colorado), the
distribution weights were then converted to square kilometers
(Appendix). Finally, information on Dendroctonus distribu-
tions and host use in the Scolytidae came from Wood (1982)
and Wood and Bright (1992).

RESULTS

Sampling of Mitochondrial DNA Sequences

We obtained a 1075-bp region of COI from 30 individuals
representing 18 species of Dendroctonus and an outgroup.
Nucleotide composition was 37% A, 30% T, 17% G and 15%
C. For 12 of the species, we gathered sequence data from
individuals of more than one population (Table 2). In the
majority of cases, individuals of the same species from sep-
arate populations differed less than 1% at the sequence level
in COL. In these cases, with so few differences, we made
consensus sequence from the populations to reduce the search
time of the phylogenetic analyses (e.g., if a base position was
A in one individual and T in another, we left it as A/T).
However, in two cases individuals of the same species dem-
onstrated more pronounced sequence differentiation. Two
populations of D. adjunctus, one from New Mexico and one
from Mexico (Est. de Mexico), differed in 2.9% of their
positions in COI and two populations of D. brevicomis, one
from California and one from Colorado, differed in 8.9% of
their positions in COI. We treated these populations as dis-
tinct taxa in the phylogenetic analysis (Fig. 1). Finally, be-
cause the DNA sample of D. vitei (prepped from a museum
specimen) yielded small amounts of DNA, we were only able
to PCR amplify and sequence short regions on either end of
COI for this species. Therefore, we performed analyses with
and without this taxon (see below; for phylogenetic analysis
with missing data see Wiens and Reeder 1995). The nucle-
otide sequences have been deposited in Genbank under ac-
cession numbers AF067985-AF068005.
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Phylogenetic Analysis and Tree Robustness

Phylogenetic searches with maximum parsimony yielded
a single most-parsimonious tree (length = 1541 steps, con-
sistency index = 0.46; Fig. 1). Bootstrap values were high
( > 70%) for most of the nodes in the tree with the majority
of the values exceeding 80% (Fig. 1). Because of the con-
siderable (nearly 600 bp or 60%) missing sequence data from
D. vitei, we performed phylogenetic analyses with and with-
out this taxon. When D. vitei is excluded, D. mexicanus and
D. frontalis form a group with a 65% bootstrap percentage.
When D. vitei is included, D. vitei groups with D. mexicanus
and D. frontalis moves to the site of the arrow in Figure 1.
However, because the missing data in D. vitei apparently
disrupts the otherwise robust association between D. frontalis
and D. mexicanus we include the grouping (D. frontalis (D.
vitei, D. mexicanus)) in the phylogeny estimate (Fig. 1). We
note that these three species were also treated as a group of
very closely related species by Wood (1982).

Host-Plant Affiliation: Genera

The common ancestor of Dendroctonus appears to have
been associated with the genus Pinus (Fig. 2A). There have
been as few as one to as many as four shifts from Pinus
species onto other coniferous hosts. However, given that D.
pseudotsugae and D. simplex feed on the closely related Pseu-
dotsuga and Larix, we suggest that there was only one switch
to either (or both) of these genera, and that a single shift to
Picea was followed by reversal in D. murrayanae. Associa-
tion with each of the four host genera showed only weak
overall correlation with beetle phylogeny (PTP test; P =
0.18), whereas association with Pinus and Picea vs. associ-
ation with other conifers (Larix and Pseudotsuga) revealed a
much stronger correlation (PTP test; P = 0.012, Fig. 2B).
To determine whether use of Pinus species is correlated with
beetle phylogeny (i.e., related species of Dendroctonus use
similar sets of host species), we used the PTP test to ran-
domize the observed associations with Pinus species across
the phylogeny, but did not find a significant correlation (P
= 0.1). However, when we excluded D. valens, which is
unusually broad in both diet and distribution (see Fig. 4,
Appendix), we found a significant correlation (PTP test, P
< 0.02). (Dendroctonus valens utilizes almost three times as
many hosts [i.e., 22; average = 6 = 5.2] as the average Pinus-
feeding Dendroctonus.) Thus, related Dendroctonus do tend
to feed on similar sets of host species. However, randomi-
zation tests using TreeMap 1.0 (Page 1994) did not reveal
significant correspondence between the phylogenies of Pinus-
feeding Dendroctonus and either Pinus species (P = 0.28) or
the four host genera (P = 0.82).

