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

17. Description: Fertile axes vary in size (Fig. 2A). Main
axis is 85 mm long from leaf axis and 3 mm wide
basally, tapering to 1 mm wide distally. The lateral
fertile axis originates from a leaf axil, 86 mm long
and 1 mm wide basally, tapering to 0.3 mm wide
distally. Fruits are attached by pedicels that are 0.75
to 1.5 mm long by 0.25 to 0.6 mm wide. Fruits are
larger basally, 7 to 9 mm long by 2 to 3 mm wide,
each containing three (two to four) seeds. Finger-like
prominences extend about 1 mm from apex of fruits
(Fig. 2B). The fruits are positioned at acute angles to
the axis. The main axis has 18 fruits and 11 peg-like
bases of pedicels (that bore deciduous reproductive
organs) about 0.5 mm long. The lateral axis has 30
fruits and four peg-like remnants of the pedicels that
bore deciduous reproductive organs, and smaller
fruits, 5 to 6 mm long by 1.5 to 2 mm wide. The fruits
are crowded at the axis apex where fruit size decreas-
es. Fruits near the apex are 3 mm long by 2 mm wide,
each with two seeds. One other fruiting axis (SZ0917,
not figured) contains 17 fruits crowded into 35 mm
of the fragmentary axis. Seeds fill fruits and have an
oblique orientation. They appear to be attached to
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 to 45
mm by 12 to 20 mm. Anticlinal cell walls are sinuous
and cutinized, about 2.5 to 3.5 mm thick (Fig. 2C).
Periclinal cell walls are somewhat unevenly cutinized.

18. P. K. Endress, Plant Syst. Evol. 152, 1 (1986).
19. E. M Friis and W. L. Crepet, in The Origins of Angio-

sperms and Their Biological Consequences, E. M. Friis,
W. G. Chaloner, P. R. Crane, Eds. (Cambridge Univ.
Press, Cambridge, 1987), pp. 145–179.

20. P. R. Crane, Int. J. Plant Sci. 157 (suppl.), S50 (1996).
21. S. Y. Duan, Sci. China Ser. D 41, 14 (1998).
22. Z. Y. Cao, S. Q. Wu, P. A. Zhang, J. R. Li, Chin. Sci. Bull.

43, 230 (1998).
23. V. A. Krassilov, Palaeontogr. Abt. B 181, 1 (1982).
24. iiii, Angiosperm Origins: Morphological and Eco-

logical Aspects (PENSOFT, Sofia, Bulgaria, 1997).
25. A. Cronguist, An Integrated System of Classification of

Flowering Plants (Columbia Univ. Press, New York,
1981).

26. L. J. Hickey and D. W. Taylor, in Flowering Plant
Origin, Evolution and Phylogeny, D. W. Taylor and L. J.
Hickey, Eds. (Chapman & Hall, New York, 1996), pp.
176–231.

27. P. K. Endress, Diversity and Evolutionary Biology of
Tropical Flowers (Cambridge Univ. Press, Cambridge,
1994).

28. D. W. Taylor and G. Kirchner, in (26), pp. 116–140.
29. D. W. Taylor and L. J. Hickey, Plant Syst. Evol. 180,

137 (1992).
30. D. L. Dilcher, in Monogr. Syst. Bot. Mo. Bot. Gard. 53,

187 (1995).
31. iiii, La importanica del origen de las angiosper-

mas y como formaron el mundo alrededor de ellas, VI
Congreso Latinoamericano de Botanica, Mar Del
Plata, Argentina (Royal Botanic Gardens, Kew, UK,
1996), pp. 29–48.

32. P. R. Crane, Ann. Mo. Bot. Gard. 72, 716 (1985).
33. J. A. Doyle and M. Donoghue, Bot. Rev. 52, 1 (1986).
34. T. N. Taylor and E. L. Taylor, The Biology and Evolu-

tion of Fossil Plants (Prentice-Hall, Englewood Cliffs,
NJ, 1993).

35. E. M Friis and P. K. Endress, Prog. Bot. 57, 253 (1996).
36. E. M. Friis, P. R. Crane, K. R. Pedersen, in Evolution and

Diversification of Land Plants, K. Iwatsuki and P. H.
Raven, Eds. (Springer-Verlag, Tokyo, 1997), pp. 121–
156.

