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(Fig. 2). Age and stratigraphy: Upper Jurassic, Yixian 
Formation. 

17. Description: Fertile axes vary in size (Fig. ZA). Main 
axis is 85 m m  long from leaf axis and 3 m m  wide 
basally, tapering t o  1 m m  wide distally. The lateral 
fertile axis originates from a leaf axil, 86 m m  long 
and 1 m m  wide basally, tapering t o  0.3 m m  wide 
distally. Fruits are attached by pedicels that are 0.75 
t o  1.5 m m  long by 0.25 t o  0.6 m m  wide. Fruits are 
larger basally, 7 t o  9 m m  long by 2 t o  3 m m  wide, 
each containing three ( two t o  four) seeds. Finger-like 
prominences extend about 1 m m  from apex of fruits 
(Fig. 20). The fruits are positioned at acute angles t o  
the axis. The main axis has 18 fruits and 11 peg-like 
bases of pedicels (that bore deciduous reproductive 
organs) about 0.5 m m  long. The lateral axis has 30 
fruits and four peg-like remnants of the pedicels that 
bore deciduous reproductive organs, and smaller 
fruits, 5 t o  6 m m  long by 1.5 t o  2 m m  wide. The fruits 
are crowded at the axis apex where fruit sire decreas- 
es. Fruits near the apex are 3 m m  long by 2 m m  wide, 
each wi th two  seeds. One other fruiting axis (520917, 
not figured) contains 17 fruits crowded into 35 m m  - .  
of the fragmentary axis. Seeds f i l l  fruits and have an 
obiique orientation. They appear t o  be attached t o  
the adaxial side of the fruit. Seeds may overlap within 
fruits or may be distinctly separated by oblique bands 
of tissue. Cuticles of the seed coats are thin. Epider- 
mal cells are rectangular-polygonal, about 25 t o  45 
(*m by 12 t o  20 pm.  Anticlinal cell walls are sinuous 
and cutinized, about 2.5 t o  3.5 p m  thick (Fig. ZC). 
Periclinal cell walls are somewhat unevenly cutinized. 
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Effects of small population size and reduced genetic variation on the viability 
of wild animal populations remain controversial. During a 35-year study of a 
remnant population of greater prairie chickens, population size decreased from 
2000 individuals in 1962 to fewer than 50 by 1994. Concurrently, both fitness, 
as measured by fertility and hatching rates of eggs, and genetic diversity 
declined significantly. Conservation measures initiated in 1992 with translo- 
cations of birds from large, genetically diverse populations restored egg via- 
bility. Thus, sufficient genetic resources appear to be critical for maintaining 
populations of greater prairie chickens. 
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icant loss in genetic variation inay decrease 
fitness or limit the long-term capacity of a 
population to respond to environinental chal- 
lenges (5). Alternatively, chance environ- 
inental and demographic events may pose a 
more immediate threat to small populations 
(1, 2). Conservation strategies can be differ- 
ent depending on the relative iinportance of 
these factors (1, 3, 6), but fundamental ques- 
tions persist because there are feu. data on 
long-term changes in the demography and 
genetics of wild populations. 

Here we report the results of a long-teim 
study on a remnant population of greater prairie 
chickens (Tyinpanzcci~z~s c~piilo piiznatza) in 
southeastern Illinois (7). Over the 35-year peri- 
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an overall reduction in genetic di\ers~ty In 
addition, n e  lepoi-t on a conseilation strategy 
initiated in 1992, nhereby tra~lslocatio~ls of in- 
di~iduals fiom lalge. genetically di\erse popu- 
lations increased fitness 

Greater piaiile chickens are grassland-depen- 
dent birds still found in aleas of suitable habitat 
ranging from northwestern Minnesota south to 
northeastern Oklahoma. and froin southeastern 
Illinois west to northeastern Colo~ado (8) Leks 
(01 booming gounds) are used as alenas for 
tellltorial display and bleeding by hzo or more 
males (9) Loss of habitat suitable for successful 
nesting and blood ieanng is the single most 
important fact01 leading to declines isolat~on. 
and extirpations throughout the species' lange in 
the md~vestern United States (10) The eastern 
subspecies Ti,i~zpunzrclnis czpi~fo czpido; also 
lmown as the heath hen. has been extinct since 
193 1 (1 1) and Amvater's prairie chicken Tvmpa- 
nzlciztcs clpido arnr,ateri, ~vhich is restricted to 
Texas, is near extinction (12, 13). 

