
Oecologia (1995) 101:29-36 �9 Springer Verlag 1995 

Kerry M. Christensen �9 Thomas G. Whitham - Paul Keim 

Herbivory and tree mortality across a pinyon pine hybrid zone 

Received: 7 March 1994 / Accepted: 8 September 1994 

Abstraet We examined the abundances of three com- 
mon insect herbivores on pure and hybrid pinyon pines 
along a 250-km transect in west-central Arizona, United 
States. Using six morphological traits, we developed a 
hybrid index to classify trees as pure Pinus californi- 
arum, hybrid, or pure Pinus edulis. The insects (the 
stem-boring moth, Dioryctria albovittella, the scale in- 
sect, Matsucoccus acalyptus, and several species of 
pitch moths that produce wounds on the trunk and bran- 
ches) exhibited different distributional patterns across 
tree types. Stem-boring moths were significantly more 
abundant on trees at "hybrid" sites compared to trees at 
"pure" sites. In addition, within hybrid sites, hybrids 
supported significantly more moth larvae than pure trees 
of either species. These two patterns support the hybrid 
susceptibility hypothesis in which hybrid breakdown re- 
sults in increased susceptibility to herbivory. In contrast 
to stem-borers, there were significantly more pitch moth 
wounds on trees at pure P. californiarum sites than at 
hybrid and pure P. edulis sites. Within the hybrid zone, 
pitch moth abundance was equal on pure P. californi- 
arum and hybrids, and both were significantly greater 
than on pure P. edulis. These within-site comparisons 
support the dominance hypothesis where hybrid resis- 
tance differs from one tree species, but not the other. 
Scale insects exhibited the most restricted distribution; 
over the 250 km transect they were found only in the 
hybrid zone. This supports the hybrid susceptibility 
and/or the stress hypothesis (i.e., species at the edge of 
their range suffer greater stress and are more susceptible 
to herbivory). We summed the mean numbers of these 
three common herbivores across sites and found that hy- 
brid sites supported 2.1 and 3.9 times more herbivores 
than pure P. californiarum and P. edulis sites, respec- 
tively. Furthermore, tree mortality was on average, 35 
times greater within the hybrid zone compared to pure 
zones of each species and was associated with the cu- 
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mulative abundance of herbivores (r 2 = 0.646). Regard- 
less of whether this mortality is due to insect infestation, 
stress or a combination of both, these results suggest 
that hybrid zones are important arenas of natural selec- 
tion. 
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Introduction 

Hybridization in plants is widespread (Grant 1981) and 
may have been the mechanism of speciation for 30-80% 
of extant angiosperm species (e.g., Stace 1987). Ecolo- 
gists have recently begun to examine how the patterns of 
plant hybridization in nature might affect other organ- 
isms. Several studies have found increased phytophage 
abundance on hybrid plants relative to parentals (Drake 
1981a,b; McClure 1985; Whitham 1989; Barker 1990; 
Floate and Whitham 1993; Floate et al. 1993; Ericson et 
al. 1993), but fewer (Mitchell et al. 1974; McClure 1985; 
Boecklen and Spellenberg 1990) and intermediate num- 
bers also have been found (Manley and Fowler 1969; 
McClure 1985; Aguilar and Boecklen 1992). Additional- 
ly, mixed responses have been found in studies where the 
abundances of numerous phytophages have been exam- 
ined in a single system (Fritz et al. 1994; Morrow et al. 
1994; Whitham et al. 1994). 

Because plant hybrid zones are genetically diverse 
(Riesberg and Wendel 1993) and exhibit great variation 
in resistance to herbivores (Paige et al. 1990; Paige and 
Capman 1993), they have the potential to influence her- 
bivore evolution and vice versa (Moran and Whitham 
1988; Whitham 1989; Moran 1991; Floate and Whitham 
1993). Hybridization in plants may also influence di- 
verse organisms and affect species interactions (e.g., 
plant pathogens: Ericson et al. 1993; Fritz et al. 1994; 
Whitham et al. 1994; mutualisms: Floate and Whitham 
1994; nesting of birds: Martinsen and Whitham 1994). 
Additionally, because some insect species appear to be 
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restricted to plant hybrid zones, conservat ion issues need 
to be considered (Whitham et al. 1991, 1994). 