37. W. L. Crepet, K. C. Nixon, E. M. Friis, J. V. Freuden-
stein, Proc. Natl. Acad. Sci. U.S.A. 89, 8986 (1992).

38. K. C. Nixon and W. L. Crepet, Am. J. Bot. 80, 616
(1993).

39. P. S. Herendeen, W. L. Crepet, K. C. Nixon, Plant Syst.
Evol. 189, 29 (1994).

40. J. A. Keller, P. S. Herendeen, P. R. Crane, Am. J. Bot. 83,
528 (1996).

41. M. A. Gandolfo, K. C. Nixon, W. L. Crepet, ibid. 85,
964 (1998).

42. A. Takhtajan, in Biogeographical Evolution of the
Malay Archipelago, T. C. Whitmore, Ed. (Oxford Univ.
Press, New York, 1987), pp. 26–31.

43. D. I. Axelrod, Science 130, 203 (1959).
44. D. Burger, Rev. Palaeobot. Palynol. 65, 153 (1990).
45. J. A. Doyle, in Proceedings of the 27th International

Geological Congress, Palaeontology 2, USSR Acade-
my of Sciences, Moscow, August 4 –14 (VNU Science
Press, Utrecht, Netherlands, 1984), pp. 23–33.

46. G. Sun, S. X. Guo, S. L. Zheng, T. Y. Piao, X. K. Sun, Sci.
China Ser. B 36, 253 (1993).

47. G. Sun and D. L. Dilcher, Palaeobotanist 45, 393
(1996).

48. V. A. Vakhrameev, Jurassic and Cretaceous Floras and

Climates of the Earth (Cambridge Univ. Press, Cam-
bridge, 1991).

49. Supported by the National Natural Science Founda-
tion of China (projects 39370055 and 39770059), the
Academy of Sciences, China (project KZ952-S1-426),
and the Becker/Dilcher Endowment for Paleobotany
of the University of Florida Foundation. We thank Z.
P. Zhang for his help in fossil collecting, and S. W.
Mei, Y. Q. Mao, Z. Y. Song, S. W. Zhao, J. Y. Chen, C.
Jaramillo, and T. Lott for their assistance with the
preparation of the fossil material and this manu-
script.

6 August 1998; accepted 22 September 1998

Tracking the Long-Term Decline
and Recovery of an Isolated

Population
Ronald L. Westemeier,* Jeffrey D. Brawn,† Scott A. Simpson,

Terry L. Esker, Roger W. Jansen, Jeffery W. Walk,
Eric L. Kershner, Juan L. Bouzat, Ken N. Paige

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.

The conservation implications of small pop-
ulation size are controversial (1–4). A signif-
icant loss in genetic variation may decrease
fitness or limit the long-term capacity of a
population to respond to environmental chal-
lenges (5). Alternatively, chance environ-
mental and demographic events may pose a
more immediate threat to small populations
(1, 2). Conservation strategies can be differ-
ent depending on the relative importance of
these factors (1, 3, 6 ), but fundamental ques-
tions persist because there are few data on
long-term changes in the demography and
genetics of wild populations.

Here we report the results of a long-term
study on a remnant population of greater prairie
chickens (Tympanuchus cupido pinnatus) in
southeastern Illinois (7). Over the 35-year peri-

od of this study, we documented concurrent
declines in population size and fitness as well as
an overall reduction in genetic diversity. In
addition, we report on a conservation strategy
initiated in 1992, whereby translocations of in-
dividuals from large, genetically diverse popu-
lations increased fitness.

Greater prairie chickens are grassland-depen-
dent birds still found in areas of suitable habitat
ranging from northwestern Minnesota south to
northeastern Oklahoma, and from southeastern
Illinois west to northeastern Colorado (8). Leks
(or booming grounds) are used as arenas for
territorial display and breeding by two or more
males (9). Loss of habitat suitable for successful
nesting and brood rearing is the single most
important factor leading to declines, isolation,
and extirpations throughout the species’ range in
the midwestern United States (10). The eastern
subspecies Tympanuchus cupido cupido, also
known as the heath hen, has been extinct since
1931 (11) and Attwater’s prairie chicken Tympa-
nuchus cupido attwateri, which 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 931 ha (,0.01%) of the
original 8.5 3 106 ha of high-grade prairie
remain (14). There were possibly several mil-
lion prairie chickens statewide in the mid-19th
century (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 southern
Illinois(16). Although early efforts (1963–1973)
to preserve prairie chickens in Illinois showed
marked success on restored grassland habitat
(17), by 1994 an estimated 46 birds remained
on about 33 km2 in two small populations
(18–20). These remnant populations were geo-
graphically isolated from larger, more contigu-
ous populations about 640 km to the west (8).
Estimated size of the focal population in Jasper
County, Illinois, fluctuated from 84 males 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 males remained
on one unstable lek (Fig. 2). The drop to near
extirpation occurred despite an increase in local
availability of managed grassland habitat be-

