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TABLE1. Names, elevations, number of site collecting visits and locations of the collecting sites men- 

tioned in this study. 

Site Elevat~on dl 

1. Elkmont 

2. Boundary 

3. Sugarlands 

4. Critter Branch 

5. Ramp Creek 
6. Chimneys 

7. Cole Creek 
8. Walker Camp I 
9. Walker Camp I1 

10. Morton I 
1 1. Morton I1 

-

' Number of collect~ng v ~ s ~ t s  to site in days 

W e s t  Prong of the Little P~geon R~ver .  


karyotype. The salivary glands of at least 
seven and usually ten F, larvae from these 
crosses were dissected in insect saline and 
stained in lacto-acetoorcein to obtain in- 
ferred karyotypes for each of the wild 
adults (Levitan, 1958). 

Inversion and chromosome designa- 
tions are the same as those described in 
Carson and Stalker (1 947), Carson (1 958) 
and Levitan (1 958, 1978). Single X chro- 
mosome and autosome inversion labels 
designate the chromosome, the arm of 
the chromosome on which the inversion 
is located, and an arbitrary number for a 
particular inversion (or no number des- 
ignating the assigned standard arrange- 
ment). For example, 2L-3 refers to the 
number three inversion on the left arm 
of the second chromosome. X chromo- 
some inversion associations are labelled 
similarly, i.e., a male whose X chromo- 
some karyotype is inferred to be XL- 
1 .XR, with a period denoting the centro- 
mere, can be represented in shorthand 
form as IS where S refers to the standard 
arrangement XR (Carson, 1953, 1958; 
Levitan 1958). 

All gene arrangements and arrange-
ment combinations were tested for ho- 
mogeneity across elevation by contingen- 

Locat~on 

about 1 km south along the Little River 
from U.S. 73 

about .7 km south of park boundary near 
Gatlinburg 

near confluence of Sugarland Branch and 
WPLPR2 

about .3 km north of the confluence of 
Critter Branch and WPLPR 

near confluence of Ramp Creek and WPLPR 
about .7 km north of Chimneys Picnic Area 

opposite roadside walkway 
along Cole Creek south of loop on U.S. 44 1 
about ..8 km south of Alum Cave parking lot 
east along Walker Prong near 4,500' park sign 
south of parking area on U.S. 441 
along small drainage southwest of tunnel on 

U.S. 441 

cy table analyses; correlation and 
regression analyses were performed to 
quantify the clines after arcsin transfor- 
mation of the frequency data. All popu- 
lations were tested for fit to Hardy-Wein- 
berg expectations for each inversion 
system. Tests for linkage disequilibria 
between all possible pairs of inversions 
on all chromosomes were performed ac- 
cording to the methods of Weir (1979). 
Between arm X chromosome data were 
treated separately because males are 
hemizygous for the X; therefore, the dis- 
equilibrium measures of Lewontin and 
Kojima (1 960) were used. 

An affinity analysis of the populations 
along the transect was created using the 
analysis of Istock and Scheiner (unpubl.). 
All X chromosome inversion association 
and autosomal inversion frequency data 
(Tables 2, 3) were logit transformed 
(Snedecor and Cochran, 1974) and used 
to compute a table of all possible painvise 
similarity coefficients between popula-
tions using the analogue of the Jaccard 
similarity coefficient (Goodall, 1973). The 
similarity coefficient of population i with 
each ofthe other populations, SIX,is com- 
puted and plotted against S,,, the simi- 
larity coefficient of population j with each 
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of the other populations. Here the ref- 
erence populations i and j are at opposite 
ends of the transect. S, is the mean sim- 
ilarity coefficient of population i with all 
the other populations. From the similar- 
ity matrix, a new matrix of Wilcoxon T 
values (Snedecor and Cochran, 1974) for 
all pairwise comparisons among sites is 
computed. Tij is the Wilcoxon T value 
calculated for the S,. and S,. columns. The 
sign of the Wilcoxon T is retained. The 
T matrix is obtained by computing all 
possible pairs of S,. and S,.. The signed 
Wilcoxon T value is then averaged al- 
gebraically for each site giving a mean TI 
value against which is plotted S,. The 
ranks of the paired similarity values of 
any two populations with all the other 
populations in the Wilcoxon T procedure 
are expected, under the null hypothesis, 
to show no consistent positive or nega- 
tive trends. The amount of sharing or 
matching of inversion frequencies by all 
populations simultaneously is character- 
ized by T,. The S-T plot thus portrays an 
overall pattern of genetic similarity 
among all populations simultaneously 
while ordering the populations along T,, 
reflecting the tendency for each popula- 
tion to be more or less modal with respect 
to inversion and inversion association 
frequencies. Populations which contain 
increasingly distinctive constellations of 
inversions distinct from all the other 
populations have higher positive Ti val-
ues. 

