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Abstract Capture-mark-recapture studies were initiated 
in 1990 on four Missouri populations of the lichen grass- 
hopper, Trimerotropis saxatilis. This grasshopper lives 
only on glade habitat, predominantly in the Ozark Moun- 
tains. Genetic data suggest that no gene flow occurs 
among T. saxatilis populations. Lichen grasshopper pop- 
ulation size (both present and historical), and the likeli- 
hood of movement within and between glades, are the 
subjects of this study. Population sizes on all glades were 
found to be small (<280 individuals) and to vary from 
year to year. Inbreeding effective sizes were found to be 
much larger than census sizes. On one of the sites, Gra- 
ham Cave Glade, population size was calculated for 5 
years; in 3 of those years (1991, 1993 and 1994) our 
studies of this population also tested for movement of T. 
saxatilis individuals among different regions of the mod- 
erately subdivided glade. Maintenance of Graham Cave 
Glade (burning and clearing) was initiated after the 1991 
capture-mark-recapture season. Comparisons of before- 
and after-burning intraglade movement probabilities did 
not show a significant difference. Grasshoppers more 
frequently remained in the part of the glade where they 
were previously captured, but were able to move about 
the moderately subdivided glade. The presence of a 
closed-canopy forest, rather than distance, appears to be 
an effective dispersal barrier. 
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Introduction 

The distribution of intraspecific genetic variation is af- 
fected by population structure parameters, including the 
degree of subdivision within a species, the amount of 
gene flow between populations, the size of those popula- 
tions and the system of mating (Wright 1932). The ef- 
fects of these parameters on patterns of genetic variabili- 
ty can be seen long after a change in population structure 
has occurred. For example, past bottleneck events (i.e., 
small population size) can be responsible for low levels 
of genetic variability seen in species of large population 
size (e.g., the northern elephant seal, Bonnell and Se- 
lander 1974). Fragmented populations may show levels 
of genetic variability that are indicative of their former 
widespread distribution, rather than their presently con- 
strained migratory patterns. This happens if not enough 
time has passed since the fragmentation event for infor- 
mative mutations to accumulate (e.g., the African ele- 
phant, Georgiadis et al. 1994). Patterns of genetic vari- 
ability that suggest a particular population structure may, 
in fact, reflect historical rather than ongoing population- 
level processes if the species in question has undergone 
recent change in one or more of these parameters. 
Changes in population size and distribution are common 
in temperate species as a result of the significant climatic 
changes associated with the advance and retreat of Pleis- 
tocene glaciers, and more recently, the effects of human 
disruption of habitat. Untangling the contribution of his- 
torical from current population structure to levels of ge- 
netic variability is a non-trivial problem (Larson 1984; 
Larson et al. 1984; Slatkin 1987). When possible, it is 
best to empirically determine present-day population 
structure parameters to compare with genetic data. 

One species whose population structure is expected to 
have changed over the last several thousand years is the 
lichen grasshopper, Trimerotropis saxatitis. This cryptic 
bandwinged grasshopper, whose distribution is primarily 
in the Ozark Mountains, is limited to glade habitat 
(McNeill 1901; Morse 1907; Otte 1984). Glades are rel- 
ictual deserts and dry prairies: xeric rocky knobs or balds 



344 O E C O L O G I A  105 (1996) �9 Springer-Verlag 

usually found on southfacing slopes. Glades are left over 
from the hypsithermal, a time 8,000 to 4,000 years be- 
fore present (ybp) when the Ozark region experienced 
hot dry weather, and the desert/dry prairie expanded to 
its fullest extent (Webb 1981; Delcourt etal. 1986; 
COHMAP 1988). During this time T. saxatilis and other 
desert-adapted plants and animals arrived in the Midwest 
(Templeton et al. 1990; Sexton et al. 1992; Gerber 1994). 
The end of the hypsithermal (roughly 4,000 ybp) was 
geologically sudden (Chumbley etal. 1990), and the 
cooler, moister climate appears to have been more hospi- 
table to forest growth (Nelson and Ladd 1980). As the 
Midwest was reforested, prairie and glade habitat was 
fragmented. Although under pressure from encroaching 
trees, prairies and glades were maintained for the last 
4,000 years by periodic burning by Native Americans 
(Beilmann and Brenner 1951), resulting in a savanna 
grassland (Ladd 1991). Many plant and orthopteran spe- 
cies endemic to glades have adapted to a regimen of reg- 
ular burning, requiring low-intensity fires for the follow- 
ing season's survival (Ladd 1991; Ballard 1992; Ballard 
and Greenlee 1994). 