Patterns of Specialization

Figure 3 shows a histogram of the proportion of hosts used
by Dendroctonus species. The distribution is distinctly non-
normal (Kolmogorov-Smirnov goodness-of-fit test, P <
0.0001) and bimodal (g2 = —1.33). The gap in the distri-
bution showed that the proportion of hosts used was not a
continuum. Rather, the bimodal distribution suggested a di-
chotomy: specialists utilize = 40% of the available hosts,
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FiG. 3. Histogram of the proportions of hosts used by species of

Dendroctonus. Proportions of hosts used are given on the x-axis
and the number of Dendroctonus species is shown on the y-axis.
The distribution is significantly nonnormal (Kolmogorov-Smirnov
goodness-of-fit test, P < 0.0001) and bimodal (g2 = —1.33).

whereas generalists utilize = 60% of the available hosts.
Using this classification of habits, a Spearman-Rank corre-
lation between the potential (i.e., congeneric) host-plant spe-
cies encountered by the generalist species and the host-plants
actually used is highly significant (R = 0.97, P < 0.0001;
Fig. 4), whereas that for the specialists is not (R = 0.27, P
= 0.59; Fig. 4). Although we recognize that these compar-
isons effectively treat species as independent observations
(Felsenstein 1985), this approach is reasonable because diet
breadth does not seem correlated with phylogeny in Den-
droctonus (Fig. 5A).

Once diet breadth was categorized into the two distinct
habits (specialist and generalist), we mapped transitions in
diet breadth along the phylogenetic tree. The generalist strat-
egy appears to be the ancestral habit and has given rise to
much more specialized habits at least six different times with-
out reversal (Fig. 5A). In regards to the phylogenetic con-
servatism of specialization, a permutation test failed to reject
the null hypothesis that diet breadth is uncorrelated with phy-
logeny (PTP test; P = 0.64). We also discovered that spe-
cialists tended to be derived (tippy) and dispersed across the
phylogeny (PTP test [under irreversibility]; P < 0.04). Ad-
ditionally, we examined trends in the evolution of speciali-
zation by mapping the proportion of hosts used as a contin-
uous character on the phylogenetic tree and found an overall,
but not invariable, decrease in the proportion of hosts used
toward the tips of the phylogenetic tree (Fig. 5B).

Because our results seemed to indicate a dichotomy in diet
breadth, we tested whether the six Dendroctonus specialists
feed on Pinus species that are underutilized by other scolytid
bark beetles or that are more or less widely distributed than
average. We found Dendroctonus pine-feeding specialists
tend to feed on Pinus that are attacked by significantly more
bark beetle species (Wilcoxon ranked sums test; P < 0.0001;
Appendix), but that the Pinus hosts of specialists are neither
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FiG. 4. Correlation between the number of host species available
and the number of host species used over Dendroctonus species
distributions, using the classification of generalists and specialists
indicated in Figure 3. We counted the number of host species avail-
able to each beetle species as all the conifer species that were of
the genus to which each beetle species is restricted (see Fig. 2).
The correlation is significant among generalist species, indicated
by the circles (R = 0.97, P < 0.0001; R = 0.87, P < 0.001 with
the extreme value, representing D. valens, removed). There was no
significant correlation between potentially available hosts and ob-
served hosts among specialists (R = 0.27, P = 0.59).

more nor less widely distributed than Pinus species used by
generalists (Wilcoxon paired sample test, P < 0.4; Appen-
dix).

DiscussioN

The most apparent pattern in the evolution of resource use
in Dendroctonus is the conserved affiliations with the genera
Pinus and Picea through most speciation events (Fig. 2). The
most recent common ancestor of Dendroctonus species ap-
pears to have used the genus Pinus, and there have been few
shifts from Pinus to other host genera within the gymnosperm
family Pinaceae (Table 1; Fig. 2). Therefore, there would
seem to be barriers to colonization of new host genera that
are rarely surmounted, even though members of all the host
genera are available within the ranges of nearly every Den-
droctonus species. The conserved association with Pinus is
sufficiently pronounced that related species even tend to use
the same Pinus species (if host use by D. valens, an unusually
polyphagous and wide-ranging species, is discounted), but
not so conservative that Dendroctonus phylogeny reflects Pi-
nus phylogeny. Thus, the evolution of host affiliation in these
beetles is typical of most insect herbivore groups, which ex-
hibit moderately strong levels of conservatism with respect
to host taxa used (Farrell and Mitter 1993).