In Illinois. native prairie habitat for prairie 
chickens originally covered >60% of the state 
(Fig. 1). but fewer than 93 1 ha (<0.01%) of the 
original 8.5 X lo6 ha of high-grade prairie 
remain (14). There were possibly several inil- 
lion prairie chickens statewide in the mid-19th 
centuiy (15): by 1962 an estimated 2000 birds 
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were reported in 179 localized groups occupy- 
ing about 1500 km2 in 15 counties in southem 
Illinois(l6). Although early efforts (1963-1973) 
to presene prairie chickens in Illinois showed 
marked success on restored grassland habitat 
(1 9. by 1994 an estimated 46 birds remained 
on about 33 lun2 in two sinall populations 
(18-20). These remnant populations were geo- 
graphically isolated fsom larger, more contigu- 
ous populations about 640 lun to the west (8).  
Estimated size of the focal population in Jasper 
County. Illinois. fluctuated from 84 Inales in 
1963 to about 40 in the mid-1960s and then 
increased markedly to a high of 206 males 
counted on 13 leks in 1972 (21). By spring 
1994, only five or six Illinois inales remained 
on one unstable lek (Fig. 2). The drop to near 
extirpation occu~ed  despite an increase in local 
availability of managed grassland habitat be- 

tween 1963 and 1994 (22). 
Fertility (fel-t~le ~ncubated eggs per total 

eggs) and success (hatched eggs per total eggs 
in f~11ly incubated clutches) lates of eggs ale 
key fimess halts in bnds (23) These naits also 
fluctuated ovel tnne but decleased s~~mificantly 
111 the focal population behi een 1963 and 199 1 
(Fig 2) (24) The overall festihty rate (based on 
3357 eggs) for 278 clutches nas  93% and was 
susta~ned at >90% through 1980 Fertility rates 
dechned in the subsequent 12 years n ith a lon 
of 74% In 1990 In the 1960s, lates of egg 
success ranged from 91% to 100% but by 198 1 
and in all but three of the next 10 breeding 
seasons. success lates lone1 than 80% nele 
obser~ ed The decreasing hend was s~gnificant 
even w~thout the extremely low egg success of 
38% observed in 1990 (+ = 3 35, P < 0 001) 
(Fig 2) About 50% of the nests obsenred 

Fig. 1. Illinois prairies during 1810-1820 and distributions of greater prairie chickens in 1940 (25), 
1962, and 1994. Prairie distributions for 1810-1820 were derived from R. C. Anderson. [Reprinted 
from R. C. Anderson, Transactions of the Illinois State Academy of Science 63, 214 (1970), with 
permission.] 

Year 

Fig. 2. Annual means for success of greater prairie chicken eggs in 304 fully incubated clutches (circles) 
and counts of males (triangles) on booming grounds in spring, Jasper County, Illinois, 1963-1997. 
Translocations of nonresident birds began in August 1992. Test statistics (24) for the period 1963-1991 
are as follows: egg success rates, 4 = 4.28 (P < 0.001); male counts, 4 = 1.88 (P = 0.0301). Bars 
indicate i I SE and adjacent numbers indicate numbers of nests. For egg fertility rates (not shown), + 
= 2.18 (P = 0.0146). 

before 198 1 had partial hatching failure. but 
only 10% had four or more eggs failing. After 
1980. 70% of successful nests contained at least 
one unhatched egg and failure of four or more 
eggs per nest was increasingly common (43%). 
Even two fewer chicks per brood inay decrease 
recruih~~ent rates of prairie chickens (13). 

Rates of egg success obsenred in the focal 
population after 1980 were markedly lower 
than the 93% rate observed in the same coun- 
ty during the 1930s (25); when statewide 
abundance was esti~nated at 25;000 birds 
(26). Other data from larger prairie chicken 
populations to the west. northwest, and north, 
many during the years covered by our study, 
reveal an overall average egg success rate of 
94% (11 = 216 successful clutches) with a 
range among 18 studies of 80% to100% (25, 
27, 28). Clearly, egg success experienced by 
the isolated Illinois t ovulation after 1980 was 

A 

unusually low for the species (29). 
Estimated genetic variation within Illinois' 

focal population was markedly lower than that 
w ~ t h ~ n  samples froin large1 populations m Kan- 
sas. Nebraska. and Minnesota (30) When sam- 
pled (1992-1994). all three of these populat~ons 
nunbeled 111 the thousands. but Ill~nois' focal 
population p~obably d ~ d  not exceed 250 b~rds 
uhen sampled du11ng 1974-1993 The Ill~nois 
populat~on had the lowest estimated mean het- 
erozygosity and about two-thirds the allelic di- 
versity obsellied in the larger populations (31). 
All alleles detected in the Illinois population 
(for 1974-1993) were present in one or more of 
the larger populations. Several alleles common 
to the large populations were not detected in the 
Illinois population but were lu~o\vn to be 
present before the 1970s (30). 