Increased rainfall in the last several hundred years 
(Beilmann and Brenner 1951) and/or settlement of the 
Midwestern plains has resulted in further glade fragmen- 
tation. Destruction of the prairie to create farms, and re- 
settlement of Native Americans onto less desirable lands 
meant cessation of regular burning. Forests have rapidly 
invaded former prairie and glade habitat. Many glades re- 
corded at the turn of the century by McNeill (1901) and 
Morse (1907) have been overgrown, and remaining glade 
habitat is considered endangered in the state of Missouri, 
where restoration efforts include cutting of juniper trees 
(a primary invader of rocky substrate) and regular burn- 
ing. Today, glade habitat is patchily distributed through- 
out the Ozarks, and is inhabited by peripheral popula- 
tions of such widespread xeric species from the south- 
western United States as the collared lizard, Crotaphytus 
colIaris. Like the collared lizard, lichen grasshoppers ap- 
pear unable to move through the surrounding forest habi- 
tat, and are therefore "stranded" on glades, with no gene 
flow between populations (Gerber 1994). 

In a species-wide survey of mitochondrial DNA 
(mtDNA) variation in T. saxatilis, ten individuals from 
each of 63 populations were examined via the poly- 
merase chain reaction (PCR) and restriction fragment 
lenght polymorphisms (RFLPs) (Gerber 1994; A.S. 
Gerber, unpublished work). Of those, 41 populations 
show high levels of variability (three or more mtDNA 
haplotypes), and only seven populations appear fixed for 
a single haplotype. These latter populations may have 
lost their genetic variability due to the effects of genetic 
drift on small population size: the random fixation and 
loss of haplotypes. Analyses of the genetic data indicate 
that populations are highly subdivided with no gene flow 
(Gerber 1994; A.S.Gerber, unpublished work). 

In this paper we report the results of capture-mark-re- 
capture experiments we did to determine sizes of four 
Missouri populations of Trimerotropis saxatilis, surveyed 

over 5 years. Two of these populations (Graham Cave 
Glade and Sandy Ridge East) are among the 63 popula- 
tions mentioned above. Graham Cave Glade has four 
haplotypes, Sandy Ridge East has two (Gerber 1994). As 
discussed below, these data indicate populations of suffi- 
cient size that extinction is unlikely and genetic drift a 
weak force. The parameter of true interest is N e, the in- 
breeding effective size (Wright 1931). The vast majority 
of the population genetic literature, particularly that re- 
lated to conservation biology, has emphasized that a pop- 
ulation's actual size (as we estimate here) is in many 
cases greater than the inbreeding effective size (Greg- 
orius 1991; Kimura 1983). However, there are conditions 
under which the inbreeding effective size can be larger 
than the census size (Templeton 1980), and these condi- 
tions are frequently encountered with endangered species 
(Templeton and Read 1994). A common situation that 
occurs in conservation biology is that of a declining pop- 
ulation size (or an increasingly fragmented population). 
Under these conditions, the inbreeding effective size can 
be much larger than the census size, even by orders of 
magnitude (Templeton 1980; Templeton and Read 1994). 
If these grasshoppers have experienced increased frag- 
mentation and/or decreased population sizes with the 
suppression of fire, it is possible that their current census 
sizes may be smaller than their inbreeding effective size. 
We wish to examine this possibility. 

To begin to qualitatively understand the role that in- 
trusive tree growth plays in fragmentation of glade habi- 
tat, and therefore its importance in subdividing lichen 
grasshopper populations, we also tested for movement 
within the fragmented glade, Graham Cave Glade, before 
and after removal of such growth. The two glades on 
Sandy Ridge (East and West) are separated by a narrow 
band of closed canopy forest. Comparisons between the 
ability of lichen grasshoppers to cross barriers at these 
two localities tell us something about the forces that have 
acted to fragment T. saxatilis populations in the absence 
of fire. 

Methods 

The following studies were conducted from 1990 to 1994. T. sax- 
atiIis is univoltine, so each year's individuals represent a new gen- 
eration. Grasshoppers were captured with insect nets, marked, re- 
leased and recaptured over a period of several days or weeks on 
each glade. Except as noted below, every effort was made to cap- 
ture all T. saxatilis on a glade at each recapture visit. Two methods 
were used to mark captured grasshoppers; different colored acrylic 
paint dots, and pinpricks in specific bands on the wing. The for- 
mer method was found to be more useful, and was used on all 
populations but one (see below). Marked animals were released in 
the same area where they were captured. 

Study areas 

Proffit Mountain, in Reynolds County, Missouri, has glades on ex- 
posed outcrops of Precambrian igneous rhyolite. The T. sccvatilis 
population on one glade there (Proffit Mountain 3; 37~ 
90~ was collected three times in a 3-week period in July 
and August 1990 and four times over a 2-day period in August 



1993. In both years, animals fi-om each collection event were 
marked with different colors of paint (e.g., on capture day 1, all 
animals caught were painted blue; on day 2 all animals were paint- 
ed yellow). 

