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and the angle of minimum deviation is 
27.46" if the refractive index of ice is 
taken as 1.307. Octahedral crystals 
would therefore cause only one halo, due 
to refraction through the octahedral 
faces o,03, o,o,, o,o,, . . . , as labeled 
in Fig. 1, and it would be at the angle 
reported for Scheiner's halo. Scheiner's 
halo could therefore be caused by octa- 
1:edral crystals of cubic ice. 

Truncated octahedral crystals, as illus- 
!rated in Fig. I ,  could form another halo 
due to refraction through one cubic and 
one octahedral face, such as a,o,. The 
prism angle is 54.736", and it would pro- 
duce a halo at 19.12". This is very close 
to Hurney's halo at 19.0' (17), which is 
usually attributed to refraction through 
the faces (01.1) and (01.1) (pg,), which 
should give a halo at 19.7" if the axial ra- 
tio c/u is 1.624 (20). The halo at 27.46" is 
therefore the only halo that is firmly 
characteristic of ice Ic crystals having 
low-index faces. 

If a droplet of water in the upper atmo- 
sphere nucleates to form ice Ic, it will 
heat to the melting point in times of the 
magnitude of some microseconds (12) 
and will cool in times of the magnitude of 
some milliseconds. There is evidence 
from two sources that, in spite of this, 
single crystals of ice Ic will survive long 
enough for a halo to be observed. The 
first is an experiment in which a bulk 
sample of ice Ic was heated (10) to suc- 
cessive temperatures, each 10 K higher 
than the preceding. It was kept at each 
temperature for 4 minutes, cooled to 90 
K, and x-ray powder photographs taken. 
After 208 K no Ih was present, after 218 
K it was noticeable, and after 228 K the 
ice Ic had completely transformed to Ih. 
In this bulk sample, each particle that 
transformed could help nucleate its 
neighbors. If small octahedral crystals 
are produced in the atmosphere, they 
probably have a much longer life than 
this sample, partly because they are iso- 
lated from one another and partly be- 
cause they may be only about 10 pm 
across, and so nucleate slowly. 

The second is an experiment in which 
Oguro and Higashi found stacking faults 
by x-ray topography in ammonia-doped 
(21, 22) and pure (23) ice. Each fault is a 
thin layer of ice Ic sandwiched between 
ice Ih; it may be several millimeters 
across, and so similar in volume to a 10- 
pm octahedron. The faults survive fqr 
hours or days near O0C, which suggests 
that a small crystal of ice Ic may survive 
heating to O°C for 1 msec or so. 

It therefore appears that Scheiner's 
halo is probably caused by ice Ic. If this 
is true, it shows that (i) liquid water can 
freeze to ice Ic at - 230 K and (ii) ice Ic 

sometimes occurs in the upper atmo-
sphere. These points suggest that when 
emulsions of water are frozen at - 183 K 
at a pressure of 2 kbar (24) they probably 
form some ice Ic and that ice Ic may 
have some meteorological significance. 
It may be possible to investigate its me- 
teorological effects by inducing it arti- 
ficially because, inasmuch as hexagonal 
silver iodide nucleates ice Ih, cubic sil- 
ver iodide may nucleate ice Ic. If this is 
so, controllable amounts may be gener- 
ated in the upper atmosphere. 
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Natural Disturbance and the Steady State 

in High-Altitude Balsarn Fir Forests 

Abstract. Wind-indured, cyclic vvcrvcJ.y ofdc~uth,  rc~gc~nc~rution,und tnatnration con- 
stantly moveJ through the. high-altitude bal.sum,fir,fore.st.s in the northea.stc~rn United 
Stutes. Riornuss and produrtivity rc~lation.~, divc~r~ity ,~ p c ~ c i e . ~  and nutric~nt cycling 
pattcJrns ure clo.~c~ly tipd to this c,yclc~ c?f'di.sturbance. Disturbancc~ is thus an intc~gral 
purt o f t h e  long-tertn tnaintc~nance c?ftlri.s ecosystetn. Since,firrest.~ o f  this type nor- 
~nullyinrdude all plruse.~ of thc di.sturbanc.e-regcnevation cycle, they may constitute u 
steucly-state ec,o.yy.ytem in eyuilibrium with the surrounding environment. 