Sites above 3,000' were necessarily 
sampled more often as fewer D. robusta 
were attracted to the baits each day than 
at lower elevations (Table 1). Baits were 
exposed continuously until sufficient 
numbers of D. robusta were obtained: my 
goal was 50 males and 50 females per 
site. 

X chromosome frequencies and sec-
ond and third chromosome inversion 
frequencies are presented in Tables 2 and 
3, respectively. All data for the sites at 
4,680' and 4,840' were pooled after ver- 
ifying frequency homogeneity for all in- 

versions due to the small sample size at 
4,840'. The populations sampled in 198 1 
showed no statistically significant devia- 
tions from Hardy-Weinberg expectations 
for each inversion system. 

Considering the 198 1 survey first, in- 
spection of Tables 2 and 4 reveals changes 
in frequency for different X chromosome 
combinations with altitude. Frequencies 
of 1 S and 12 combinations increased with 
elevation, with 1s  dominating in fre- 
quency above 1,560' (Fig. 2). Inversion 
combination 1 S increased in frequency 
up to 2,0001, then decreased until 4,680'. 
The combinations S2 and 22 decreased 
in frequency with altitude, combination 
S2 showing a significant negative regres- 
sion with elevation (Table 4). Both S2 
and 22 characterized the lower elevation 
populations. Arrangement 12 accounted 
for 42% ofthe X chromosomes at 4,5201, 
shifting from 24% at 3,9801, and then 
dropping to 9% at 4,680'. Overall, XL- 
containing combinations were associated 
with lower elevations while XL- 1 -con- 
taining associations predominated above 
1,560'. 

The left arm of chromosome two was 
found to contain four gene arrangements 
in all but the 4,840' population (Table 3). 
Frequencies of gene arrangements 2L- 1 
and 2L-3 showed significant negative and 
positive regressions with elevation re-
spectively, while the negative trend for 
2L bordered on significance (Table 4). 
Arrangement 2L-3 clearly predominated 
at all elevations, rising to 85% at the 
4,680' site; 2L and 2L-1 were more com- 
mon at lower elevations (Fig. 3). Inver- 
sions in the right arms of chromosomes 
2 and 3 showed no detectable change with 
elevation. 

Strong X chromosome linkage dis-
equilibria have persisted since 1947 in 
all populations studied due to an over- 
abundance of S2 and 1s  arrangement 
combinations and a corresponding defi- 
ciency of SS and 12 (Levitan, 1978). X 
chromosome association 22 is seldom 
broken down by recombination (Nelson, 
195 1; Levitan, 1958); only four 2 s  chro- 
mosomes have ever been recovered in 
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TABLE2. X-chromosome frequencies (percent) in populations of Drosophila robusta along an altitudinal 
transect in the Great Smoky Mountains National Park, in the collections of Stalker and Carson (1948), 
Levitan (1978), and this study, respectively. 

Year Elevation V SS S2 IS 12 22 x2@ 

' N refers to the number of chromosomes sampled. 
t Includes one XL-2.XR not included in the calculations. 

tt Includes three XL-2.XR not included In the calculations. 
ttt The sample from Elkmont, not Included in the Chl-square test 
* * P <  n l. - .".. 

NS Not significant. 