Sandy Ridge, in Jefferson County, Missouri (38~ 
90~ is a linear sandstone/dolomite glade separated by 
patches of juniper forest. Two populations (East and West, one on 
either side of a forest intrusion, separated by about 30 m of closed 
canopy) were collected four times over 5 days in August 1990, 
four times over 3 days in July 1993; and three times over 2 days in 
August t994. In 1990 one of the populations was marked using 
paint dots, and one was marked using pinpricks in the forewing. In 
1990, no attempt was made to collect all areas of the glade, so 
these data will be used only to estimate migration across the forest 
intrusion. In 1993 and 1994 extensive efforts were made to census 
the entire glade area. In 1993 and 1994 the two grasshopper popu- 
lations were painted a different color on each collection date so 
that movement between the two sites could be detected, as well as 
population sizes determined (e.g., on capture day 1, all animals 
from Sandy Ridge East were painted green, those from Sandy 
Ridge West were painted yellow). 

Graham Cave Glade, in Montgomery County, Missouri (Gra- 
ham Cave 2, 38~ 91~ is a sandstone glade 
where the population size of lichen grasshoppers was estimated in 
all 5 years. This glade is surrounded by oak and juniper trees. In 
1990, at the beginning of our study, it was fragmented by intrusive 
tree and grass growth. In September 1991 the glade was surveyed 
using a Sunto surveying compass and optical distance-measuring 
devices [made by Ranging Measuring Systems, East Rochester, 
New York, models 120 (2-30 m) and 620 (15-180 m), see Fig. 1]. 
We identified three large areas of exposed bedrock, the preferred 
habitat of lichen grasshoppers, so that the amount of movement 
between areas, as well as an estimate of the population size, could 
be determined. Area 1 was separated from the other areas by scrub 
and grasses with no exposed bedrock. Areas 2 and 3 were separat- 
ed by a nearly continuous line of juniper trees growing in a region 
of only sparsely exposed bedrock. In February 1992 the Missouri 
Department of Natural Resources cut juniper trees and burned the 
glade. This maintenance reduced tree cover and rejoined some 
fragments, although it did not increase the area of exposed bed- 
rock. The glade was burned again in February 1993 and February 
1994. By August 1994, the last year of this study, the junipers be- 
tween areas 2 and 3 no longer constituted a nearly continuous line. 

In 1990 the Graham Cave Glade lichen grasshoppers were cap- 
tured seven times over 15 days in August and September. Different 
colors of paint were used to mark animals captured at each visit 
(e.g., on capture day 1 all animals caught were painted blue). In 
199l the glade was visited four times in September. In that year, 
grasshoppers were uniquely painted, so that each individual could 
be identified in the future, and its movement tracked from one sec- 
tion of the glade to another. That area where an individual was 
first seen at each visit was recorded. In 1992 two collecting trips 
were made to Graham Cave Glade in September. In 1993 four 
trips were made over 5 days during August and September. In 
1994 three trips were made over 4 days during August. In 1993 
and 1994, individuals were again uniquely marked with paint, as 
in 1991. 

Statistical analysis 

Chao et al. (1992) developed a non-parametric method for estimat- 
ing population size for capture-mark-recapture data when capture 
probabilities vary by time and individual. This method uses sam- 
ple coverage estimates (the relative fraction of the total individual 
capture probabilities of captured animals) to measure complete- 
ness of the sample taken. Section 3 of Chao et al. (1992) describes 
how they use these sample coverage estimates to estimate popula- 
tion size, using three different sets of approximations ("models" in 
their paper). Their method is most useful when sample coverage is 
>50%. In this study all sample coverages were greater than 50% 
(see Fig. 2). We estimated population size and standard deviation 
of the estimators under all three models given in Chao et al. 
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Area 3 

Area 2 

Fig. 1 1991 survey map of Graham Cave Glade. The outlined ar- 
eas represent the rock faces where Trimerotropis saxatilis were 
caught. These were named areas 1, 2 aJ~d 3, and the straight lines 
superimposed over the map show how the glade was divided into 
these areas. Trees and bushes are represented by black shapes sur- 
rounding the glade. The short lines in areas 1 and 3 show the ridge 
edges. The burning and clearing of trees from this glade begun in 
1992 did not change the area of the rock face, but removed the 
trees and shrubs from between the three areas 

(1992). A program in Mathematica (Wolfram 1991) was written 
by A.R. Templeton to implement the models of Chao et ah (1992) 
and is available upon request from A.R. Templeton. For each case 
we chose as our final estimator that model resulting in the smallest 
estimated standard deviation, and with an estimated sample cover- 
age <1 (estimates >1 indicate that the model assumptions are inap- 
propriate for that data set). 

