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nm~1 (Park Scientific)]. Images were obtained in the
constant-force mode with filters off, an integral gain
of 3.0, a proportional gain of 7.0, and a look-ahead
gain of 0.0. The “‘d” scan head was used, which has
a maximum scan range of 12 um by 12 um by 4.4
wm. The scan rate of the tip during image acquisition
ranged from 25 to 60 Hz, and the applied tip-sample
force was maintained at £, = 10 nN in solution. The
AFM experiments were performed in agueous solu-
tions with a fluid cell (Digital Instruments) consisting
of a quartz body with ports for fluid entry and exit.
Large single crystals of HT, about 10 to 20 pm in
diameter, were allowed to adsorb from a water sus-
pension onto a freshly cleaved mica substrate. The
samples were then removed from the suspension
and dried at 120°C for 1 hour. The mica substrate
was then attached to a magnetic stainless steel
AFM sample disk. We positioned the AFM tip
above single HT crystals, using an optical micro-
scope, before imaging.

. The hexagonal symmetry and the lattice constant a’

= 6.2 A are also evident from Fourier analysis of the
AFM data.
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The pK, values listed for MBSA in this report were
determined by the titration of 1.6 mmol of MBSA in
aqueous solution with NaOH.

The absorption of MBSA'~ and MBSA2~ on HT has
been verified by several independent analyses. X-ray
photoelectron spectroscopy reveals the presence of
MBSA in amounts approximating those expected for
monolayer coverages. Infrared spectra indicate the
presence of MBSA'~ or MBSA2~ on HT, which is
infrared-transparent between 1000 and 1300 cm~".
Adsorption was also confirmed from the depletion of
MBSA'~ or MBSA2~ from solutions to which HT had
been added.

We optimized the MBSA structure depicted in Fig. 4
using MOPAC and the CAChE molecular modeling
program. The optimized structure compares favor-
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leading to a smaller interatomic spacing.
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Wolves, Moose, and Tree Rings on Isle Royale
B. E. McLaren* and R. O. Peterson

Investigation of tree growth in Isle Royale National Park in Michigan revealed the influence
of herbivores and carnivores on plants in an intimately linked food chain. Plant growth
rates were regulated by cycles in animal density and responded to annual changes in
primary productivity only when released from herbivory by wolf predation. Isle Royale’s
dendrochronology complements arich literature on food chain control in aquatic systems,
which often supports a trophic cascade model. This study provides evidence of top-down

control in a forested ecosystem.

Terrestrial food chains of length three—
plants, herbivores, and carnivores—are
found throughout the temperate zone of the
Northern Hemisphere, yet their establish-
ment, pervasiveness, and stability are enig-
matic subjects of debate among community
ecologists (1). According to one hypothesis,
depletion of green plants by herbivores oc-
curs only in exceptional circumstances be-
cause carnivores usually control herbivores
(2). However, systems in which increases in
the density of a species at one trophic level
accompany increases at higher, dependent
trophic levels support a counterargument
(3). The top-down (trophic cascade) model
predicts that changes in density at one tro-
phic level are caused by opposite changes in
the next higher trophic level and that such
inverse correlations cascade down a food
chain. Accordingly, effects such as changes
in primary productivity (the energy flow to
plants) become noticeable only when high-
er, masking trophic levels are removed. Af-
ter removal of carnivores from a three-level
system, the control of density relationships
is passed down the chain, to herbivores.
The bottom-up model predicts that positive
correlations occur between density changes
at all trophic levels and especially between
adjacent trophic levels, that changes in pri-
mary productivity affect higher trophic lev-
els, and that extinction of the top trophic
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level does not change density patterns in
lower levels.

We investigated food chain control in a
large mammal system through observation of
three trophic levels—a living system that is
unlike two-level models of ungulate dynam-
ics, which simulate the herbivore-plant in-
teraction but are insensitive to parameter
changes in a carnivore equation (4), and is
also unlike models for ungulates that ignore
the effects of vegetation change (5). Tree-
ring analyses were used to characterize the
interaction between an herbivore population
and its winter forage in a system with an
apparent cycle between predator and prey:
the wolves (Canis lupus) and moose (Alces
alces) in Isle Royale National Park, Michi-
gan, the largest island (544 km?) in Lake
Superior (6, 7). Ring width in balsam fir
(Abies balsamea), a tree that makes up 59%
of winter moose diet (8), provided an index
of the herbivore food base, even though it is
not optimal forage for moose. We assumed
that the annual wood accrual for fir was
proportional to its foliar biomass, which is an
approximate measure of standing forage
crop.