It has been an underlying assumption 
of much of plant ecology that, in the ab- 
sence of disturbance, ecosystems even- 
tually reach a "climax" condition in 
which the structure and species compo- 
sition of the vegetation do not change ap- 
preciably over time (I). This assumption 
is belied by the fact that moderate- to 
large-scale disturbances are omnipresent 
in many natural ecosystems (2, 3). Fires, 
floods, windstorms, and insect outbreaks 
exert powerful influences that cannot be 
ignored in ecosystem studies (4). Distur-
bance and the responses to it must be 
viewed as normal aspects of the long- 
term maintenance of ecosystems. 

Disturbance is common in the "wave- 
regenerated" balsam fir (Abies balsam- 
ec1) forest of the northeastern United 
States (5, 6). The canopy of the balsam 
fir forest is broken by numerous cres- 
cent-shaped strips of dead trees (Fig. 1). 
These trees may apgear to have been 
flattened by strong gusts. However, 
closer examination shows that each area 

is actually a band of standing dead trees, 
with mature forest on one side and 
young, vigorously regenerating forest on 
the other (Fig. 2). 

This pattern occurs at h~gh elevations 
in the Adirondack Mountains of New 
York, the White Mountains of New 
Hampshire, and the Mount Katahdin re- 
gion of Maine (5 ,  6). Similar patterns are 
found in Ahic~r vc~i t~hi i  and A. rnariesii 
forests in the mountains of Japan-in 
particular on Mount Shimagare ("moun- 
tain with dead tree strips") (7, 8). 

Each band is actually a "wave" mov-
ing slowly through the forest, with trees 
dying at the wave's leading edge and 
being replaced by seedlings (5,6,9). These 
waves move in the general direction 
of the prevailing wind (Fig. 2) at speeds 
of 0.75 to 3.3 m per year ( 5 ,  6, 8-11). 
Speeds are apparently related to the de- 
gree of exposure to the prevailing wind, 
with the highest wave speeds occurring 
on or near ridgetops. Trees directly ex- 
posed to the prevailing wind are sub-
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jected to considerably higher wind veloc- 
ities than trees farther back (12); presum- 
ably this is the cause, at leastindirectly, 
of increased tree death at the wave's 
leading edge. Increased rime deposition 
and branch breakage in winter, winter 
desiccation, and summer cooling may all 
be involved (5, 6, 13). 

Waves predictably follow each other 
at intervals of about 60 years. One pos- 
sible reason for the predictable recur- 
rence of the waves is that balsam fir, the 
dominant layer in the ecosystems in- 
volved, has a life-span of 60 to 80 years 
(14). Thus, about 60 years after the pas- 
sage of a wave, all the trees in the area 
are simultaneously becoming senescent 
and are unusually susceptible to biotic or 
abiotic stress. In such a stand any local- 
ized disturbance could expand windward 
under the influence of the prevailing 
wind and develop into a wave. Since 
nearly all of the balsam fir stands in these 
areas developed after the passage of pre- 
vious waves, new waves could follow 60 
years behind the old ones and would be 
constantly moving into susceptible for- 
ests. 

The steady movement of a wave 
through the forest results in a develop- 
mental gradient (Fig. 2). Mature forest 
precedes the wave, followed by a zone of 
dead trees with seedlings underneath, an 
area of very dense saplings, and a pro- 
gressively older stand leading back to 
mature forest. This gradient is well suit- 
ed to the study of processes related to 
ecosystem development (Table 1). We 
focused on changes in nutrient cycling 
patterns, emphasizing nitrogen, which is 
strongly influenced by vegetational fac- 
tors (4). 