The poor reproductive perfoilnance and in- 
evitable extirpation of the Illinois population led 
local managers to initiate a translocation program 
in August 1992. Objectives were to increase 
nuinbers and enhance the genetic diversity and 
fitness within the focal population. Behveen 
1992 and 1996,271 greater prairie chickens (144 
females and 127 males) were hansplanted from 
large populations in Minnesota, Kansas, and Ne- 
braska. Radiotelemehy data and observations of 
banded birds on leks indicated that, after each 
release, 25% to 67% of the transplanted prairie 
chickens survived and integsated per year into 
the breeding population (20). Although four ra- 
dio telemet~y-tagged hens from Minnesota nest- 
ed in 1993. recmihnent of young was not verified 
until 1994, when the mixed population of Illi- 
nois. Minnesota. and Kansas birds bred. Froill 
the low COLUI~ of five or six Illinois ~nales (plus 
two Minnesota males) in 1994 on one unstable 
lek, the spring count in 1996 had increased to 70 
males of mixed origin on six leks (Fig. 2). 

Eggs in 14 successful nests located in 1993, 
1994. and 1997 revealed significant increases 
from the previous decade (1982-1991) in mean 
rates of fertility (91% to 99%; Mam-Whimey 
tests, Z = 2.32, P < 0.05) and hatching (76% to 
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94%; Z = 2.80, P <0.01) (Fig. 2). Identities 
were known for eight of the hens associated 
with these 14 nests because they were radio 
telemetry-tagged transplanted birds (Table 1). 
During 1993 and 1994, three hatches involved 
two Minnesota hens, five hatches involved 
Kansas hens, and three hatches were by hens of 
unknown origin; males could have been of 
Illinois (one definite in 1993), Minnesota, or 
Kansas origin (20). In spring 1994, five Illinois 
males and two Minnesota males were in situ 
territory holders and may have predominated in 
matings with Minnesota hens and newly intro­
duced hens from Kansas. We lack nest data for 
1995 and 1996; the three successful clutches 
found in 1997 were likely derived from birds of 
mixed origin. Unfortunately, we knew of no 
successful clutches from Illinois X Illinois 
crosses that might have served as controls dur­
ing the 1993, 1994, and 1997 breeding seasons. 

We know of no major environmental or cli­
matic changes from previous years on the focal 
population's breeding grounds that could ac­
count for increased egg viability in 1993, 1994, 
and 1997. In Illinois, May is a critical month for 
incubation of most prairie chicken clutches and 
for hatching of the earliest clutches. Excessive 
rainfall and flooding, or too little rain, have been 
correlated with decreased reproductive success 
of prairie chickens (12). In 1963-1991, egg suc­
cess correlated inversely with precipitation in 
May (r = -0.36; n = 29; P < 0.05). In May 
1993, 1994, and 1997, respective rainfall 
amounts were 85%, 49%, and 91% of normal 
(32), and rates of egg success for those years 
were the highest in 25 years. Rainfall amounts 
were similarly favorable during much of the 
1970s and 1980s when egg success was declin­
ing. Other factors (33) that might have sup­
pressed egg fertility and success were still 
present on the breeding grounds when egg via­
bility was restored. Therefore, egg success likely 
increased after the transplant because of factors 

intrinsic to the breeding birds. 
Greater prairie chickens in Illinois illustrate 

the challenge of conserving small populations. 
From 1962 to the present, intensive manage­
ment was carried out with the goal of increasing 
population size. Marked increases occurred 
from 1968 to 1972. The quality and quantity of 
managed habitat were enhanced and both nest 
parasites and predators were controlled (22). 
Yet, despite these efforts and successes, overall 
population size and fitness decreased. A key 
demographic event in the 1970s may have 
doomed the viability of the focal population. 
Before that time, the population was surround­
ed by other, albeit smaller, populations within 8 
km; during the 1960s gene flow among those 
populations was likely (Fig. 1). The satellite 
populations subsequently disappeared and, by 
1980, nearly all breeding by greater prairie 
chickens in the region was on or within 0.8 km 
of managed grasslands. Once isolated, the focal 
population lost viability and a conservation 
strategy designed to enhance genetic variation 
became necessary. 