Balsam fir covers a large area of Isle Roy-
ale (Fig. 1), although its relative abundance
in the overstory has declined since the arriv-
al of moose early in the 1900s, from 46% in
1848, to 13% in 1978, to ~5% today (9).
The decline is attributed to the effect of
moose herbivory; forests on small nearby is-
lands that are less accessible to moose still
have a large fir component (10). The lon-
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Fig. 1. Isle Royale National Park, showing the location of sampled balsam fir trees. Samples were
collected randomly from intersection points of township grid lines within two broad regions of high
understory fir density (shaded area) (25). Filled circles represent the locations of west-end trees, collected
from a more established forest with a larger hardwood component; open circles represent east-end
trees, collected from boreal forests that were burned extensively in 19th-century fires. The two regions are
separated by a deciduous forest that originated from an extensive fire in 1936 and by upland hardwood
forest at higher elevations. The locations of two other sample sites are marked RH, Rock Harbor, and SS,

Siskiwit Swamp.

gevity of fir in the understory and its large
contribution to moose diet on Isle Royale
facilitated the present study (11). Moreover,
balsam fir exhibits an intriguing response to
moose herbivory on Isle Royale, where areas
of extreme suppression of fir growth on the
west end of the island contrast with little-
affected areas on the east end (12) (Fig. 2).
We believe that the general response of fir is
comparable to that of other forage species on
Isle Royale.

The Isle Royale food chain appears to be
a tightly linked, three-trophic-level system
dominated by top-down control (Fig. 3).
Over three decades, balsam fir trees from
widely separated areas of the island displayed
cyclic intervals of ring growth suppression

that accompanied elevated moose densities.
Annual variation in ring width during sup-
pression was very low and did not show any
correlation with a climate series calculated
for Isle Royale, which contradicts earlier pro-
posals that variation in natural populations
arises from the physical systems that sur-
round them (13).

A common harmonic pattern of period
16 to 18 years in east- and west-end tree-ring
chronologies (14) echoed similar periodicity
in the moose population (15). However,
minima in the foliar biomass of understory
balsam fir lagged behind moose population
maxima by 1 to 2 years at the west end of the
island and by 5 years at the east end (16).
That these two populations of fir should be
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Table 1. Correlated annual changes in primary
productivity and ring-width indices for balsam fir.
The AET column shows the direction of change in
AET (24) between a census year and the previous
year (Fig. 3E). The RH and SS columns show the
number of trees [out of 10 in the RH sample and 9
in the SS sample (Fig. 4)] for which the difference
in ring width for these 2 years is in the same direc-
tion. Whereas ring-width release from 1979 to
1983 in the RH sample has no correlation with
annual climate fluctuations, in the interval from
1984 to 1990, annual ring growth more closely
tracks climate.

Year AET RH SS
1979 - 3 2
1980 + 10 5
1981 - 0 3
1982 + 8 3
1983 - 1 3
1984 + 10 7
1985 + 8 6
1986 - 7 7
1987 - 8 7
1988 - 9 6
1989 + 8 2
1990 + 8 2
1991 - 10 5

out of phase in their response to herbivore
density changes was actually consistent with
the prediction of classical predator-prey
models, given plant populations with un-
equal intrinsic rates of increase (17). The
west-end hardwood forest has usually had
higher actual evapotranspiration (AET) as-
sociated with warmer, early summer temper-
atures than has the east-end boreal forest