When a wave moves through an old 
stand and the overstory dies, more light 
and heat penetrate to the forest floor. 
The rate of decomposition may increase, 
and nutrients formerly taken up by the 
trees accumulate in the soil or are re- 
moved by leaching. Thus the concentra- 
tions of soil nitrate are relatively high, as 
are the concentrations of nitrogen and 
potassium in new fir leaves (Table 1). 
The disappearance of the older fir cano- 
py is accompanied by a flush of herba- 
ceous growth, particularly by intolerant 
species such as Solidago macrophyllum 
and Rubus idaeus. Species richness and 
equitability are greatest during this phase 
of degeneration and regeneration (Table 
1). Fir seedlings also grow rapidly, but 
this leads to intense competition and rap- 
id thinning. Their density is typically re- 
duced 90 percent in the first few years 
after a wave passes through. 

Five to 10 years after the old over- 
story disappears, the fir seedlings have 
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Fig. 1. Regeneration waves near Mount Katahdin, Maine. 

formed a dense stand that shades out the 
herb layer of the regeneration zone. The 
fir stand is highly productive at this point 
(- 800 dm2-year) and accumulates living 
biomass and nitrogen at a high net rate 
(Table 1). A few fir seedlings and scat- 
tered individuals of tolerant herb species 
survive beneath the dense canopy; how- 
ever, species richness and equitability 
are both extremely low during this 
phase, and balsam fir accounts for up to 
99.9 percent of the aboveground net pri- 
mary productivity. 

After about 35 years the canopy begins 
to open. Net productivity gradually de- 
clines, dropping to about 650 dm2-year 
in the 50- to 60-year-old forest. Most of 
this production is directed toward re- 
placing lost tissues, such as leaves and 
old branches, and the net accumulation 
of nitrogen in the living biomass is rela- 
tively low (Table 1). Herb productivity 
under the mature fir canopy averages - 18 dm2-year. Most of this growth is by 
tolerant species such as ~xalismontana , 
but individuals of less tolerant species 
may be found in the more open patches. 

Fir seedlings (mostly > 15 cm tall) are 
present in large numbers. They may sur- 
vive for years under moderate shade and 
then grow rapidly when the canopy dis- 
integrates. 

These phases repeat with a period of 
about 60 years; thus the ecosystem at 
any fixed point is in a constant state of 
change as it undergoes the cycle of dis- 
turbance and regeneration. However, a 
wave-regenerated forest normally con- 
tains all states of development, and since 
the number and speed of the waves are 
relatively constant from year to year, the 
proportion of the total area in each stage 
tends to remain constant. This implies 
that ecosystem parameters such as net 
primary productivity, decomposition, 
biomass accumulation, and nutrient loss, 
which vary during the regeneration 
cycle, are also constant if averaged over 
a sufficiently large area (except for year- 
to-year variations due to weather). The 
ecosystem as a whole is thus in what 
might be termed a steady-state condi- 
tion, even though particular areas appear 
to be constantly changing (5). 