@ Chi-squared values refer to the test for homogene~ty between years. The test for homogene~ty between elevations for 1981 yielded a 


x' = 147.19**. 

nature (Levitan, 1973a), therefore only 
XR-2 when not linked to XL-2 chro- 
mosomes, i.e., S2 and 12, were included 
in the analysis. The direction of linkage 
disequilibrium, i.e., too many 1 S and S2 
combinations, is typical for the southern 
Appalachians and differs from the north- 
eastern U.S. where SS and 12 combina- 
tions are in excess (Levitan, 1978). Sig- 
nificance of the consistency of linkage 
disequilibria in all populations can be 
measured by the x test (Simpson et al., 
1960). Values for X(X = fl)are ob-
tained for each population and assigned 
a negative value if there is an excess of 
"repulsion" combinations (S2 and 1 S) or 
a positive value if there is an excess of 
"coupling" combinations (SS and 12). 
The sum of the x values divided by the 
square root of the sum of the degrees of 

freedom yields a standard normal de- 
viate. At all elevations, most notably at 
1,560'-24401, there were significant ex- 
cesses of 1 s  and S2, and deficiencies of 
SS and 12 (Table 5) which have persisted 
since 1947 (Levitan, 1978). 

No significant disequilibria were de- 
tected within the second chromosome or 
between all pairwise combinations of in- 
versions on different chromosomes. 
When X linked inversions were consid- 
ered with autosomal inversions the anal- 
ysis was performed only on females since 
Weir's (1 979) composite estimator of 
linkage disequilibrium includes mea- 
sures of single locus disequilibria (ho- 
mozygote excess) which are undefined for 
the hemizygous males. Pooling adjacent 
populations homogeneous for all inver- 
sion frequencies to increase female sam- 
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TABLE Second and third chromosome gene arrangement frequencies in populations of D. robusta in3. 
the Great Smoky Mountains National Park from the collections of Stalker and Carson ( 1948) and this 
study.' 

Second chromosome Thlrd chromosome 

Year Elevat~on A" 2L 2L-l 2L-2 2L-3 X' 2R 2R-l 3R 3R-I X' 

I All footnotes as In Table I, except the test for homogeneity across elevation In 1981 for the left arm of chromosome 2 produced a 
x' = 63.18**. 

* P < .05. 

ple sizes failed to detect additional link- 
age disequilibria within or  between 
chromosomes. 

Comparisons of the frequencies of X 
chromosomes and of the second and third 
chromosome inversions from the three 
collections made over the last 34 years 
indicate a significant genetic restructur- 
ing of the Smokies populations along this 
altitudinal transect (Figs. 2, 3, 4; Tables 
2, 3). Increases in frequency of X chro-
mosome combination 1s  and of inver- 
sion 2L-3 at all elevations common to 
the 1947, 1958-1959, and 1981 studies 
have raised representations of high alti- 
tude gene arrangements and combina- 
tions of arrangements. The heterogeneity 
in 3R reported in the 1947 collection 
(Stalker and Carson, 1948) was not pres- 
ent in 1981 (x2= 9.7, P > .4, Tables 3 
and 4), but different sets of populations 
were sampled. The cline in arrangement 
combination 22, which was positively 

correlated with altitude in 1947 (Table 
4), showed evidence of a decrease in fre- 
quency at higher elevations in 1 9 5 8- 1 95 9, 
and in 198 1 showed a negative correla- 
tion with elevation. Thus, over a period 
of 34 years, the cline in combination 22 
shows a statistically significant reversal 
with respect to altitude. 

At 1,400' the X chromosome frequen- 
cies do not show a statistically significant 
change through the years, yet arrange- 
ment combinations 12 and 1 S have in- 
creased in frequency, while SS and 22 
have decreased (Table 2). The 22 com- 
bination increased in frequency from 
1947 to 1958-1959, then by 1981 had 
declined in frequency to below its 1947 
frequency. The statistically significant 
changes in the left arm of chromosome 
2 are characterized by an increase in 2L- 
3 and a decrease in 2L-2. Frequencies of 
arrangements 2L and 2L- 1 remained un- 
changed (Table 3). 
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TABLE4. Correlation and linear regression coef- 
ficients of X chromosome inversion association and 
autosomal inversion effects of altitude in 12 pop- 
ulations@ of Drosophila robusta in the vicinity of 
the Great Smoky Mountains National Park in 1947 
and 1981. 

Correlation 
( I )  with 

Invers~on(s)' altitude Slope f? 

@The  12 populations are the 6 of Stalker and Carson (1948) and 
the 10 in this study. 

' Entnes 1-5 are the five X chromosome assoclatlons in different 
years and entries 6-10 are the major autosomal invers~ons. 