Few studies have examined hybridizat ion in conifers 
as it affects herbivory (Manley and Fowler  1969; Mitch- 
ell et al. 1974; McClure  1985). Because resistance char- 
acteristics o f  conifers may  differ f rom the more  widely 
studied broadleaf  hybrids (e.g., oleoresin defenses versus 
tannins), general pattern(s) o f  herbivore response to hy- 
brid conifers are unknown.  Here, we compared  the abun- 
dances o f  the s tem-boring moth (Dioryctria aIbovittella), 
pitch moths (in the genera Dioryctria, Synanthedon or 
Vespamima) and the scale insect (Matsucoccus acalyp- 
tus) on pure and hybrid p inyon pines (Pinus californi- 
arum X P. edulis). In view of  their intermediate needle 
morpho logy  (a mixture o f  one- and two-needled fasci- 
cles), p inyon pines in west-central  Ar izona  have been 
identified as hybrid by several investigators (Lanner 
1974; Bailey 1987; Malusa 1992; Lanner  and Phillips 
1992). 

Numerous  hypotheses have been proposed to describe 
patterns o f  herbivory on hybrid plants relative to their 
parental species. Here, we examine four genet ic-based 
hypotheses  described by Fritz et al. 1994 regarding the 
resistance traits o f  hybrids. These hypotheses are: (1) 
The additive hypothesis,  which predicts that hybrids will 
not differ f rom the mean  resistance o f  the parents; (2) 
The dominance  hypothesis,  where hybrid resistance dif- 
fers significantly f rom the mean resistance o f  both pa- 
rentals, but not f rom one o f  the parents; (3) The hybrid 
susceptibility hypothesis,  which predicts higher herbi- 
vore densities and/or higher herbivore per formance  on 
hybrids versus parental species; and (4) The hybrid resis- 
tance hypothesis,  which predicts that hybrid plants will 
be more  resistant than either parent. The occurrence o f  
these patterns in nature likely depends upon the genetic 
resistance mechanisms involved (e.g., dominant  or reces- 
sive, monogenic  or polygenic;  Gallun and Khush 1980) 
and the pattern o f  hybrid introgression (e.g., F1 sterility, 
unidirectional or bidirectional; Keim et al. 1989; Floate 
and Whi tham 1993). These two factors will maintain or 
disrupt coadapted gene complexes  and affect genetic in- 
teractions such as those occurr ing in heterosis. 

An  additional hypothesis,  the stress hypothesis,  pro- 
poses that increased environmental  stress at the edge o f  a 
species '  range (e.g., water and nutrient deficits, tempera-  
ture extremes) may  result in increased herbivory in the 
hybrid zone (Whitham et al. 1994). Al though plant stress 
is often associated with increased herbivory (e.g., White  
1969), the reverse situation may  be common.  Vigorous 
plants suffering little stress are the preferred hosts for  
many  herbivores (Price 1991). Furthermore,  environmen- 
tal and genetic hypotheses  are not mutual ly exclusive; 
genotype  by environment  interactions may  also influence 
plant resistance (Tingey and Singh 1980). 

Using this hybrid system, we address the fol lowing 
questions: 

1. What  is the geographic  pattern o f  hybridizat ion be- 
tween two pinyon pine species along a 250-km transect 
as determined by  morphologica l  analyses? 

2. What  are the geographic  patterns of  herbivory 
across pure and hybrid zones? 

3. Within the hybrid zone, how does herbivory vary 
among pure and hybrid trees? 

4. Is tree mortali ty related to the cumulat ive level of  
herbivory across sites? 

Questions 2 and 3 allow us to distinguish between the 
relative importance o f  site differences (e.g., greater stress 
at the boundary  o f  a species '  distribution) and genetics in 
affecting herbivore distributions. 