The demographic performance of the focal 
population is also a unique example of the gen­
eral scenario predicted by "extinction vortex" 
models (34). These models predict that demo­
graphic and genetic effects reinforce each other 
in small populations to increase the probability of 
local extinction. We believe that the near-com­
plete loss of suitable grasslands and satellite pop­
ulations in the region drove the greater prairie 
chicken toward this scenario. Small population 
size and isolation then led to low genetic diver­
sity and decreased fitness. The declining num­
bers and fitness were not unlike those of the now 
extinct heath hen (34). Attwater's prairie chicken 
also showed a similar decline in numbers, with 
egg success of 93% in 1937 but as low as 50% by 
1985 (13), and two of the three remaining pop­
ulations showed reduced genetic variability (35). 
Without intervention, our focal population likely 

would not have recovered genetic variation suf­
ficient to offset adverse effects on vital demo­
graphic traits. We predict that periodic transloca­
tions will be necessary to maintain the focal 
population unless significantly more habitat be­
comes available. Isolated relict populations, such 
as greater prairie chickens in Illinois, cannot be 
conserved indefinitely with inadequate habitat 
and small size. 

References and Notes 
1. R. Lande, Science 241, 1455 (1988). 
2. T. M. Cam and M. K. Laurenson, ibid. 263, 485 (1994). 
3. G. CaughleyJ. Anim. Ecol. 63, 215 (1994). 
4. R. Lande, Consent. Biol. 9, 782 (1995). 
5. L F. Keller, P. Arcese, J. N. M. Smith, W. . M. 

Hochachka, S. C. Stearns, Nature 372, 356 (1994); R. 
Frankham and K. Ralls, ibid. 392, 441 (1998); I. Sac-
cheri et ai, ibid., p. 491. 

6. P. W. Hedrick, R. C. Lacy, F. W. Allendorf, M. E. Soule, 
Conserv. Biol. 10, 1312 (1996). 

7. R. L Westemeier, J. E. Buhnerkempe, J. D. Brawn, 
Wilson Bull. 110, 190 (1998). 

8. P. A. Johnsgard, The Grouse of the World (Univ. of 
Nebraska Press, Lincoln, NE, 1983), pp. 316-340. 

9. F. and F. Hamerstrom, Technical Bulletin No. 64 (De­
partment of Natural Resources, Madison, Wl, 1973). 

10. M. A. Wisdom and L S. Mi l l s , / Wildl. Manage. 61, 
302 (1997). 

11. A. O. Gross, Mass. Audubon Soc. Bull. 15, 12 (1932). 
12. M. E. Morrow, R. S. Adamcik, J. D. Friday, L B. McK-

inney, Wildl. Soc. Bull. 24, 593 (1996). 
13. M. J. Peterson and N. J. Silvy, Conserv. Biol. 10, 1264 

(1996). 
14. J. White, Illinois Natural Areas Inventory Technical 

Report. Vol. 1: Survey Methods and Results (Illinois 
Natural Areas Inventory, Urbana, IL, 1978). 

15. Illinois State Historical Society, Fourth Annual Illinois 
History Symposium, Springfield, IL, 2-3 December 
1983 (Illinois State Historical Society, Springfield, IL, 
1985). 

16. G. C. Sanderson and W. R. Edwards, Trans. III. State 
Acad. Sci. 59, 326 (1966). 

17. The Prairie Chicken in Minnesota, University of Min­
nesota, Crookston, MN, 28 April 1973 (University of 
Minnesota, Crookston, MN, 1973). 

18. R. L Westemeier, S. A. Simpson, D. A. Cooper, Wilson 
Bull. 103, 717 (1991). 

19. Our field study focused on Jasper County, near New­
ton, Illinois, where grasslands were restored on scat­
tered sanctuaries developed by The Prairie Chicken 
Foundation of Illinois, The Nature Conservancy, and 
the Illinois Department of Natural Resources. Studies 
of lesser scope were conducted near Kinmundy in 
Marion County and annual spring surveys of prairie 
chickens were conducted in up to 23 areas of south-
central Illinois. We used standard methods (9) to 
census prairie chickens during 1963-1997. 

20. R. L Westemeier and R. W. Jansen, Illinois Natural 
History Survey Reports No. 332 (Champaign, IL, 
1995). 

21. Hens observed on leks are not used for annual esti­
mates of abundance because they represent a lesser 
and more variable proportion of their actual numbers 
than is typical for males (9). 

22. R. L Westemeier, Illinois Natural History Survey Re­
ports No. 343 (Champaign, IL, 1997). 

23. A. J. van Noordwijk and W. Scharloo, Evolution 35, 
674 (1981); F. W. Allendorf and R. F. Leary, in Con­
servation Biology, The Science of Scarcity and Diver­
sity, M. E. Soule, Ed. (Sinauer Associates, Sunderland, 
MA, 1986). 