The method of Chao et al. (1992) was used to estimate popula- 
tion sizes for all data except the 1992 Graham Cave Glade data. 
Because Graham Cave Glade grasshoppers were captured only 
twice in 1992, the algorithm is not useful. Two other methods of 
analysis were used to estimate the 1992 Graham Cave Glade pop- 
ulation size, and compare it to the other capture-lnark-recapture 
studies. First, a program written by A.R. Templeton for the Hew- 
lett Packard calculator HP-41, which uses the Lincoln Index hy- 
pergeometric sampling assumption (Johnson and Kotz 1969, p. 
147), was used to estimate population size. To compare the 1992 
Lincoln Index-analysed Graham Cave Glade data to the rest of the 
data, we analysed only the first 2 days of recapture data for all the 
1990, 1991, 1993 and 1994 surveys using this method (see Table 
1). Second, all days of recapture data were subject to the Mean Pe- 
tersen estimate method (Table 1) (Seber 1973, p. 138). 

We used maximum likelihood to estimate the migration param- 
eter m, the probability of movement per day from one section of 
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Graham Cave Glade to another, for the 1991, 1993 and 1994 data 
(see Tables 2-4). To determine the estimator &, the recapture data 
for each animal was rewritten as ( l-m) for each day the animal re- 
mained on the same section of glade and m for each day the ani- 
mal moved to another part of the glade (see Tables 2-4). We used 
the parsimonious assumption that if an animal was found in a par- 
ticular area of the glade on two successive captures then it had re- 
mained there, and had not moved away and returned in the inter- 
vening time. if the grasshopper was found on a new part of the 
glade, we assumed that it moved only once during the time be- 
tween captures. This assumption is more likely to have been vio- 
lated in 1991, when four collection trips were distributed over 15 
days, than in 1993, when four trips were distributed over 5 days, 
or in 1994 when three trips were distributed over 4 days. 

When capture dates were separated by more than 1 day, the ac- 
tual number of days between capture was taken into account when 
assigning a probability to the observed dispersal behavior of an in- 
dividual (Pi). For example, in 1991, one animal (see Table 2, 4th 
row) was found in area 1 three times, between 7 September and 14 
September. The assumption of parsimonious movement gives this 
animal a value of (l-m) 7, because over the course of 7 days it was 
found in the same part of the glade. However, another animal was 
captured twice, in area 2 on 7 September and in area 1 on 12 Sep- 
tember (see Table 2, 6th row). These dates are 5 days apart; there- 
fore, this animal has a Pi value of re(l-m) 4. This value conveys the 
parsimonious assumption that although the animal moved once 
(represented by m), it did not move elsewhere for the other 4 days 
[represented by (1-m)4]. 

The likelihood equation is proportional to the product of all the 
Pi observations: 

45 

L ~ I'IPl = m9( 1 - m)173 
i=l 

To determine the maximum value of rh, the migration parameter 
estimator, we took the first derivative of the natural logarithm of 
the likelihood equation, set it equal to zero, and solved the equa- 
tion for m. To determine the variance of r~, we took the second de- 
rivative of the natural logarithm of the likelihood equation. For ex- 
ample, the observed numbers of dispersal and non-dispersal events 
for 1991 are 9 and 173, respectively (see Table 2). To obtain their 
expected values, note that 9+173=182 days of total dispersal op- 
portunities were observed. The expected number of dispersal 
events is 182m and the expected number of non-dispersal events is 
182(1-m). Therefore, the expected value of the second derivative 
of the natural log likelihood is 

182 182 182 F. 1 
- m 1 - m -  Lm(1-m)]' 
The negative reciprocal of this value, using rh instead of m, is the 
estimated variance for Fn. 

Results 

The popula t ion  size estimates and sample coverages 
from the Chao et al. (1992) algori thm are given in Fig. 2. 
The popula t ion  size estimates and standard deviat ions 
derived from the Lincoln  Index scores and the Mean  Pe- 
tersen estimates are given in Table 1. The data from 
which these estimates are made are given in Table 5. 

The glade at Graham Cave is roughly  7000 m 2 (see 
Fig. 1 for a map of the glade made in 1991, before cut- 
t ing and burning) .  Intraglade movemen t  of animals  f rom 
the 1991 survey is shown in Table 2. The migra t ion  pa- 
rameter  estimator,  rh, is 0.049, with standard deviat ion 
of 0.017. This is the probabi l i ty  that an animal  on Gra- 
ham Cave Glade would  move to another  section of the 
glade in one day in 1991. The intraglade movemen t  of 
animals  f rom the 1993 survey is shown in Table 3. The 
migra t ion  parameter  estimator, rh, is 0.045, with a start- 

2 8 0  

240 

m 

20o 
a~ 
m m m - 

8 0 -  

4 0 -  

popln name and year:. 