Methods 

Morphological analyses 

We chose 15 sites that spanned approximately 250 km from pure 
P. californiarum populations near Kingman (site 1) in western Ari- 
zona, USA to pure P. edulis populations near Flagstaff (site 15) in 
central Arizona. At each site, 20 trees were permanently marked, 
and we collected a small branch (approx. 20 shoots) from the west 
side of the tree at a height of approximately 2 m. In the laboratory, 
a total of 100 fascicles were haphazardly taken from all parts of 
each branch and pooled. We measured, counted, or estimated from 
these 100 needles the following characters that have been used in 
most taxonomic studies of pinyon pines (Little 1968; Bailey 1987; 
Malusa 1992; Lanner and Phillips 1992): (1) percent one-needled 
fascicles, (2) length of the longest needle, (3) number of stomatal 
lines on the longest needle, (4) number of resin ducts in the long- 
est needle, (5) fascicle sheath length of a representative lst-year 
needle (as these needles are typically the only ones with intact 
sheaths), and (6) the amount of curl back of the fascicle sheath 
measured in (5) was categorized as 1 if it was estimated to be 
<120 ~ 2 if it was 120-240 ~ and 3 if it was >240 ~ 

We used stepwise discriminant function analysis (Jennrich and 
Sampson 1983) to identify morphological characters that varied 
most among the 15 sites and to create a morphological hybrid in- 
dex based upon the values of the canonical variable that best sepa- 
rated P californiarum, hybrids, and P. edulis trees. We examined 
the values of the first canonical variable for trees at pure sites of 
both species where there were no trees of intermediate morph- 
ologies and used these ranges of values to classify trees within the 
hybrid zone as pure or hybrid. This canonical variable explained 
90.8% of the total dispersion of the trees in discriminant space. 

Insect censuses 

On the same trees used for morphological measurements, we per- 
formed 1-min surveys of each insect. For D. albovittella, we 
counted the number of dead shoots per tree that resulted from the 
tunneling of their larvae. For M. acalyptus, we counted the number 
of scales observed on the needles of each tree, and for pitch moths, 
we counted the number of wounds exuding large amounts of resin 
from the tree trunk and major branches. Although we have not 
been able to identify this species, we are confident that these 
wounds result from insect infestation because of the presence of 
numerous tunnels found beneath the wounds. The pitch moth spe- 
cies likely to create this damage are found in the genera Dioryc- 
tria, Synanthedon and/or Vespamima (Cain et al. 1983; Cranshaw 
et al. 1992). 

We censused stem-boring moths and scale insects from 1990 to 
1992 at sites 1-11, except in 1991 when sites 3,4 and 6 were inac- 
cessible. In 1992, sites 12-15 were added to our transect to better 
represent pure P. edulis in our insect surveys. Even though scale 
insects were absent from all sites in 1992, because they scar nee- 
dles, and pinyon pines retain their needles for 6-7 years, we could 
census the damage from previous years of scale attack. Resin 
wounds were counted in 1992 at all sites. 
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Statistical analyses 

As other studies have found that different hybrid classes (e.g., F1 
versus backcross hybrids) support different abundances and spe- 
cies of herbivores (e.g., Morrow et al. 1994), we initially separat- 
ed hybrid pinyons into classes. Based upon the value of the first 
canonical variable, we classified trees with scores between -2 .0  
and 0 as "backcrosses" to P. edulis, scores between 0.1 and 2.0 
as "F1 type hybrids", and scores between 2.1 and 4.0 as "back- 
crosses" to P. californiarum.We recognize that these classifica- 
tions may be artificial, but used them for convenience. We com- 
pared average stem-borer abundance, pitch moth abundance in 
1992 and the cumulative abundance of stem-boring moths and 
pitch moths among these hybrid tree classes using the Kruskal- 
Wallis test (Conover 1980). Because no significant differences 
were found among classes of hybrids in any comparison (stem-bor- 
ing moth: T = 2.94, P = 0.23, df= 2; pitch moth: T = 0.8, P = 0.67, 
df= 2; cumulative stem-boring moth and pitch moth: T = 2.53, 
P = 0.28, df= 2), all hybrid classes were pooled for the remain- 
ing analyses. 