Fig. 2. Diagrammatic cross 
section through a regeneration - 
wave. This pattern is associ- - Wind 
ated with the bands of dead 
trees visible in Fig. 1.  
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The fact that this ecosystem appears the spruce-hardwood ecosystem ma- generation the high-elevation fir forest 
to be in a steady state may lead one to ask tures, the rate of decomposition, the loses biomass and nutrients, while in lat- 
whether it is also in equilibrium with its concentration of substances dissolved in er  stages it accumulates them, but over 
surroundings in terms of nutrients and the soil solution, and the rate of nutrient the complete cycle (or over a large area), 
total biomass (living biomass + dead bio- loss in drainage water all decline. There the gains and losses balance out (4). 
mass + soil organic matter). That is, is a net accumulation of biomass (both Woodmansee (18) suggested that there 
over a long period of time (several cy- living and dead) and of nutrients. The may be a similar cyclic balancing of nu- 
cles), do inputs equal outputs or is the cycle is repeated again after another trient gains and losses in semiarid grass- 
system slowly accumulating or losing nu- clear-cutting. land ecosystems. 
trients? Little is known about long-term High-altitude fir forests and other The concept of steady state described 
biomass trends or nutrient fluxes in high- American and Scandinavian boreal for- here differs from the classic climax con- 
altitude fir forests, but their behavior ests (4, 17) apparently share several as- cept in that it fully incorporates large- or 
during the disturbance cycle may be pects of the spruce-hardwood cycle. Soil small-scale disturbance, which is seen as 
analogous to that of the spruce-hard- nitrate and the concentration of nitrogen an integral part of the system rather than 
wood ecosystems at lower elevations in and potassium in leaf tissues are maxi- as an occasional aberration. The wave- 
the same mountains. For several years mal in the recently disturbed zone, sug- regenerated forest is an unusually order- 
after clear-cutting, developing spruce- gesting increased availability of these nu- ly one in which disturbance is omnipres- 
hardwood ecosystems undergo acceler- trients in the soil and perhaps increased ent and highly predictable; however, we 
ated decomposition, increased nitrifica- losses from leaching. The concentrations believe that the prevailing wind merely 
tion and mineralization, and a net loss of of soil nitrate and leaf tissue nitrogen are increases the spatial predictability and 
nutrients and biomass (net losses of soil lowest in rapidly growing young fir for- organization of a disturbance cycle that 
organic matter outweigh net gains in liv- ests where living biomass and nitrogen would occur in any case in these highly 
ing biomass) (15, 16). However, the accumulation are greatest; the concen- stressed forests. In spruce-fir forests at 
abundance of dissolved nutrients (and trations increase in the mature forest lower elevations, defoliating insects (1 9)  
water) enables rapid growth of new bio- when the canopy begins to break up and may serve the same destructive function 
mass and the reestablishment of biotic the accumulation rates of nitrogen and as the wind does at higher elevations, ex- 
control over the flux of water, nutrients, biomass drop (Table 1). The analogy sug- cept that the ecosystem recycles itself in 
and energy through the ecosystem. As gests that during the early phases of re- patches rather than waves. Similar but 

Table 1. Means and ranges for some ecosystem parameters that vary during wave regeneration in fir forests on Whiteface Mountain. Biomass and 
productivity were estimated by standard dimension analysis techniques (20). The data are based on one to five plots in each phase on each of four 
different transects, giving a total of 30 100-m2 plots (8 dying-regenerating, 11 young-intermediate, 1 I mature). Biomass accumulation rates were 
calculated by fitting a second-order curve to a graph of age plotted against total biomass (to infer the development pattern of an "average" stand) 
and then dividing the total biomass into its component tissues. To determine the nitrogen accumulation of a typical stand, tissue samples from 
nine trees of various ages were analyzed (21). Nitrogen accumulation rates were calculated by multiplying the weight of each tissue in an average 
stand of a given age by the concentration of its nitrogen and determining the differences between stands of different ages. Nitrogen accumulation 
rates given here are thus analogous to biomass accumulation rates in that they represent yearly changes in the total nitrogen content of the stand. 
Herb productivity and species richness were estimated by harvesting ten I-m2 subplots in each of 14 plots (four dying-regenerating, five young- 
intermediate, five mature) located along two different transects. The Shannon-Wiener index of species diversity (22) was also calculated for each 
of these plots. Soil samples were collected in August and September 1972 at  11 points along one transect, and their ammonium and nitrate content 
were determined by standard techniques (21). The nitrate concentrations were similar on both dates, but the ammonium concentrations were 
about 40 percent lower in the samples taken in September. The ammonium values given are for samples collected in August. First-year fir needles 
collected in mid-August 1971 from sunlit branches on ten trees near each of six points along one transect were analyzed for nitrogen and 
potassium by standard techniques (21, 23). Details of the sampling and analytical techniques used are given in (5). Values in the same row 
followed by the same letter superscript are not significantly different at P < .05 (Student's t-test). 