# captured 
animals 
sample 
coverage 

266 

199 

11o ~ / / 

1990 1993 1993 1994 1993 1994 
PM#3 SRE S] 

40 57 71 61 238 115 

0.93 0.96 0.93 0.95 0.90 5 8 0.95 

122 

Fig. 2 Population size estimates and 95% confidence limits for 
the Chao et al. (1992) analyses. Below the x-axis the actual num- 
ber of grasshoppers caught and the Chao et al. (1992) sample cov- 
erages are given for each population and year of the study 

Table 1 Size estimates of all 
populations using the Lincoln 
Index (LIE) and Mean Petersen 
(MPE) estimates. The LIE are 
based on only the first 2 days of 
capture data for each glade. 
Number of captured animals is 
the number of animals captured 
in the first 2 days of collection, 
with the total number (all days) 
of captured animals in parenthe- 
ses. The MPE were made using 
data from all days of capture. 
Standard errors for LIE and 
MPE are given in parentheses 

Glade and year Number of Lincoln Index Mean Petersen 
captured animals estimates (LIE) and SEs estimates (MPE) and SEs 

Proffit Mtn #3 1990 38 (40) 40.7 (7.7) 39.8 (0.7) 
Proffit Mtn #3 1993 49 (57) 54.7 (10.3) 57.4 (1.5) 
Sandy Ridge E 1993 67 (71) 84.0 (16.2) 75.3 (2.4) 
Sandy Ridge E 1994 52 (61) 55.0 (8.8) 57.8 (0.9) 
Sandy Ridge W 1993 177 (238) 277.6 (43.1) 275.0 (10.3) 
Sandy Ridge W 1994 149 (167) 170.8 (20.5) 233.7 (23.0) 
Graham Cave 1990 27 (42) 32.9 (9.2) 41.7 (1.7) 
Graham Cave 1991 41 (45) 52.0 (13.9) 47.0 (1.9) 
Graham Cave 1992 74 (74) 96.3 (18.5) 95.0 (8.49) 
Graham Cave 1993 91 (94) 94.4 (11.3) 93.7 (0.5) 
Graham Cave 1994 114 (115) 118.3 (13.1) 115.9 (1.0) 



Table 2 Dates and places of capture for grasshoppers on Graham 
Cave Glade in 1991. Refer to Fig. 1 for area locations. Animals 
with two glade areas listed for a single date were captured twice in 
one day; Pi values were generated to calculate the maximum value 
of the migration parameter N. Animals captured only once have no 
Pi value, and are not included in this table. Number of observed 
migration events (m)=9; number of non-migration ( l -m) events 
=173. See text for further discussion 

Number 7 Sept 9 Sept 12 Sept 14 Sept Pi 
of animals 

1 Area 1 1 ( l -m)  2 
2 1 1 1 ( l -m)  7 
1 1 1 1 ( l - m )  5 
1 1 1 1 ( l - m )  7 
4 2 2 ( l -m) 5 
1 2 1 rn(l-m) 4 
2 2 2 ( l -m) 7 
2 2 2 2 ( l -m)  7 
2 2 2 ( l -m)  2 
1 2 2 2 ( l -m)  7 
2 2 2 2 ( l -m)  5 
1 2 3 m ( l - m )  
1 2 3 3 2 m2(1-m) 5 
2 3 2 re(l-m) 6 
1 3 3/2  2 2 m ( 1 - m )  6 
1 2 2 3 m ( 1 - m )  6 
1 3 3 3 ( l - m )  7 
1 3 3 ( l - m )  5 
1 3 3 3/1 1 m ( 1 - m )  6 
2 2 2 2 ( l -m)  5 
1 2 2 ( l - m )  5 
1 3 3 ( l - m )  3 
2 2 2 ( 1 -m) 2 
1 3 3 (1 - m )  2 
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Table 3 Dates and places of capture for grasshoppers on Graham 
Cave Glade in 1993. Number of observed migration events 
(m)= 13; number of non-migration (1 -m) events = 275 

Number 28 Aug 29 Aug 30 Aug 1 Sept Pi 
of animals 

15 Area 1 1 1 1 (l -m) 4 
t 1 1 ( 1 -m) 2 
3 1 1 1 ( l -m) 4 
2 3 1 m(l-rn) 2 

16 2 2 2 2 ( l - m )  4 
2 2 2 2 ( l -m)  4 
1 2 2 2 ( l - m )  4 
1 3 2 2 2 m(1-m) 3 
1 1 1 3 2 ma(1-m) 2 
2 2 2 2 ( l -m)  3 
1 3 2 2 rn(1 - m )  3 
1 3 3 2 m(l  - m )  3 
1 3 3 3 (1 - m )  4 
4 3 3 3 ( l -m)  3 