Fig. 2. Patterns of balsam fir growth suppression (A) and release (B) are evident throughout Isle Royale (72). We explain the difference in terms of herbivory and

forest disturbance processes.
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Fig. 3. The trophic system 1960 65
on Isle Royale, reconstruct- A T T
ed for 1958 to 1994. (A) The — 45— _
number of wolves on the is- £
land from winter aerial 3 30 _
counts. (B) Moose popula- =
tion size, reconstructed from = 15+
collected skeletal remains
(1959 to 1981) and from { }
winter aerial counts (1982 to 1600 B >
1994). (C) Mean ring-width S
index (26) for eight balsam fir "o 1200+ -
trees sampled in 1992 fom 8 ggo- -
the west end of Isle Royale =
(Fig. 1). Vertical bars are *1 400+ -
SEM from the arithmetic ] -
mean. Dashed line is the _ c ! !
best-fit harmonic function E 0.6 -
(74). (D) Mean ring-width in- =
dex for eight trees from the ~ § 0.4 -
east end of the island, as in 2
(C). (E) Actual evapotranspi- & 0.2+ =
ration from April to October, 1 I
calculated for aweather sta- D ! |
tion about 20 km from Isle E 0.8 -
Royale. The AET is the = o¢_ i
amount of water available to §
plants during the growing 2 0.4+ L -
season as a function of both L o024 _
rainfall and temperature and \ L
has a close relation to prima- T T
ry productivity (24). The as0d E i
shaded areas highlight inter- E
vals of forage suppression £ 400+ -
that we believe are closely I 350 -
tied to periods of elevated <
moose density, which in turn 300~ T
follow periods of low wolf | ] | | 1 L L

1960 65 70 75 80 85 1990

density (note the lags be-

tween trophic levels). These intervals have no correspondence to AET.

(18); consequently, we expected higher
plant growth rates on the west end of Isle
Royale.

Herbivore density, in turn, was largely
determined by predation. The wolf popula-
tion has fluctuated with changes in the num-
ber of moose older than 9 years in the prey
population, prompting consequent changes
in herbivore density by influencing calf sut-
vival rates (6, 7, 19). When old moose (and
wolves) were relatively scarce, calf survival
was high and moose numbers grew, which
then led to depletion of balsam fir forage.
Subsequent decline in the moose population
was closely linked to wolf increase, itself
fueled by aging of the moose population.
Vegetation response followed moose re-
sponse (Fig. 3), so it was not directly respon-
sible for herbivore fluctuations. In summary,
because wolf maxima precede moose mini-
ma, and moose maxima are similarly fol-
lowed by fir minima, and because the vege-
tation dynamics appear to be more intimate-
ly linked to the wolf-moose interaction than
to seasonal weather patterns, we believe that
we have evidence for top-down control in a
nonaquatic three-trophic-level system (20).

A strong supporting argument presents

itself in the recent wolf decline on Isle Roy-
ale, when the wolf population reached an
unprecedented low (21). The moose popula-
tion accordingly reached a new, very high
level, accompanied by strong suppression of
balsam fir growth, in 1988 to 1991. This was
especially apparent in the west-end sample
(Fig. 3C). Without the context of a three-
trophic-level interaction, fir decline and re-
covery cannot be explained; however, cur-
rent disintegration of the system into a two-
trophic-level interaction establishes even
lower minima for fir growth than the sup-
pressed level of the 1970s, which is more in
agreement with the top-down than the bot-
tom-up model.

Nevertheless, release of balsam fir from
herbivory by moose does occur on Isle Roy-
ale when large-scale forest disturbances allow
bottom-up influences to prevail. Additional
samples of balsam fir showed extremes in the
outcome of the herbivore-plant interaction
and helped explain the broadly contrasting
pattern of suppression on the two ends of the
island (Figs. 2 and 3). An east-end sub-
sample of trees (RH), collected from an
open-canopy area of past forest disturbance,
increased in growth after a period of high

SCIENCE ¢ VOL. 266 ¢ 2 DECEMBER 1994
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Fig. 4. Individual ring-width chronologies (26) for
balsam fir trees collected from Isle Royale in 1992.
(A) Ten trees, 26 to 48 years of age, from location
RH (Fig. 1), in which fir height exceeded the reach
of moose (3 m) in the late 1970s. (B) Nine trees, 48
to 60 years of age, from location SS (Fig. 1), for
which total height at the time of sampling ranged
from 1.08 to 1.57 m.

wolf predation of moose in the late 1970s. A
west-end subsample (SS), collected from a
closed-canopy hardwood forest heavily
browsed by moose, showed increasingly sup-
pressed growth, particularly in the current
decade of high moose density (Fig. 4). This
high suppression accompanies lower fir den-
sity in many similar areas on the west end;
such a pattern may explain the more tightly
coupled cycle between moose and fir there.
Whereas ring-width patterns before 1980
were coordinated in both samples and
matched those in the extensive samples (for
example, release in the 1960s, suppression in
the late 1970s), the recent period of release,
especially in the RH sample, was immedi-
ately associated with closer correlation with
the primary productivity index (Table 1).
Thus, only when moose density was relative-
ly low, which allows the link to the wolf-
moose interaction to be removed or weak-
ened by disturbance, did understory balsam
fir grow in a fashion consistent with the
bottom-up model. We believe that external
processes such as fire and large windstorms
can override usual top-down effects in a
forest, but that this effect occurs primarily
when the density of the next higher trophic
level is low.