Zone of death 
and regeneration 

Zone of young 
and intermediate firs 
(10 to 35 years old) 

Zone of mature firs 
(35 to 60 years old) 

Negative 

Negative 
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Measured attribute 

Living for biomass (kdm2) 
Aboveground net primary 

productivity for firs (dm2-year) 
Living biomass accumulation 

rate (dm2-year) 
Nitrogen accumulation rate in 

living biomass (g/m2-year) 
Firs per square meter 

Overstory 
Seedlings 

Herb productivity (dm2-year) 
Tolerant species 
Intolerant species 

Total 
Species per square meter 
Shannon-Wiener index 
Soil ammonium (ppm) 
Soil nitrate (ppm) 
Leaf tissue nitrogen (%) 
Leaf tissue potassium (%) 

"Regeneration layer. 
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more random steady-state patterns have 
been proposed for other forest ecosys- 
tems (3,16). Inherent in the steady-state 
hypothesis is the idea that postdistur- 
bance changes such as accelerated de- 
composition, mineralization, and nitrifi- 
cation are normal aspects of ecosystem 
maintenance and may even be compo- 
nents of a homeostatic response leading 
to rapid recovery. 

20. R. H. Whittaker and G. M. Woodwell, in Pro-
ductivity in Forrst Ecosy.strms, P. Duvigneaud, 
Ed. (Unesco, Paris. 19711, p. 159. 

21. S. A. Wilde, S. K. Voigt, J. G. Iyer, Soil and 
Plant Analysis for Trrr Culture (Oxford and 
IBH, New Delhi, 1972), pp. 56-63. 

22. C. J. Krebs, Ecology: Thr Exprrimental Analy- 
sis of I>istrihution and Ahundancr (Harper & 
Row, New York, ed. 2, 1978), pp. 455-456. 

23. G. E. Likens and F. 	H. Bormann, Yale Univ. 
Sch. For. Hull. 79, (1970). 

24. Supported in part by grants from the National 
Science Foundation to the Hubbard Brook Eco- 
system Study. We thank G. E. Hutchinson, R 
S. Miller, R. N. Muller, and D. M. Smith for 
helpful suggestions; S. Maclntyre and J. Gins-
berg for assistance in the field; and the Atmo- 
spheric Sciences Research Center of the State 
University of New York, Albany, for the use of 
their facilities. 
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Evidence for X Inactivation by DNA Methylation 

Abstract. A morrse-human somatic cell hybrid clone, dejicient in hypoxanthine- 
guanine phosphoribosyltr~n~~f'era~re(ZIPRT) and containing a struc.turally normal in- 
active human X chromosome, was isolated. The hybrid cells were treated with 5-
azacytidine and tested,fi,r the reac.tivation and expression o jhuman X-linked genes. 
The freyrrency of HPRT-positive clones afier 5-azacytidine treatment was 1000:fi)ld 
greater than that observed in rrntreated hybrid cells. Forrrteen independent HPRT- 
positive clones were isolated and analyzed,for the expression of'humcln X markers. 
l~oelectricfixusing showed that the HPRT expressed in these clones is human. One 
o f the  14 clones expressed human glrrcose-6-phosphate dehydrogenase and another 
expressed human phosphoglycerate kinase. Since 5-azacytidine treatment results in 
hypomethylation of DNA, DNA methylation may be a mechanism o j  human X 
c h r ~ m ~ ~ o m einactivation. 