14 3 3 3 3 ( l -m)  4 
2 2 2 3 3 m(1-m) 3 
1 1 3 3 3 r e ( l - m )  3 
1 2 2 3 r e ( l - m )  3 
1 2 2 ( l - m )  2 
1 2 2 1 - m  
1 3 3 3 ( l - m )  2 
1 1 1 ( l - m )  2 
3 1 1 1-m 
4 1 1 1-m 
1 3 1 m 
3 3 3 1-m 
3 2 2 1-m 
1 3 2 m 

dard  dev ia t ion  of  0.012. For  1994 the in t rag lade  move-  
men t  o f  an imals  is shown in Table 4. The  rh is 0.071 
with  s tandard  dev ia t ion  o f  0.014. Poo l ing  the da ta  f rom 
1991, 1993 and 1994, rh is 0.057 with a s tandard  devia-  
t ion of  0.008. 

The  log - l ike l ihood  rat io  test  of  the null  hypothes i s  o f  
h o m o g e n e i t y  o f  the migra t ion  rat io  in 1991, 1993 and 
1994 is 2.222, which  should  be d is t r ibuted  as )~2 with  2 
df  under  the null  hypothes is .  There  are no s ta t i s t ica l ly  
s igni f icant  d i f ferences  in in t rag lade  d ispersa l  rates on 
G r a h a m  Cave Glade  in 1991, 1993 and 1994. 

No  m o v e m e n t  was de tec ted  be tween  the two g lades  
on Sandy  R idge  in 1990, 1993 or 1994. 

Discussion 

To charac te r ize  a spec ies '  popu la t ion  structure by  sur- 
vey ing  genet ic  var iab i l i ty  is a me thod  that  is r ap id ly  be-  
coming  more  useful ,  as theore t ica l  tools  gain  in stat ist i-  
cal s t rength and sophis t ica t ion.  However ,  no theore t ica l  
const ruct  can e l imina te  the lag  t ime be tween  a change  in 
popu la t ion  structure and the genet ic  ev idence  o f  that  
change.  W h e n e v e r  poss ib le ,  s tudies  of  popu la t ion  struc- 
ture e x a m i n e d  by  geograph ic  d is t r ibut ion  o f  genet ic  vari-  
abi l i ty  (known as in t raspeci f ic  phy logeography ,  Avise  et 
al. 1987) should  be augmen ted  by  eco log ica l  data  (Pal- 
umbi  et al. 1991). 

Table 4 Dates and places of capture for grasshoppers on Graham 
Cave Glade in 1994. Number of observed migration events 
(m)=24; number of non-migration ( l -m) events = 313 

Number 9 Aug 11 Aug 12 Aug Pi 
of animals 

25 Area 1 1 1 ( l -m)  3 
1 1 1 ( l - m )  3 
3 1 1 l -m  

28 2 2 2 ( l -m)  3 
2 3 2 2 rn(1-m) 2 
5 2 2 ( l -m)  3 
5 2 2 ( l -m)  
1 3 2 m( 1 -rn) 2 

15 3 3 3 (1 - m )  3 
3 3 3 ( l -m) 3 

21 2 2 3 re(l-m) 2 
3 1 1 ( l -m) 2 
5 2 2 ( l -m) 2 
5 3 3 ( l -m) 2 

Popu la t ion  sizes 

There  is genera l  ag reemen t  be tween  all  three methods  of  
popu la t ion  size es t imat ion  (see Fig.  2 and Table 1). We 
found popu la t ion  sizes o f  four  l ichen g ras shopper  demes  
to be smal l  ( 44 -266  ind iv idua ls  on g lades  us ing the 
Chao  et al. (1992) es t imates ;  33 -278  ind iv idua ls  us ing 
the L inco ln  Index  and M e a n  Petersen  es t imates .  A l l  but  
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two of these estimated population sizes are less than 125 
individuals). 