Among sites, we compared the number of dead shoots from 
stem-boring moths, the number of wounds from pitch moths, and 
the number of scales counted in timed surveys. The mean number 
of insects or damaged plant parts counted during the study was 
used for each tree (data from sites 12-15 are not averages as they 
were only censused in 1992). Following a rejection of the null hy- 
pothesis in a Kruskal-Wallis test, we performed a nonparametric 
contrast (Daniel 1990) of insect abundance on trees pooled from 
hybrid sites (6-11) versus pure sites (1-5 and 12-15) of each tree 
species. The absolute value of the difference in mean rank sums 
was compared to a critical value determined by multiplying Z 
c~*/2(k-1) by the square root of N(N+ 1)/12. (1/ni+ 1/nj) where 
c~* is the experiment-wise error rate set at 0.10%, k is the number 
of groups (3) and N is the sum of the two sample sizes being con- 
trasted (ni, ?~)e 

Within hybrid zone, we compared the average number of 
dead shoots from 1990 to 1992 and the number of pitch moth 
wounds in 1992 between pure and hybrid trees using the Kruskal- 
Wallis test. We classified each tree according to the value of the 
first canonical variable as described above. We also performed 
nonparametric contrasts using the methods described above to de- 
termine if the levels of herbivory were significantly different be- 
tween hybrid and pure trees in the hybrid zone. 

To better visualize overall trends in herbivore population abun- 
dances, for each of the 15 sites we summed the mean number of 
scale insects, the mean number of shoots killed by stem-borers, 
and the mean number of pitch moth wounds observed in 1992. 
This resulted in a cumulative score of herbivore abundance for 
each site. We also calculated a cumulative score for the different 
tree types within the hybrid zone classified as described above. We 
compared the cumulative numbers at pure and hybrid sites, and 
pure and hybrid individuals within the hybrid zone, again using 
the Kruskal-Wallis test. 

Tree mortality 

In 1991, we quantified tree mortality at each site by walking a 
linear transect from north to south through the stand. Each tree en- 
countered on the transect (within 5 m of the observer) was classi- 
fied as live or dead. We walked until 100 trees had been encoun- 
tered, and compared percent tree mortality among sites using a Z 2 
goodness of fit test (Conover 1980). Although all trees that were 
dead had resin clumps characteristic of pitch moth attack (Cain et 
al. 1983; Cranshaw et al. 1992), we could not be certain that the 
moth was the actual cause of death. To determine if there was a 
predictive relationship between cumulative herbivory and percent 
tree mortality across the 15 sites, we regressed percent mortality 
on cumulative herbivory. 

Results 

Tree morphology 

Tree morphology varied significantly among sites 
(MANOVA P < 0.05), where percent one- and two-nee- 
dled fascicles best discriminated among sites as it was 
included first in the stepwise discriminant analysis. This 
character changed from near 100% single needles to near 
100% double needles from west to east. Although needle 
number entered the model first, the other characters also 
entered the model except for curl index, indicating that 
they added significantly to the separation of sites. A plot 
of site centroids shows three groupings where sites 1-5, 
6-11 and 12-15 are together (Fig. 1) representing pure P. 
californiarum, hybrids and pure P. edulis, respectively. 
Insect abundances among these groupings will be con- 
trasted below. 

The values for the first canonical variable did not over- 
lap between pure populations of each species (Fig. 2A) 
and showed a continuous distribution through the hybrid 
zone (Fig. 2B) suggesting bidirectional introgression be- 
tween species. Figure 2B shows that within the hybrid 
zone some trees had pure morphologies. This allowed us 
to contrast herbivory on pure and hybrid trees within a 
site and thus factor out potential site effects. 

Stem-borer abundance 1990-1992 

Abundance of the stem-boring moths varied significantly 
among sites (T = 71.51, P < 0.0001, df= 14) where trees 
at hybrid sites (6-11) supported significantly more 
moths than trees at pure sites (Fig. 3A; Z=44.0> 
Zc~it.,005 = 17.7). These data are consistent with both the 
hybrid susceptibility and stress hypotheses. 
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Fig. 1 A plot of site centroids in canonical space based upon six 
morphological measurements for each tree. Sites 1-5, 6-11 and 
12-15 appear to be grouped 
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Fig. 2 A Frequency distributions of the morphological hybrid 
index for individual trees show that there is clear separation 
between pure stands of Pinus caIiforniarum and P. edulis. B The 
frequency distribution of hybrid indices of trees within the hybrid 
zone shows that many of the trees exhibit similar morphologies to 
pure P. edulis trees, but that there is a continuum of morphological 
types into the pure P. californiarum morphotypes 