Although we have characterized each species of Dendroc-
tonus as feeding on plants belonging to only one host genus,
some little-understood exceptions to this pattern occur during
outbreaks of three species, namely D. micans, D. pseudot-
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FIG. 5. (A) Most-parsimonious reconstruction of the transitions between (dichotomously defined) generalists and specialists in Den-
droctonus (see Results; Figs. 3, 4). Specialized habits arose six different times in the genus and are not reversed. (B) Ancestral state
reconstructions of the proportions of hosts utilized by Dendroctonus using MacClade 3.0 procedure that minimized the sum of squared
changes. There is a gradual decrease in the proportions of hosts utilized moving from the base to the tips of the phylogeny, except in
a few instances (noted by asterisks) where the proportion of host use increases. The nodes containing specialists all decrease.

sugae, and D. valens (Table 1). Investigations of D. micans,
for example, showed that the majority of the normally Picea-
feeding D. micans larvae reared on Larix, Pseudotsuga, and
Abies (all reported hosts of D. micans) did not survive to
maturity, whereas larvae survived best on Picea and mod-
erately well on Pinus, the ancestral host in Dendroctonus
(Wainhouse and Beech-Garwood 1994). Studies of perfor-
mance on alternate hosts in these other two outbreaking spe-
cies have not yet been undertaken. Nevertheless, given that
shifts among these host genera have occurred in Dendroc-
tonus phylogenesis and that outbreaks are sometimes accom-
panied by unusual use of conifer genera that serve as hosts
to other Dendroctonus species, outbreaks do seem a potential
mechanism of host shift in these insects. For example, the
shift to Pinus in D. murrayanae from an apparently Picea-
feeding immediate ancestor may have been facilitated during
such a population surge in the common ancestor with D.
rufipennis, a notoriously outbreaking species (see Fig. 2). The
permanence of such shifts presumably depends on the per-
sistence and localization of alternate hosts, which may in
turn depend on characteristics of population structure (Fu-
tuyma 1987).

Long evolutionary associations such as those between Den-
droctonus and Pinus seem common in phytophagous insects
(Futuyma and McCafferty 1990; Farrell and Mitter 1993;
Funk and Futuyma 1995; Dobler et al. 1996; Becerra 1997,
Farrell 1998). Long-conserved associations, maintained over
broad ranges, might argue more for limitations on genetic
variation in physiological and behavioral traits for use of
different host genera, whereas associations with particular
host congeners would seem more likely to be maintained by

stabilizing selection. Consistent with this conjecture are ex-
periments by Futuyma et al. (1995) on the composite-feeding
Ophraella beetles. The several Ophraella species investigated
show a lack of genetic variation for feeding on many of the
confamilial plants used by closely related species, whereas
many Ophraella species show geographic variation in use of
congeneric host species.

Specialization in Dendroctonus

Over 70% (i.e., 14 of 19) of Dendroctonus species are
apparent generalists, able to use a majority ( = 60%) of the
pine or spruce hosts in their respective ranges. The distri-
bution among Dendroctonus species of the trait ‘‘generalist”’
may be entirely ascribed to common ancestry (i.e., there is
no convergence), suggesting there is homology in diet
breadth, per se, as generalists parasitize both Pinus and Picea.
Although the generalist habit is apparently plesiomorphic and
is certainly widespread in Dendroctonus, each of the six in-
stances of specialization are independently derived, namely
in D. brevicomis, D. jeffreyi, D. murrayanae, D. rhizophagus,
D. parallelocollis, and D. vitei. Specialization is not just a
by-product of geographic range; the range of the pine-feeding
D. brevicomis, for example, extends over much of the western
United States and overlaps the distributions of 11 different
pine species, yet D. brevicomis feeds on only two pines: Pinus
ponderosa and P. coulteri. Indeed, narrow range may even
preclude estimates of relative specialization. Thus two spe-
cies that have been previously classified as specialists (D.
pseudotsugae and D. simplex; Wood 1982; Critchfield and
Little 1966) because they use only one or two host species,
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use all the geographically available species in their respective
host genera Pseudotsuga and Larix. Indeed, D. simplex and
D. pseudotsugae present a seeming paradox of this approach
to characterizing specialization. These two species use all the
hosts ‘““available’ in their ranges, yet they use fewer hosts
than some of the specialists we identify. Nevertheless, the
importance of considering resource availability in measuring
variation in ““niche breadth’’ seems unequivocal (Colwell and
Futuyma 1971).