These census estimates are too small to support the 
high levels of genetic variability we see. To demonstrate 
this, we examine the Graham Cave Glade data. The four 
mtDNA haplotypes found in that population define a to- 
tal of 27 different restriction sites, three of which are 
polymorphic. Using Eq. 26 in Ewens (1983; note that 
Eq. 26 was inadvertently not labeled) with k=3, m=27, 
j=4 and n=10, the estimator of the nucleotide heterozy- 
gosity is 0.014 in this population. Under the neutral theo- 
ry, the expected heterozygosity should be 4Nela. For 
mtDNA, which is haploid and maternally inherited, the 
expected heterozygosity (in terms of N e for the entire 
population, assuming a 50:50 sex ratio) is NeJa. We can 
estimate the inbreeding effective size from genetic data 
for Graham Cave Glade as 0.014/p, where ~a is the per 
nucleotide/year mutation rate. In order to get N e of the 
same order of magnitude as our post-burn census size 
(200), ~ would have to be of the order of 10 -5. Recent es- 
timates of g for insect mtDNA are of the order of 10 .8 
(Brower 1994). Therefore, the inbreeding effective size 
is several orders of magnitude larger than the census 
size. This discrepancy can be reconciled by a reasonable 
scenario: prior to fire suppression by settlers, the glade 
populations were not only bigger, but there was gene 
flow among them (Gerber 1994). At that time, the effec- 
tive size did not correspond just to a local glade popula- 
tion, but could effectively encompass many different 
glade populations. With fire suppression the glades were 
fragmented (Gerber 1994) and now the demographic unit 
of a glade has also become the genetic unit of a deme. 
This resulted in a drastic reduction of local breeding 
size, but because inbreeding effective sizes are reduced 
at a lower rate than census sizes in a declining popula- 
tion, it would lead to the current situation in which the 
inbreeding effective size is much larger than the census 
size. For example, suppose that the presettlement Gra- 
ham Cave Glade population had many more haplotypes 
than seen today because of genetic connections with oth- 
er populations (remnants of these glades exist nearby in 
the Loutre River valley). Suppose, for example, it had 15 
haplotypes. Fragmentation causes an immediate demo- 
graphic isolation but drift works more slowly, causing a 
slow reduction in the number of haplotypes from 15 (or 
whatever it was) to the current 4, which is still more than 
should exist in a constant-sized glade population of 
100-200 individuals. If fragmentation continues, we 
would expect further loss of haplotypes on this glade, 
and the inbreeding effective size and the census size 
would gradually converge. However, Graham Cave 
Glade has not arrived at this point of convergence, and 
the current levels of genetic variation in the population 
still reflect its recent past history rather than its current 
demographics. 

Our population size and genetic data show that it is 
not correct to assume (as is commonly done) that effec- 
tive sizes are always smaller than census sizes. More- 
over, declining populations can still retain high levels of 

genetic variation despite small current size. Small popu- 
lations should not be automatically excluded from con- 
servation programs, as there can still be much genetic di- 
versity left to conserve. 

Active maintenance such as that carried out on Gra- 
ham Cave Glade since February 1992 will become nec- 
essary to prevent the overgrowth of remaining glades by 
forest and the continued diminution of glade endemic 
populations. Small populations such as Proffit Mountain 
3 are particularly susceptible to random extinction 
events. 

It is interesting to  note that the population size esti- 
mates increased on Graham Cave Glade following the 
commencement of glade maintainance. Although within 
our study this is only a single data point, the suggestion 
that clearing and burning the glade resulted in larger 
population size for T. saxati l is  is in keeping with a study 
by the Missouri Nature Conservancy (Ballard and Green- 
lee 1994) that found that habitat types in Missouri (in- 
cluding glades) that received annual burning consistantly 
showed greater orthopteran abundance and diversity than 
similar habitats that were burned less frequently or only 
grazed. 

Grasshopper movement within and between glades 

In the 1991, 1993 and 1994 capture-mark-recapture stud- 
ies at Graham Cave Glade, we marked each grasshopper 
uniquely so that particular individuals could be identified 
when found on subsequent recapture visits. Thus we 
were able to follow the movement of all individuals over 
time across the glade. Graham Cave Glade was of partic- 
ular interest to us because it was already subject to intru- 
sive growth by juniper trees, the primary invader of glade 
habitat. Lichen grasshoppers can fly distances in excess 
of the total length of Graham Cave Glade, but all lines of 
evidence examined (including genetic data and the exi- 
stance of apparently appropriate glades with no T. saxat-  
ilis present) suggest that lichen grasshoppers in the 
Ozarks do not migrate from glade to glade through for- 
est, and that each population is an independently evolv- 
ing genetic entity. By examining the ability of lichen 
grasshoppers to move around a glade that was in the pro- 
cess of fragmentation, we hoped to understand the nature 
of barriers to gene flow in this species. 