F 1s the vanance ratio from the test of the hypothesis that the 
slope of the regression 11ne equals zero. 

t . l  > P > .05. 

In 198 1 the sample from Elkmont at 
2,080' was collected for purposes of com- 
paring that population with the 2,000' 
sample at Critter Branch (Tables 2 and 
3), contrasting geographically isolated 
populations in different watersheds at 
similar elevations. Data for all chromo- 
somes for these two populations are in 
close agreement, except for the predom- 
inance of combination 1s at Critter 
Branch (Table 3). Only the 4,680' pop- 
ulation exceeds the Critter Branch pop- 
ulation in the frequency of this arrange- 
ment combination. Combinations S2 and 
22 have declined in frequency since 1947, 

while 1 S has dramatically increased (Fig. 
2). Gene arrangements 2L, 2L- 1, and 2L- 
2 have decreased slightly in frequency 
while 2L-3 has increased through the 
years (Fig. 3). 

Interpretation of the data from 3,000' 
is hampered by small sample sizes, yet 
some change in all but the SS combina- 
tion seems evident. Combinations 22 and 
S2 have decreased, 22 markedly so, while 
1s and 12 have increased (Table 2, Fig. 
2). Gene arrangement 2L-3 has increased 
at the expense of 2L and 2L- 1 (Fig. 2). 

At 4,000' X chromosome arrangement 
combination 1 S has increased to 47% by 
198 1 from the 9% in 1947, while com- 
bination 22 has decreased from 50°/o to 
12% (Table 2). In the same period second 
chromosome inversion frequencies have 
changed slightly, but not significantly with 
2L-3 increasing and 2L decreasing in fre- 
quency (Fig. 3). 

Closer inspection of the cline using the 
affinity analysis revealed a higher order 
genetic structuring of the Smokies pop- 
ulations in both the 1947 and 198 1 col- 
lections (Fig. 5). Genetic similarity bi- 
plots, the genetic similarities of the lowest 
population with all others versus the 
highest population with all others, Six vs. 
S,,, respectively, show an ordering of all 
populations with elevation (Fig. 5a, b). 
These reference axes were chosen a priori 
because they represent a biologically 
meaningful framework; i.e., endpoints of 
the transects. The 1947 collection is ar- 
rayed exactly in the correct altitudinal 
order as opposed to the 198 1 collection 
which shows several inconsistencies (Fig. 
5b). The 1947 biplot (Fig. 5a) corrobo- 
rates Stalker and Carson's (1 948) conclu- 
sions that the lower end of the transect 
(1,000'-1,400') encompassed more ge-
netic diversification than the upper ele- 
vations shown by the separation of the 
1,000' and 1,200' populations from the 
1,4001, 2,000' and 3,000' populations 
(Fig. 5a). The 198 1 data show less overall 
genetic dissimilarity because the 1,000' 
and 1,200' sites were not included, but 
the pattern of similarities shows a less 
even pattern along the transect than the 
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TABLE5. Estimates of X chromosome linkage disequilibrium, D, the standard deviation of D, SD, and 
associated x2 and x values in 10 populations of D. robusta in the Great Smoky Mountains, 1981. 
Populations from 4,680' and 4,840' were pooled. The statistical tests are described in the text. 

Elevation DLn D SD xi X 

x =  -36.11 
t = -8.07*** 

' DL'refers to the unbiased estimate of D, given by W e ~ r  (1979) for the case of known linkage relationships with random mating. 
* P < .05.

*** P < ,005. 

S C L E  E 

ELEVATION (ft) 

FIG.2. X chromosome frequencies along the Smoky Mountains transect for 12 populations of D. 
robusta compared from samples obtained in 1947, 1958-1959, and 1981 by Stalker and Carson (1948): 
Levitan (1978), and the author. Bars in the diagram are separated when differences in elevation are 
compared; otherwise, adjacent bars imply the same site was sampled at that elevation in different years. 
except the rightmost bar at the 2,000' elevation which refers to the Elkmont site in the Little River 
watershed. SC, L, and E refer to the first letters of the authors' names of the three studies. 
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E S C E  E 