Evolution of Specialization

The invariable occurrence of specialists in the youngest
(i.e., most derived) positions (Fig. 5A) is consistent with the
idea that specialists either have high extinction rates or that
the trait “‘specialization” is ephemeral and new specialist
species either eventually broaden their diets or disappear. The
strong differentiation in mtDNA within D. brevicomis (on
different hosts in different places) suggests a role for ge-
ography in fostering specialization. Similarly, allozyme stud-
ies revealed fixed allelic differences between populations of
D. pseudotsugae from the coastal race of Douglas-fir in
Oregon and from the inland race of Douglas-fir in Idaho
(Stock et al. 1979), whereas host-associated allozyme poly-
morphism has been reported among samples of D. ponderosae
from lodgepole, limber, and ponderosa pine in Colorado
(Sturgeon and Mitton 1986). It appears that populations of
these beetles may evolve local specialization concomitant
with isolation, perhaps rather rapidly. Although such local
differentiates may often be lost to extinction, specialist spe-
cies might accumulate if differentiation is sometimes pre-
served by reproductive isolation (Mayr 1954; Futuyma 1987).
Supportive of this conjecture is the observation that at least
some specialists use subsets of the hosts of generalist an-
cestors (Fig. 6). While it appears that specialists tend to be
in derived positions in Dendroctonus, there are surely many
examples to the contrary (Thompson 1994). More phyloge-
netic work on this question clearly needs to be done to assess
whether the patterns seen in Dendroctonus are common in
herbivorous insects and other organisms.

Although we found no evidence for parallel phylogenesis
between the phylogeny of the beetles and their hosts, Pinus
species use is correlated with Dendroctonus phylogeny (PTP
test; P < 0.02). In other words, there is some phylogenetic
conservatism in the use of particular host species, such that
related beetles overlap in their associations. This permitted
parsimony-reconstruction of ancestral associations of several
Dendroctonus specialists (D. jeffreyi, D. brevicomis, and D.
vitei), which revealed particular Pinus species that were
dropped from their diets that were used by their more gen-
eralized ancestors (Fig. 6). Another corollary of such per-
sistent affiliations would be that retention of ancestral host
species should result either in extinction or reinforcement/
character displacement between nearest relatives, if these be-
come sympatric. In fact, populations of the sister-species D.
mexicanus and D. frontalis in Mexico (Zuniga et al. 1995)
and Honduras (Wood 1982) and of D. approximatus and D.
brevicomus in Colorado (S. Kelley, unpubl. obs.) are known
to coexist in the same individual trees. Laboratory crosses
of the first pair of species (which differ in chromosome num-
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Fi1G. 6. Reconstructions (under ACCTRAN optimization in PAUP)
of affiliations of hosts shared among the closest relatives of three
specialist Dendroctonus species. Most of these species also use
unique hosts (see Appendix). Dendroctonus jeffreyi appears to have
dropped ancestral affiliations with P. ponderosa, one of the most
widespread pine species, whereas D. brevicomis apparently lost af-
filiations with five Pinus species of much narrower distributions.
Dendroctonus vitei also seems to have lost three ancestral Pinus
species. The other three Dendroctonus specialists either show no
geographic (and hence no host-range) overlap with their near-rel-
atives (D. rhizophagus, D. parallelocollis) or use a different host
genus (D. murrayanae).

ber) produce inviable hybrids (Zuniga et al. 1995), whereas
each species of the latter pair uses different parts of the trees
(Wood 1982; S. Kelley, unpubl. obs.).

Advantages of Specialization

Among the commonly believed advantages of specializa-
tion on particular host plants are freedom from competitors
and natural enemies and enhanced physiological efficiency
in converting resources into offspring (for reviews of this
literature see Futuyma and Moreno 1988; Jaenike 1990). The
sizable literature on bark beetle host use assembled in Wood
and Bright (1992) provides a rough and indirect assessment
of the first two of these hypotheses. Although other bark
beetle species would seem to be the very closest competitors
of Dendroctonus species, we found that Dendroctonus pine-
feeding specialists tend to feed on Pinus species that are
associated with significantly more bark beetle species (Wil-
coxon ranked sums test; P < 0.0001; Appendix). Contrary
to expectation under an enemy-free space hypothesis (Price
et al. 1980; Bernays and Chapman 1994), there is also no
evidence that Dendroctonus specialists have fewer predators
or parasitoids than generalists (Dahlsten 1982).

Although it might also be supposed that specialists should
prefer more widespread (and hence more easily found) hosts,
or, conversely, that specialization might be favored on hosts
that are narrow in distribution, neither of these possibilities
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seems to be true. The Pinus species used by Dendroctonus
specialists are neither more nor less widespread than Pinus
used by generalists (Wilcoxon paired sample test, P < 0.4).
However, the fact that there are significantly more scolytid
beetle species known to feed on the hosts of the specialists
suggests that these hosts might be generally better resources.
Nevertheless, the possibility remains that the initial fitness
advantages of specialization responsible for fixation of the
trait are ephemeral and that irreversibility has a genetic, rather
than an ecological, explanation.