Within the hybrid zone, the abundance of  stem-boring 
moths also varied significantly among tree types (Fig. 3B; 
T = 14.99, P = 0.0047, df= 2) where hybrid trees suffered 
significantly greater shoot mortality than either parental 
species (hybrid: P. californiarum contrast; Z = 2 4 . 9 >  
Zcrit,,0.05 = 10.1; hybrid: P. edulis contrast; Z =  18.7> 
Zcrit,,0.05 = 8.8).  Thus, even when environmental stress or 
site effects were held constant, hybrids suffered greater 
shoot mortality from stem-boring moths relative to pure 
trees of both species. These data support the hybrid sus- 
ceptibility hypothesis and suggest that hybrids suffer 
breakdown in resistance to the stem-boring moth. 

Pitch moth abundance 

Although mean pitch moth abundance did not appear to 
vary significantly between hybrid and pure P. californi- 
arum sites (Fig. 4A), comparisons based on ranks shows 
that there were significantly more wounds on trees at 
pure P. californiarum sites than hybrid sites (T = 51.8, P 
< 0.0001, df= 14). Furthermore, the number of pitch 
moth wounds on trees at hybrid sites did not differ from 
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Fig. 3 A Stem-boring moth abundance was greatest at hybrid sites 
compared to pure sites as shown by the mean number  of dead 
shoots counted per minute across the 15-site transect. B Within the 
hybrid zone, stem-boring moth abundance was greatest on hybrid 
trees compared to pure trees of both species as shown by the mean 
number  of dead shoots counted per minute. Bars indicate the mean 
_+ 1 standard error of the mean 

those recorded at pure P. edulis sites (P.californiarum- 
hybrid contrast; Z = 3 6 . 7 >  Zcrit,,0.05= 12.0; hybrid-P. 
edulis contrast; Z -- 10.48< Zcrit.,0.05 = 11.7). 

Within the hybrid zone, hybrids and pure P. californi- 
arum had equal numbers of wounds (Fig. 4 B ; T  = 21.6, P 
< 0.001, df= 2) and both had significantly more wounds 
than pure P. edulis (Fig. 4B; hybrid-P, californiarum 
contrast Z = 9.9<Zcr~t.,o.o5 = 10,8; hybrid-P, edulis con- 
trast; Z = 12.7> Zc~it.,0.05 = 12.0). Thus, within the hybrid 
zone where site effects are largely eliminated, these data 
most closely support the dominance hypothesis where 
one parental species is more susceptible to a herbivore, 
but not the other. Although these analyses show signifi- 
cant differences between categories and support the 
dominance hypothesis, we emphasize that the magnitude 
of the differences are not great and question their biolog- 
ical relevance. Nevertheless, this pattern differs from that 
of the stem-boring moth and suggests that many herbi- 
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Fig. 4 A Although pitch moths do not appear to vary in abun- 
dance across sites, analyses argue that they were significantly 
more abundant at pure P californiarum sites than either hybrid or 
pure P. edulis sites (see text). Abundance was recorded as the 
mean number of pitch moth wounds counted per minute across the 
15-site transect. B Within the hybrid zone, pitch moth abundance 
was greatest on P. californiarum and hybrid trees compared to P 
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vore species should be examined before generalities of 
hybrid/herbivore interactions can be made. 

Geographic Distribution of Scale Insects 
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Fig. 6 A histogram of the cumulative number of all three herbi- 
vores across the 15-site transect shows that more herbivores are 
found in the hybrid zone compared to pure zones 

Scale insect abundance across sites 1990-1991 

The abundance of scales varied significantly among sites 
(Fig. 5; T = 69.36, P < 0.0001, df= 14); scales were found 
only on trees at hybrid sites 8, 9 and 10. Our observation 
that scales could only be found within the hybrid zone 
suggests that hybrid zones may be important refugia for 
some insects during periods of population decline (note 
that scales went extinct in 1992 even at the hybrid sites). 
Although these results are consistent with both the hy- 

brid susceptibility and stress hypotheses, we have no da- 
ta on how scales are distributed among pure and hybrid 
trees within the hybrid zone and thus cannot discriminate 
between these two hypotheses. 