Legend 
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ELEVATION (f t )  
FIG.3. Second chromosome inversion frequencies along the Smoky Mountains transect for 12 pop-

ulations of D. robusta. Figure descriptions are the same as in Figure 2. 
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E L E V A T I O N  (ft) 
FIG.4. Third chromosome inversion frequencies in 12 populations of D. robusta along the Smoky 

Mountains transect. Descriptions of the figure are the same as in Figure 2. 
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FIG.5 .  a) Similarity biplot of the 1947 data of Stalker and Carson (1948) showing the ordering of the 
populations along the altitudinal transect. b) IBID for the 198 1 data. c) S-T plot of the 1947 data showing 
the higher order genetic structure of the Smokies populations. d) IBID for the 1981 data. S,, and S,, are 
the Jaccard similarity coefficients of the highest and lowest transect populations, respectively with all of 
the other populations. S, is the mean genetic similarity coefficient of population i with all of the other 
populations. T,is the mean Wilcoxon T value, calculated from the genetic similarity matrix, derived from 
painvise comparisons of the similarity values of any two sites with all of the others. The "arms" in c) 
and d) were inferred directly from a)-and b), and were drawn to show the apparent genetic uniqueness at 
each end of the transect in terms of T,. Details of the techniques and their interpretation are given in the 
text. Data for the 4,680' and 4,840' were pooled for the affinity analysis. 

1947 data, evidenced by the placements patterns in both the 1947 and 1981 data 
of the 4,5201, 3,620' and 3,040' sites to- sets where the middle elevation popula- 
ward the origin of the biplot (Fig. 5b). tions, the 1,400' and 2,000' sites in 1947 

The S-T plots (Fig. 5c, d) reveal a ge- and the 2,0001, 2,0801, and 2,440' sites 
netical aspect of the Smokies populations in 198 1 are on average modal in fre- 
not readily seen in any of the frequency quency for all inversions and inversion 
data. At a glance, these plots show similar associations. That is, these populations 
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better match all the other populations si- 
multaneously in terms of inversion and 
inversion association frequencies. Pop- 
ulations with higher associated Ti values 
contain more distinct combinations of 
frequencies due to increasing genetic 
uniqueness. In both S-T plots (Fig. 5c, 
d), higher and lower elevation popula- 
tions are characterized by decreased 
sharing of similarity in frequency, dia- 
gramed by the two "arms" centered on 
the middle elevation populations. In spite 
of the temporal changes in inversion and 
inversion association frequencies, the 
middle elevation populations have re-
tained an overall genetic modality and 
evenness of inversion representation with 
respect to all the other populations. The 
upper elevation populations (>2,500') 
show more heterogeneity amongst them- 
selves than would be expected from a 
smooth cline with increasing genetic dis- 
tinctness with elevation. 

Long term genetic changes in natural 
populations of D. robusta have been 
hitherto undocumented. Results from 
years of intensive study of several pop- 
ulations suggested a high degree of in- 
version frequency homeostasis for this 
species (Carson, 1958). Data from 10 
years of sampling a population at Oli- 
vette Woods, Missouri showed no evi- 
dence ofany directional changes (Carson, 
1958). It is unclear why the Smoky 
Mountains populations should exhibit 
temporal genetic changes over many 
years, as well as seasonal changes in in- 
version frequencies as shown in previous 
studies (Levitan, 1973a), while the Mis- 
souri populations exhibit few, if any, 
temporal or seasonal changes (Carson, 
1958). 

The long term temporal changes in the 
genetic structuring of populations of D. 
robusta along the Smokies transect have 
implications which may extend to other 
species, especially D. pseudoobscura. In 
the most recent of eight publications de- 
voted to this problem, Anderson et al. 
(1975) stated: "The search for an under- 

standing of the long term changes in in- 
version frequency of the inversion poly- 
morphs of D. pseudoobscura serves as a 
paradigm for evolutionary studies. After 
3 decades of study the problem remains 
unsolved." Similarly, the specific causes 
for the temporal shifts in inversion and 
inversion combination frequencies in 
populations of D. robusta along the 
Smokies transect are presently unknown. 
The 34-year increase in frequency of 
2L-3, arrangement combination XL- 
1.XR and decrease in XL-2.XR-2 in 
every one of the transect populations im- 
plies that all of the populations have as- 
sumed more of a high elevation geno- 
type. Arrangement combination 22 has 
been reported in high frequency in the 
central-southern United States (Carson 
and Stalker, 1947) yet was found to in- 
crease in frequency with elevation in 1947 
(Stalker and Carson, 1948), showing a 
parallel cline "reversal" with 3R-1, a 
southern gene arrangement, which also 
increased with elevation (although not 
significantly, see Table 4). Furthermore, 
in altitudinal transects where XL- 1 .XR 
increases with elevation, XL-2.XR-2 
usually decreases (Levitan, 1978). 