The uniqueness of the Isle Royale study is
that it complements studies of top-down ef-
fects in aquatic systems (1). The establish-
ment of bottom-up control in a terrestrial
system when higher trophic levels are re-
moved also parallels results from aquatic
studies (22) and follows analogous predic-
tions for ungulate populations without pred-
ators (5). Furthermore, this study supports
the top-down argument that was originally
applied to the Isle Royale system (23).
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Requirement for Intron-Encoded U22 Small
Nucleolar RNA in 18S Ribosomal RNA Maturation

Kazimierz T. Tycowski, Mei-Di Shu, Joan A. Steitz*

The nucleoli of vertebrate cells contain a number of small RNAs that are generated by
the processing of intron fragments of protein-coding gene transcripts. The host gene
(UHG) for intron-encoded human U22 is unusual in that it specifies a polyadenylated
but apparently noncoding RNA. Depletion of U22 from Xenopus oocytes by oligonu-
cleotide-directed ribonuclease H targeting prevented the processing of 18S ribosomal
RNA (rBRNA) at both ends. The appearance of 18S rRNA was restored by injection of
in vitro—synthesized U22 RNA. These results identify a cellular function for an intron-

encoded small RNA.

The nucleolus is the site of tRNA synthe-
sis, processing, and assembly into ribosomes
(1). In vertebrate cells, rRNA is transcribed
as a 40 to 478 precursor that is subsequently
cleaved at multiple sites to yield the mature
188, 28S, and 5.8S rRNAs. The nucleolus
also contains small nucleolar ribonucleopro-
teins (snoRNPs), each composed of a short
RNA, known as snoRNA, and at least one
protein (2). On the basis of their mode of
synthesis, vertebrate snoRNAs of the U se-
ries fall into two classes. U3, U8, and U13
RNAs are transcribed as independent units
by RNA polymerase II and carry 5’-trimeth-
ylguanosine caps (3). In contrast, snoRNAs
U14 through U21 are all encoded within
introns of genes for abundantly expressed
proteins. They mature by intron processing
mechanisms, as yet poorly defined, and pos-
sess monophosphates at their 5’ ends (2).
Most snoRNAs are associated with a con-
served nucleolar antigen, fibrillarin (2, 3).
Several snoRNPs have been shown to
function in tRNA processing (2). The most
abundant, U3, is essential for cleavage with-
in the 5’ external transcribed spacer (ETS)
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of both vertebrate (4, 5) and yeast (6) pre-
cursor TRNAs (pre-fRNAs) and may con-
tribute to 18S and 5.8S tRNA formation as
well (6, 7). Yeast U14, which is not intron-
encoded, and snR30 (small nuclear RNA
30) are required for cell viability and accu-
mulation of 185 rRNA (8), whereas yeast
ribonuclease (RNase) MRP is essential for
5.8S rRNA maturation (9) and snR10 en-
hances growth and processing of the 35S
pre-tRNA (10). Xenopus U8 is the only
snoRNA found to function in vertebrate 285
and 5.8S rRNA processing (11).

Human RNA Y (3), now renamed U22,
is a fibrillarin-associated snoRNA that con-
tains a 5'-monophosphate and has the po-
tential to form a terminal stem-loop-stem
motif with conserved boxes C and D (12).
We completed sequence analysis of human
U22 RNA and also determined the nucle-
otide sequence of two (A and B) Xenopus
U22 genes that differ only at positions 28
and 41 (Fig. 1A). Human and Xenopus U22
RNAs are ~75% identical, with the identi-
ties confined mostly to the termini and a
middle section of the molecule. Neither
shows significant homology to other known
RNAs.

Southern (DNA) blot analysis of genom-
ic DNA detected a single locus for human
U22 (13), another feature that distinguishes
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