Cumulative herbivore abundance 

The cumulative abundance of the three herbivores ex- 
amined in this study varied significantly among sites 
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(Fig. 7). Here, there was a maximum of 38% mortality at 
site 9 and an average of 15.7% across the hybrid sites. 
The average levels of mortality at the pure sites were 4% 
and 0% at P. californiarum and P. edulis sites, respec- 
tively. 

Cumulative herbivory and tree mortality 

The level of cumulative herbivory was significantly cor- 
related with tree mortality across the 15 sites (Fig. 8). 
While these results imply a causal relationship between 
herbivory and tree mortality, we caution that other fac- 
tors such as greater environmental stress at the boundary 
of a species' distribution may contribute to this pattern. 

Discussion 

In this system, the hybrid susceptibility hypothesis was 
supported in three of seven analyses, and both the domi- 
nance and stress hypotheses were supported in two of 
seven analyses. Of our five initial hypotheses, three ap- 
pear to be involved in affecting the distributions of the 
herbivores we examined. The abundance of stem-boring 
moths supported the hybrid susceptibility (twice) and 
stress (once) hypotheses, pitch moth abundance support- 
ed the dominance hypothesis (twice) while scale insect 
distribution supported both the stress (once) and hybrid 
susceptibility (once) hypotheses. These results agree 
with other recent studies (Fritz et al. 1994, Salix spp.; 
Whitham et al. 1994, Eucalyptus spp.; Morrow et al. 
1994, Eucalyptus spp.), showing that diverse taxa, mem- 
bers of the same guild and even closely related species 
respond differently to hybridization by their host plants. 

Fig. 8 There is a significant positive relationship between the cu- 
mulative level of herbivory and the level of tree mortality across 
sites. Each point represents a site (y = -4.88 + 2.68x, r 2 = 64.6%, 
P < 0.001) 

(Fig. 6; T = 16.2, df= 14, P < 0.001) and trees in the hy- 
brid zone supported significantly more herbivores than 
trees at either pure zone (hybrid-P. californiarum con- 
trast; Z = 9.03> Zcrit.,0.05 = 3.78, hybrid-P, edulis contrast; 
Z = 14.12> Zcrit.,o.o5 = 3.69). 

Although trees in the hybrid zone generally supported 
greater numbers of herbivores than trees in the pure zone, 
there were no significant differences in cumulative herbi- 
vore loads among pure and hybrid tree types within the hy- 
brid zone (T = 1.38, P = 0.41, df= 2). This lack of pattern 
within the hybrid zone is not surprising as all three herbi- 
vores exhibited different distributions and different mecha- 
nisms are implicated in affecting the abundance of each. 

Tree mortality 

Tree mortality varied significantly across sites where 
the greatest mortality was found at hybrid sites 8 and 9 

Variation in hybrid susceptibility 

Variation in resistance among hybrid classes can be great 
and may even exceed the variation in host use that has 
been observed between species. In their studies of a nat- 
ural cottonwood hybrid swarm Paige et al. (1990) and 
Paige and Capman (1993) found that F1 and backcross-1 
type hybrids were nearly totally resistant to the gall 
aphid, Pemphigus betae, while complex backcrosses 
ranged from highly resistant to highly susceptible. In an- 
other system, Morrow et al. (1994) found that 33 species 
of galling insects on eucalypts were more likely to vary 
in abundance among hybrid classes than they were be- 
tween pure species. Variation in hybrid resistance and 
susceptibility is also supported by agricultural studies 
(Maxwell and Jennings 1980). 

In some systems, herbivore preferences for a specific 
host species results in predictable patterns of hybrid 
class use. For example, in their analyses of 40 insect and 
fungal taxa in a hybrid eucalypt swam in Australia, 
Whitham et al. (1994) found that 73% were significantly 
more abundant in the hybrid zone than in pure zones. 
Within the hybrid swarm herbivores and fungi that spe- 
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cialized on Eucalyptus risdonii were most abundant on 
backcross hybrids with E. risdonii, while species that 
specialized on E. amygdalina were most abundant on 
backcross hybrids with E. amygdalina. Thus, for special- 
ist taxa, the most used hybrid class was the one pheno- 
typically most similar to the preferred host species (i.e., 
the phenotypic affinity hypothesis; Whitham et al. 1994). 
This pattern has been observed in two other eucalypt hy- 
brid swarms (Morrow et al. 1994). Such host specificity 
also suggests that insects might be used as traits in plant 
systematics to discriminate between difficult taxa (Floate 
andWhitham 1995). 