Such pervasive and systematic tem-
poral genetic changes in adjacent popu- 
lations demands explanation but inter- 
pretations are made difficult by the lack 
of information on dispersal ability and 
knowledge of the spatial and temporal 
availability of food resources (cf. Carson 
and Stalker, 195 1). However, consider- 
ing the affinity analysis of the transect 
populations (Fig. 5) the relative altitu- 
dinal order of many of the populations 
has remained stable for 34 years, in spite 
of the systematic frequency changes of 
individual genetic elements. The causes 
for these changes may be due to any one 
or combination of factors including hab- 
itat alteration, genetic changes within the 
inversions themselves, migration, be-
tween year seasonal variations, genetic 
drift, or sampling error. Sampling error 
cannot be ruled out, but is unlikely be- 
cause the sample sizes at most sites are 
considerable in all three studies (Tables 
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2, 3), the temporal variations are in some 
cases quite high, e.g., combination IS at 
2,000f, and the direction ofchange is con- 
sistent in all the populations. Mass mi- 
gration from the upper elevations could 
account for the overall increases in 2L-3 
and combination IS, but not the cline 
reversal in combination 22. Because the 
population sizes increase throughout the 
summer (Carson, 1958) and the growing 
season shortens with elevation (Shanks, 
1954), population sizes can be expected 
to increase during the summer from the 
lower to the upper elevations. Therefore, 
mass migration should proceed from the 
bottom to the top of the mountain, if at 
all. Year to year seasonal variation could 
also produce frequency shifts, since the 
inversions in D. robusta are known to 
cycle seasonally (Levitan, 197 3a), but this 
does not explain the systematic direc- 
tional changes in almost all the popula- 
tions. Genetic changes within the inver- 
sions themselves, altering the fitness 
relationships of alternate gene arrange- 
ments and combinations cannot be ex- 
cluded as a possibility for the long term 
frequency changes (cf. Anderson et al., 
1975). Historically, the most important 
environmental alterations in the vicinity 
of the transect populations were logging 
activity and farming which continued 
until the early 1930's (Stupka, 1964; S. 
P. Bratton, pers. comm.). Land-clearing 
for farming progressed up to approxi- 
mately 3,0001, above which is predomi- 
nantly virgin forest. Further yearly sam- 
pling of the transect populations is clearly 
warranted to determine the rate of change 
of inversion frequencies. Results from a 
survey in late July, 1982 of these popu- 
lations were consistent with the 198 1 data 
(Etges, unpubl.). 

The degree of genetic differentiation 
between adjacent populations depends 
upon a balance between gene flow, drift 
and selection, a subject of many theoret- 
ical (Wright, 1943, 1946; Haldane, 1948; 
IOmura and Weiss, 1964; Rohlf and 
Schnell, 197 1; Slatkin, 1973; May et al., 
1975; Endler, 1977) and empirical 
studies (Carson and Stalker, 1947; Dob- 

zhansky, 1948; Stalker and Carson, 1948; 
Cain and Currey, 1963; Kettlewell and 
Berry, 1969; Antonovics and Bradshaw, 
1970; Endler, 1973; Levitan, 1978; Knibb 
et al., 198 1). Most theoretical treatments 
have emphasized the interactions be- 
tween limited gene flow in subdivided 
populations and genetic drift in the es- 
tablishment of genetic differentiation over 
short distances. Rohlf and Schnell(197 1) 
and Endler (1973) have shown in simu- 
lations that limited gene flow between 
subdivided populations could cause ge- 
netic differentiation that once established 
would persist for hundreds of generations 
over small distances. Endler (1977) ar- 
gued that steps in continuous clines may 
be produced by limited gene flow without 
selection or steep environmental gradi- 
ents. 