In the 1991 study at Graham Cave Glade, grasshop- 
pers were more often found on the part of the glade 
where they had been previously captured (see Fig. 1, Ta- 
ble 2). Glade area 1 is the most distinct from other parts 
of the glade, being separated from the nearest region, ar- 
ea 3, by about 20 m of scrubby trees and grass (not 
closed canopy), and is the only region of the glade not 
visible from the rest of the glade, due to the slope of the 
hillside. Only three animals from areas 2 and 3 were 
found to have migrated to area 1 during the 1991 study. 
No animals from area 1 were later captured on any other 
area of the glade (this is not unexpected since there are 
fewer animals on area 1 than the rest of the glade). In 
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Table 5 Capture-mark-recapture data used to estimate population the collection method differed from that employed at all other sites, 
sizes. The Sandy Ridge 1990 data are not included here because and population sizes for Sandy Ridge 1990 were not estimated 

Glade Capture Number of Glade Capture Number of 
dates new & recaptured dates new & recaptured 

animals/visit animals/visit 

Proffit Mountain 3 1990 25 July 
(total anita als captured=40) 31 July 

10 August 

31 new 
7 new 

28 recap 
2 new 

27 recap 

Proffit Mountain 3 1993 1 August 39 new 
(total=57) 2 August l0 new 

28 recap 
3 August 7 new 

26 recap 

Graham Cave Glade 1990 
(total=42) 

Graham Cave 1991 
(total=45) 

Graham Cave 1992 
(total=74) 

Graham Cave 1993 
(total=94) 

Graham Cave 1994 
(total= 115) 

Sandy Ridge E 1993 
(total=71) 

22 August 
23 August 

28 August 

29 August 

30 August 

2 September 

9 September 

7 September 
9 September 

12 September 

14 September 

4 September 
5 September 

28 August 
29 August 

30 August 

1 September 

9 August 
11 August 

12 August 

29 July am 
29 July pm 

31 July am 

31 July pm 

3 August am 
3 August pm 

4 August 

Sandy Ridge E 1994 
(total=6 l) 

21 new 
6 new 

12 recap 
7 new 
8 recap 
5 new 

17 recap 
1 new 

21 recap 
2 new 

20 recap 
0 new 

16 recap 

37 new 
4 new 

13 recap 
3 new 

20 recap 
1 new 

21 recap 

47 new 
27 new 
26 recap 

77 new 
14 new 
70 recap 

3 new 
73 recap 

0 new 
69 recap 

105 new 
9 new 
83 recap 

1 new 
90 recap 

47 new 
20 new 
26 recap 

3 new 
47 recap 

1 new 
39 recap 

44 new 
8 new 

39 recap 
9 new 

44 recap 

Sandy Ridge W 1993 29 July am 132 new 
(total=238) 29 July pm 45 new 

40 recap 
31 July am 56 new 

83 recap 
31 July pm 5 new 

63 recap 

Sandy Ridge W 1994 29 July am 123 new 
(total= 167) 29 July pm 26 new 

18 recap 
31 July 18 new 

104 recap 

1993 two animals  f rom area  3 d i spe rsed  into area  1, and 
two animals  f rom area 1 were  found  later  in area  3. Dis-  
persa l  be tween  areas 2 and 3 were  more  c o m m o n  in both 
years .  In  1994 all movemen t s  were  be tween  areas  2 and 
3. 

Beg inn ing  in 1992, after  the  first  year  of  wi th in -g lade  
m o v e m e n t  data, G r a h a m  Cave  Glade  was c leared  and 
burned  every February .  We did not  ant ic ipate  this main-  
ta inance  by  the Missour i  D e pa r tme n t  o f  Natura l  Re-  
sources,  but  it  a l lowed  us to test for d i f ferences  be tween  
the l i ke l ihood  that  g rasshoppers  wou ld  move  to different  
par ts  o f  the g lade  be fore  and after the in t rus ive  tree 
growth  was removed .  It is impor tan t  to note that  this 
ma in ta inance  d id  not  increase  the size o f  the habi ta t  (ex- 
posed  bedrock) ,  but  c lea red  trees f rom be tween  sect ions  
of  the g lade ,  and preven ted  further  des t ruc t ion  of  the 
rock  face. Because  there is no ev idence  for  he te rogene i ty  
be tween  the 1991, 1993 and 1994 studies o f  in t rag lade  
movement ,  there  is no de tec tab le  effect  on in t rag lade  
m o v e m e n t  due to fire t rea tment  over  the short  term. 

L ichen  g rasshoppers  can fly a d i s tance  much  longer  
than the 30 m separa t ing  the two sect ions  o f  Sandy  
Ridge.  However ,  in three years  o f  study, no migran ts  
were  found  be tween  the two sect ions  o f  Sandy  Ridge.  
F r o m  these observat ions ,  and those  at G r a h a m  Cave  
Glade ,  we conc lude  that  the c losed  canopy  and/or  th ick  
unders tory  of  mature  forest  intrusions,  ra ther  than dis-  
tance,  is the barr ier  to gene  f low for these  insects .  
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