In contrast to the above studies, we did not observe 
significant differences in herbivore abundance among 
pinyon hybrid classes. The use of fewer taxonomic char- 
acters may have affected our ability to discriminate be- 
tween hybrid classes and suggests that molecular tech- 
niques might be used to gain greater resolving power. 
For example, using relatively few markers, Paige and 
Capman (1993) found that some cottonwoods that ap- 
peared to be pure based upon morphology were actually 
hybrid. Floate et al. (1994), however, argued that to gain 
the necessary resolving power, 50 or more genetic mark- 
ers (Keim et al. 1992) were needed to separate hybrid 
classes, and that failure to do this may render genetic 
studies less accurate than studies based upon morpholo- 

gY. 

Stress and genetic impacts on herbivory 

Several studies have found plants and animals to suffer 
greater environmental stress at the edges of their range 
(Bunce et al. 1979; Brussard 1984; Parsons 1991) and at 
least one study has found a conifer to suffer greater her- 
bivory at the edge of its range (McClure 1985). In this 
pinyon pine system, the hybrid sites are at the edges of 
the ranges of both P. edulis and P. californiarum. Thus, 
increased susceptibility to herbivory due to stress (e.g., 
White 1969; Waring and Cobb 1992) could in part con- 
tribute to our observed patterns of increased insect abun- 
dance (Fig. 6) and higher tree mortality in the hybrid 
zone (Fig. 7). This possibility is likely considering the 
experiments of N. Cobb, S. Mopper, C. Gehring, MI 
Caouette, K. Christensen, T.G. Whitham (unpublished 
work). In comparisons of treatment and control trees 
growing in the stressful cinder soils of Sunset Crater, 
they found that trees receiving supplemental water and 
fertilizer produced significantly more resin defenses and 
suffered significantly reduced herbivory from the stem- 
boring moth Dioryctria albovittella. 

In addition to the effects of stress on plant susceptibil- 
ity to stem-borers, two lines of evidences support a ge- 
netic involvement as well. First, using many of the same 
trees as N. Cobb, S. Mopper, C. Gehring, M. Caouette, 
K. Christensen, T.G. Whitham (unpublished work), 
Mopper et al. (1991) found that trees resistant and sus- 
ceptible to D. albovittella differed significantly in both 
allelic frequencies and heterozygosity. Second, in our 
present study, when stress is largely eliminated as a fac- 

tor (i.e., comparisons within a site should make stress 
uniform), we found that D. albovittella was significantly 
more concentrated on hybrids than on either pinyon spe- 
cies. Because these combined studies show that both en- 
vironmental stress and genetics affect herbivory on Pinus 
edulis in northern Arizona, we also expect this to be true 
within the hybrid zone where both genetic variation and 
environmental stress are likely to be high. 

Although these separate studies show that stress and 
genetics affect herbivory on pinyon pine, how these two 
factors potentially interact has not yet been examined. 
Another study, however, found that stress and genetics 
interact to affect pinyon growth. Cobb et al. (1994) ex- 
amined the growth rates of three different pinyon geno- 
types for the glycerate dehydrogenase locus, an enzyme 
implicated in drought tolerance. In the water and nutrient 
stressed cinder soils of Sunset Crater, the (SS) homozy- 
gotes grew at twice the rate of the (FF) homozygotes, 
and the (FS) heterozygotes were intermediate, but not 
significantly different from the (FF) homozygotes. Fur- 
thermore, the slowest growing genotypes were signifi- 
cantly less abundant in mature trees compared to juve- 
nile trees suggesting that selection had favored the (SS) 
homozygotes in this stressful environment. 

While the causes of pinyon tree mortality have not 
yet been experimentally determined, the observed high 
levels of mortality of mature trees in the hybrid zone 
(Figs. 7 and 8) suggest that hybrid zones are important 
arenas where the genetic template of plant populations 
are tested against both environmental and biotic agents. 
Further studies of such natural systems may prove valu- 
able in studying the ecology and evolution of plant-her- 
bivore interactions, and have applied value as hybrids are 
used extensively in agriculture, forest plantations and in 
ornamental plantings. 
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