Empirical studies ofgenetic clines, par- 
ticularly in Drosophila species, have usu- 
ally assumed natural selection as the pri- 
mary cause for genetic differentiation 
(however, see Endler, 1973). The obser- 
vation by Stalker and Carson (1 948) that 
the altitudinal gradient of inversions in 
Drosophila robusta strongly recapitulates 
the north-south latitudinal clines (Carson 
and Stalker, 1947) provides evidence that 
particular inversions are under selection, 
especially XL-1 and 2L-3, which are 
common to northern populations (Car- 
son, 195 8). Furthermore, Levitan (1 978) 
showed that two types of XL-1 bear- 
ing chromosome associations found 
throughout the eastern part of the species 
range, i.e., 1 s  and 12, show local varia- 
tion associated with elevation. In north- 
ern areas, combination 12 is associated 
with higher elevations where 1s  is not. 
In the southern part of the species range, 
including the Smoky Mountains transect, 
combination 1s  shows increases in fre- 
quency with elevation. Combination 12 
was evenly distributed in all populations 
in 1981, except at 4,520'. This observa- 
tion that XL- 1, albeit in a complex way, 
is associated with altitude in widely sep- 
arated populations is prima facie evi- 
dence for natural selection. Crossing-over 
between inversions on opposite arms of 
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the X chromosome is infrequent-ap- 
proximately per gamete per gener- 
ation (Levitan, 1958); therefore the dy- 
namics of individual gene arrangements 
on the X chromosome, due to the degree 
of linkage, cannot be properly evaluated 
in natural populations without first de- 
termining their linkage relationships. The 
observations that one of the linkage as- 
sociations, XL-2.XR, is exceedingly rare, 
and that linkage disequilibrium is strong 
and consistent in direction suggests in- 
teraction between linked inversions on 
the X chromosome (Levitan, 19733, 
1978). 

The ongoing search for causation un- 
derlying the long term genetic changes in 
natural populations of Drosoplzila has 
provided little understanding of how in- 
versions interact under natural condi-
tions to produce fitness differences con- 
tributing to  the observed temporal 
changes in inversion frequencies. For D. 
pseudoobscura the search for causation 
has taken 40 years with few tangible re- 
sults. The Smokies populations of D. ro- 
busta provide another model system for 
long term studies of inversion polymor- 
phism which may be more amenable to 
conclusive analyses due to the proximity 
of populations which have all undergone 
systematic genetic changes with time and 
because the populations are located in an 
area with a known history of environ- 
mental alteration. The present study in- 
dicates the need for discovering the ac- 
tual forces of selection here and the 
estimation of dispersal abilities and pop- 
ulation sizes at different elevations. 

Populations of Drosophila robusta in-
habiting the Great Smoky Mountains ex- 
hibit clines in inversion and inversion 
association frequencies over an altitudi- 
nal transect spanning 3,800' in elevation. 
Collections made in the summer of 198 1 
showed systematic directional shifts in 
inversion and inversion association fre- 
quencies in all populations, when com- 
pared to the earlier collections in 1947 
(Stalker and Carson, 1948) and in 1958- 

1959 (Levitan, 1978), toward higher el- 
evation genotypes in the intervening 34 
years. A cline in X chromosome inver- 
sion association XL-2.XR-2 shifted from 
a statistically significant positive relation-
ship with altitude to a statistically sig- 
nificant negative relationship over that 
time period. 

Linkage disequilibria between inver- 
sions on opposite arms of the X chro- 
mosome is strong and shows patterns 
characteristic of the Southern Appala- 
chians. In all populations studied, there 
is an excess of "repulsion" combinations 
1 S and S2 with a corresponding deficien- 
cy of combinations SS and 12. Linkage 
disequilibrium of inversions on opposite 
arms of the second chromosome or be- 
tween arms on different chromosomes 
was not detected. 

A genetic ordination of the transect 
populations showed for both the 1947 
and 198 1 data sets that the middle ele- 
vation populations contained modal fre- 
quencies of all genetic elements surveyed. 
The populations at lower and higher el- 
evations were more genetically distinct 
from each other and the middle elevation 
populations, and were more extreme in 
combined inversion and inversion as-
sociation frequencies than the middle el- 
evation populations. 
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