According to the Lyon hypothesis, 
one of the two X chromosomes is inacti- 
vated in the somatic cells of the normal 
mammalian female (1). This event occurs 
early in embryonic development, and ei- 
ther the paternal or maternal X is ran- 
domly inactivated. Once established, the 
pattern of inactivation remains the same 
for that cell and all of its descendants. 
This inactivation process achieves dos- 

Table 1. Production of HAT-resistant sub- 
clones from clone 3 7 - 2 6 ~ - ~  after 5-azacyti- 
dine treatment. Clone 37-26R-D contains the 
structurally normal inactive human X 
chromosome. Cells were plated into 60-mm 
disheS per dish) 24 hours later 
they were treated with 5-azacytidine at the) 
concentration indicated. After a 24-hour ex- 
posure, the cultures were washed and main- 
tained in normal growth medium for 72 hours. 
The medium was then changed HAT (I5)$
and after maintenance in HAT for 2 weeks, 
colonies were visible. cells were washed with 

age compensation between males and fe- 
males for X-linked gene products. The 
main features of the X-inactivation theo- 
ry have been amply verified by genetic, 
cytologic, and biochemical investiga-
tions (2). The female embryo initially has 
two active X chromosomes and one X is 
inactivated in somatic cells later in de- 
velopment (.?). The entire human X is not 
inactivated, since the locus for micro- 
soma1 steroid sulfatase (STS) escapes in- 
activation (4-6). The gene locus for STS 
is at the distal end of the short arm of the 
human X chromosome (5, 7). 

Although several models have been 
proposed to explain the mechanism of x 
inactivation at a molecular level (8), ex- 
perimental evidence in support of these 
theories is lacking. One hypothesis sug- 
gests that DNA modification by meth- 
ylation could be a mechanism of X 
inactivation (9);  this model could be 
verified by modifying or reversing X 
inactivation by interfering with DNA 
methylation. ~h~ only methylated base 
found in mammalian DNA is S-methyl- 
cytosine (lo, I]), and 5-azacytidine (5- 
azaC) is a cytidine analog that can be in- 
tegrated into DNA (12, 13) Incorpora-
tion of 5-azaC leads to hy ethylation 
of DNA (13),which is at. :ed to im- 
paired methylation at thc s of sub- 
stitution of 5-azaC as a res- E the pres- 
ence of nitrogen in place or ~.,rbon at the 
fifth position in the pyr; idine ring. 
Treatment of mouse fibrol its with 5- 
azaC not only sigaificantly i Juces DNA 
methylation but also induces formation 

isotonic saline and fixed with methanol and E: ~ ~ ~ ~ ; ~ ~ ~ ~ & , 1 ~ ' ~ ~ ~ e ( ~ ~ 6 ~ ? i . l ~ ; , ~ i ~ ~ ~ ~ i
(1968); G. E. Likens, F. H. Bormann, N. M. acetic acid (3: 1). Cells were stained with 1 
Johnson, D. W. Fisher, R. S. Pierce, Ecol. 
Monogr. 40,23 (1970); F. H. Bormann and G. E. 
Likens, Sci, Am, 223, 92 (October 1970); A, S, 
~ ~ ~ i ~ ~ k i ,  ~thesis, vale university, N~~ H 
Conn. (1971); F. H. Bormann, G. E. Likens, T .  
G. Siccama, R. S. Pierce, J .  S. Eaton, Ecol. 
Monogr. 44, 255 (1974); W. W. Covington, 
thesis, Yale University, New Haven, Conn. 
(1976); G. E. Likens, F. H. Bormann, R. S. 
Pierce, J. S. Eaton, N. M. Johnson, Biogro-
chrmistry of a Forested Ecosystern (Springer-
Verlag, New York, 1977). 
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lag, New York, 1979). 
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percent Giemsa, and colonies were counted. 
The average number of colonies per treatment 

~ ~ ~is derived from five dishes at each concentra- 
tion. 

concentra-

5-acacytidine
(wM) 

Control 
0.1 
0.5 
1 

2 
5 

10 
... 

, 

HAT-resistant 
clones per 10" cells 

~ ... -. 
Average Range 

-.-.-

0 
0 
1 0-3 

26 23-30 

142 133-151 
107 90-138 
41 35-50 

~ - - -- ... . .-~--
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