An Evolutionary Concept of Specialization

The phylogeny of host use in Dendroctonus suggests a
general strategy to characterize specialization using a phy-
logenetic approach. As mentioned previously, most species
are restricted to a single genus of host but use a majority of
the congeneric species encountered in their respective ranges.
More often than not, these species seem to inherit both af-
filiations with certain genera as well as the ability to use a
fairly broad array of congeners. Although we have charac-
terized these species as relative generalists, these would seem
to correspond to the oligophagous habits typical of many
plant-feeding insect groups (Bernays and Chapman 1994).
However, the six specialists depart strongly from this pattern
toward a more ‘‘monophagous’ habit (although, strictly
speaking, monophagy would mean feeding on only a single
host species). Finally, the three outbreaking species that (oc-
casionally) use multiple host genera may be departures in the
opposite direction, that is, toward polyphagy. If these prove
able to sustain use of multiple hosts through successive gen-
erations, their polyphagous habits also may reflect funda-
mental differences in several aspects of host use. Given these
patterns, we suggest that evidence on the phylogeny of re-
source use may permit discovery of which aspects of resource
use are conservative and which are labile. Therefore, phy-
logenetic analysis allows detection of fundamental departures
in strategy within particular groups and thus presents a way
in which to define degrees of specialization in an evolutionary
context. Such an approach may lend additional focus to eco-
logical and genetic study of particular species and provide a
common basis for comparative study across groups.
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APPENDIX

Host species use among the Pinus-feeding Dendroctonus. The ‘P’

> (potential host) column indicates Pinus species (fed on by other

Dendroctonus) encountered by the beetle species over its range. The “O” (observed host) column indicates Pinus species fed on by the
beetle species. The approximate range (X 103 km?) of the Pinus species is given under the ‘‘Range” column and the number of Scolytidae
known to utilize those host species is given in the “# Comp.”” (number of potential competitors) column.
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RANGE #COMP ® ®
Pinus species plolpPplolprPlolprplolplolpPplolpPplolprPplolprplolpPplolpPlolPloOolPloO
P. monticola 605 6 X | X X X X1 X1 X
P. strobus 3,405 8 X X XX X1 X X X1 X
P. lambertiana 150 6 X | X . X X1 X] X
P. flexilis 524 8 X X X X X1 X1 X
P. strobiformis 100 3 X X X X X X1 X X
P. ayacahuite 108 5 X X1 X} X] X X1 X] X
P. monophylla 415 5 X X X X1 X| X
P._edulis 705 6 X | X X X X X1 X] X X
P. balfouriana 4,504 3 X X X1 X1 X
P. leiophylla 257 10 X | X | X X| X1 X X]X}| X X X | X
P. resinosa 1,425 5 X1 X
P. palustris 664 2 X1 X X1 X
P. taeda 1,098 6 X1 X1 X X1 X
P. echinata 1,493 7 X1 X X] X X1 X
P. glabra 367 1 X X] X
P. serotina 432 1 X1l X
P. rigida 702 1 X1 X1 X1 X X1 X
P._elliottii 288 3 X] X X
P. ponderosa 2,160 25 X] X1 X X X X1 X X] X| X X X X§ X1 X1 X1 X] X
P._jeffreyi 450 10 X1 X Xt X1 X
P._engelmannii 246 8 X X1 X X X | X X1 X
P._montezumae 156 9 X1 X] XI X} X] X X1 X1 X
P._durangensis 108 5 X1 X X
P._hartwegii 143 4 X)X X X X} X X X
P._pseudostrobus 240 8 X1 X X X1 X X] X1 X| X
P. teocote 170 4 X X ] X X] X
P._lawsonii 29 1 X1 X X X X1 X
P. sabiniana 68 1 X] X X
P. coulteri 28 4 X1 X X{ X1 X] X
P. contorta 3,132 18 X1 X X| X X] X
P. banksiana 3,154 5 X X1l X
P. virginiana 800 5 X X] X X] X
P. radiata 78 5 X] X X
P. _muricata 7 4 X
P. oocarpa 205 5 X] X} X X| X] X X X1 X] X| X X
P. murrayana 7 1 X1 X
P. sylvestris ? 1 X1 X
P. tenufolia 240 3 X] X X] X X1 X X1 X
P. rudis 143 3 X1 X1 X] X X1 X1 X] X
P._chihuahuana 256 2 X1 X
P._albicaulis 726 2 X X X x| X
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