tween 1963 and 1994 (22).
Fertility (fertile incubated eggs per total

eggs) and success (hatched eggs per total eggs
in fully incubated clutches) rates of eggs are
key fitness traits in birds (23). These traits also
fluctuated over time but decreased significantly
in the focal population between 1963 and 1991
(Fig. 2) (24). The overall fertility rate (based on
3357 eggs) for 278 clutches was 93% and was
sustained at .90% through 1980. Fertility rates
declined in the subsequent 12 years with a low
of 74% in 1990. In the 1960s, rates of egg
success ranged from 91% to 100%, but by 1981
and in all but three of the next 10 breeding
seasons, success rates lower than 80% were
observed. The decreasing trend was significant
even without the extremely low egg success of
38% observed in 1990 (f 5 3.35; P , 0.001)
(Fig. 2). About 50% of the nests observed

before 1981 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 may decrease
recruitment rates of prairie chickens (13).

Rates of egg success observed 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 estimated 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% (n 5 216 successful clutches) with a
range among 18 studies of 80% to100% (25,
27, 28). Clearly, egg success experienced by
the isolated Illinois population after 1980 was
unusually low for the species (29).

Estimated genetic variation within Illinois’
focal population was markedly lower than that
within samples from larger populations in Kan-
sas, Nebraska, and Minnesota (30). When sam-
pled (1992–1994), all three of these populations
numbered in the thousands, but Illinois’ focal
population probably did not exceed 250 birds
when sampled during 1974–1993. The Illinois
population had the lowest estimated mean het-
erozygosity and about two-thirds the allelic di-
versity observed 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 known to be
present before the 1970s (30).

The poor reproductive performance and in-
evitable extirpation of the Illinois population led
local managers to initiate a translocation program
in August 1992. Objectives were to increase
numbers and enhance the genetic diversity and
fitness within the focal population. Between
1992 and 1996, 271 greater prairie chickens (144
females and 127 males) were transplanted from
large populations in Minnesota, Kansas, and Ne-
braska. Radiotelemetry data and observations of
banded birds on leks indicated that, after each
release, 25% to 67% of the transplanted prairie
chickens survived and integrated per year into
the breeding population (20). Although four ra-
dio telemetry–tagged hens from Minnesota nest-
ed in 1993, recruitment of young was not verified
until 1994, when the mixed population of Illi-
nois, Minnesota, and Kansas birds bred. From
the low count of five or six Illinois males (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%; Mann-Whitney
tests, Z 5 2.32, P , 0.05) and hatching (76% to

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.]

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, f 5 4.28 (P , 0.001); male counts, f 5 1.88 (P 5 0.0301). Bars
indicate 61 SE and adjacent numbers indicate numbers of nests. For egg fertility rates (not shown), f
5 2.18 (P 5 0.0146).
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94%; Z 5 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 3 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 5 20.36; n 5 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.
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Arabidopsis NPH1: A
Flavoprotein with the

Properties of a Photoreceptor
for Phototropism

John M. Christie, Philippe Reymond, Gary K. Powell,
Paul Bernasconi, Andrei A. Raibekas, Emmanuel Liscum,

Winslow R. Briggs*

The NPH1 gene of Arabidopsis thaliana encodes a 120-kilodalton serine-threo-
nine protein kinase hypothesized to function as a photoreceptor for photo-
tropism. When expressed in insect cells, the NPH1 protein is phosphorylated
in response to blue light irradiation. The biochemical and photochemical prop-
erties of the photosensitive protein reflect those of the native protein in
microsomal membranes. Recombinant NPH1 noncovalently binds flavin mono-
nucleotide, a likely chromophore for light-dependent autophosphorylation. The
fluorescence excitation spectrum of the recombinant protein is similar to the
action spectrum for phototropism, consistent with the conclusion that NPH1
is an autophosphorylating flavoprotein photoreceptor mediating phototropic
responses in higher plants.

Plants rely heavily on the surrounding light
environment to regulate normal growth and
development. Over the past two decades,
considerable progress has been made in char-

acterizing the phytochrome family of photo-
receptors that monitor the red and far-red
regions of the electromagnetic spectrum (1).
However, only recently have advances been
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-
tochromes contain dual light-harvesting chro-
mophores—flavin adenine dinucleotide (FAD)
and either a deazaflavin (3) or a pterin (4)—
but exhibit no DNA repair activity (4, 5). The
two cryptochrome genes of Arabidopsis,
CRY1 and CRY2, encode homologous pro-
teins (3, 6 ) that appear to overlap in function
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