24. From 1963 to 1991 this study involved the systematic 
efforts of 29 teams of 2 to 15 researchers and field 
assistants who searched on foot a cumulative total of 
nearly 4050 ha for nests of grassland birds; prairie chick­
ens were the key species. Of 1125 prairie chicken nests 
examined, 1003 were from the focal population in Jasper 
County. A smaller sample of 99 nests was found in and 
near a study area in Marion County, 64 km of the primary 
study area. In 1993, 1994, and 1997, 23 additional nests 

Table 1. Clutch size, egg fertility, and egg success for nests involving resident prairie chickens and 
nonresidents translocated to Jasper County, Illinois, by year, state of origin, and known or possible 
parentage combinations in 1993, 1994, and 1997. N = number of nests. 

Year 

1993* 
1994* 

1994* 

1994f 

1997| 

All 

State of origin 

Hens 

MN 
MN 

KS 

IL, MN, 
or KS 

IL, MN, 
KS, or 
NE 

Cocks 

IL 
IL, MN, 

orKS 
IL, MN, 

orKS 
IL, MN, 

orKS 
IL, MN, 

KS, or 
NE 

Clutch size 

N 

3 
2 

5 

3 

3 

16 

Mean 

17.0 
14.5 

13.0 

12.7 

14.3 

14.1 

SE 

0.6 
0.5 

1.0 

1.0 

0.7 

0.5 

Egg fertility 

Total 

N 

2 
2 

5 

2 

2 

13 

Eggs 

33 
29 

64 

24 

28 

179 

Mean 

% 
97.0 

100.0 

98.5 

100.0 

100.0 

98.9 

SE 

3.1 
0.0 

1.7 

0.0 

0.0 

0.8 

Egg 

Total 

N 

1 
2 

5 

3 

3 

14 

Eggs 

17 
29 

65 

38 

43 

192 

success 

Mean 

% 
100.0 
100.0 

87.7 

97.4 

93.3 

93.8 

SE 

0.0 
0.0 

5.5 

2.4 

6.7 

3.0 

*Origin of hens verified by radio telemetry tagging, with individual frequencies. f Nests found indicidentally; origin 
of hens and cocks unknown. 
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were found in jasper County, 17 of which involved radio 
telemetry-tagged hens from Minnesota and Kansas. To 
determine clutch size, fertility, and egg success, we used 
only nests with eggs or egg shells in good condition at the 
time of discovery and not those known to  be partially or 
fully depredated. Searches were timed so that about 90% 
of nests were hatched, depredated, or abandoned upon 
discovery; about 10% were still active when found. Al- 
though researcher disturbance of 47 active nests was 
suspect in biasing egg success rates, a separate study of 
this possibility was inconclusive (7). Hence, we tested 
rates of egg success with and without the disturbed 
clutches. When only undisturbed nests were used the test 
statistic was still highly significant (b = 2.95; P = 
0.0016). Fertility and egg success were calculated by 
dividing the number of fertile (germinal discs or embryos 
evident but eggs not always hatched or fully incubated) or 
hatched eggs by the total number of eggs in unparasitized, 
fully incubated clutches. We excluded 38 successful nests 
parasitized by ring-necked pheasants (Phasianus colchi- 
cus) in calculating egg success to  avoid bias of low success 
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The NPH7 gene of Arabidopsis thaliana encodes a 120-kilodalton serine-threo- 
nine protein kinase hypothesized t o  function as a photoreceptor for photo- 
tropism. When expressed in insect cells, the NPHl protein is phosphorylated 
in response t o  blue light irradiation. The biochemical and photochemical prop- 
erties of the photosensitive protein reflect those of the native protein in  
microsomal membranes. Recombinant NPHl noncovalently binds flavin mono- 
nucleotide, a likely chromophore for light-dependent autophosphorylation. The 
fluorescence excitation spectrum of the recombinant protein is similar t o  the 
action spectrum for phototropism, consistent with the conclusion that NPHl 
is an autophosphorylating flavoprotein photoreceptor mediating phototropic 
responses in higher plants. 

Plants rely heavily on the sui~ounding light acterizing the phytochroine family of photo- 
environment to regulate normal growth and receptors that monitor the red and far-red 
development Over the past two decades, regions of the electroinagnetic spectrum (I)  
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made that increase our understanding of ul- 
traviolet-A (UV-A)-blue light perception in 
plants (2). 

Cryptochromes are UV-A-blue light pho- 
toreceptors with homology to microbial DNA 
photolyases (2). Like photolyases, the cryp- ., 

erozygosity, as is expected following population bottle- B iotechnology Research Inc., 3 0 5 4  Cornwall is Road, tochromes contain dual light-harvesting chro- 
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