





these two estimates overlap, the age of the
MRCA of Eurasian bison was the same as
that of the root in 4.8% of 135,000 posterior
genealogies (with a Bayes factor of 20.83
that the Eurasian MRCA is not also the
MRCA of all clades), suggesting that the
Eurasian clade is not the oldest in the tree.
This suggests that late Pleistocene bison
from the Ural Mountains to northern China
are descendants of one or more dispersals
from North America. Several North Amer-
ican lineages fall within the Eurasian clade,
indicating subsequent asymmetric genetic
exchange, predominantly from Asia to North
America.

Figure 1A depicts inferred gene flow be-
tween bison populations in Beringia and
central North America during MIS 3 (~60
to 25 ky B.P.), which is the interstadial pe-
riod before the Last Glacial Maximum (LGM,
ca. 22 to 18 ky B.P.). Bison were continu-
ously distributed from eastern Beringia
southward into central North America during
this period, before the formation of the
Laurentide (eastern) and Cordilleran (west-
ern) ice sheets created a barrier to north-
south faunal exchange. Although any coales-
cence between these ice masses was brief
(11), the absence of faunal remains aged
22 to12 ky B.P. (Fig. 1B) (/8) indicates that
the area was uninhabitable by large mam-
mals during this time. Bison fossils in central
North America during the LGM are sparsely
distributed across the continent (9). DNA
could be retrieved only from two specimens
from this period, both from Natural Trap
Cave, Wyoming (20,020 £ 150 and 20,380 *
90 ky B.P.). These specimens are not closely
related (/4), indicating that populations south
of the ice retained some genetic diversity
until the LGM.

Fig. 2. (A) The two-
epoch demographic
model with four demo-
graphic parameters: N,
rearly' rlate' and ttrans'
The effective popula-
tion size is a compound
variable considered lin-
early proportional to
census population size.
(B) Log-linear plot de-
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The ice sheets began to retreat around
14 ky B.P., forming an ice-free corridor (IFC)
through which dispersal between Beringia
and North America could occur. The first
observed bison haplotypes in the IFC are
southern in origin (Fig. 1, C and D), with the
oldest specimen being in southern Alberta
by 11.3 ky B.P., and others near Athabas-
ca, northern Alberta, by 10.4 ky B.P. This
finding is consistent with evidence that the
first faunal assemblages and archaeological
presence in the IFC were southern in origin
(18-20). The opening of the northern end
of the IFC saw a limited southward disper-
sal of Beringian bison, with a subset of the
northern diversity found near the Peace Riv-
er (northwestern British Columbia) by 11.2
to 10.2 ky B.P. (Fig. 1C) (/4). Southern bison
are also found in this area around 10.5 ky
B.P., making it the only location where post-
LGM northern and southern clades occurred
at the same time. Subsequent genetic ex-
change between Beringia and central North
America was limited by the rapid establish-
ment of spruce forest across Alberta around
10 ky B.P. (21) and by the widespread de-
velopment of peatland across western and
northwestern Canada (22). North of these
ecological barriers, grasslands were reduced
by invading trees and shrubs, yet despite the
decrease in quality and quantity of habitat
(3), bison persisted in eastern Beringia until
a few hundred years ago (14, 23).

It has been hypothesized that modern
bison descended from Beringian bison that
moved south through the IFC after the LGM
(9, 19) and have since undergone a decline in
diversity due to over-hunting and habitat loss
(13). In contrast, our data show that modern
bison are descended from populations that
were south of the ice before the LGM and
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that diversity has been restricted to at least
12 ky B.P., around the time of the megafau-
nal extinctions. All modern bison belong to a
clade distinct from Beringian bison. This
clade has a MRCA between 22 and 15 ky
B.P., which is coincident with the separation
of northern and southern populations by the
western Canadian ice barrier. This clade
diverged from Beringian bison by 83 to
64 ky B.P. and was presumably part of an
early dispersal from Beringia, as indicated by
the long branch separating it from Beringian
bison (/4). If other remnants of these early
dispersals survived the LGM, they contribut-
ed no mitochondrial haplotypes to modern
populations.

Coalescent theory is used to evaluate the
likelihood of a demographic history, given
plausible genealogies (24). Under a coales-
cent model, the timing of divergence dates
provides information about effective popula-
tion sizes through time. To visualize this for
bison, a technique called the skyline plot was
used (14, 25). The results showed two distinct
demographic trends since the MRCA, suggest-
ing that a simple demographic model, such as
constant population size or exponential
growth, was insufficient to explain the evolu-
tionary history of Beringian bison. We there-
fore extended the Bayesian coalescent method
(26) to a two-epoch demographic model with
exponential population growth at rate r,,, .
until a transition time, ¢, after which a new
exponential rate, 7,,,., applies until the present
effective population size, N,, is reached (Fig.
2A). In this model, both the early and late
epochs can have positive or negative growth
rates, with both the rates and the time of
transition estimated directly from the data.

The analysis strongly supported a boom-
bust demographic model (Table 1), in which
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Table 1. Results of Bayesian analyses assuming constant population size,
exponential growth, and a two-epoch model for the full analysis of 191
bison associated with finite radiocarbon dates (74). Model parameters

fit statistics [In(posterior)] indicates that under either the Akaike
information criterion or Bayesian information criterion tests, the two-
epoch model is a significantly better fit to the data than the simpler

are as defined in (26). The large difference between the mean goodness-of-  models.
Constant size Exponential growth Two epoch
Lower Mean Upper Lower Mean Upper Lower Mean Upper
Age estimates (yr B.P.)
Root height 117,000 152,000 189,000 113,000 146,000 181,000 111,000 136,000 164,000
Modern/southern 20,200 28,000 36,600 18,600 26,400 35,000 15,400 23,200 32,200
clade
Eurasian clade 85,000 116,000 151,000 83,000 112,000 144,000 89,000 114,000 141,000
Model parameters
Mean In(posterior) -6530.795 -6517.35 -6394.568
Mutation rate 2.79 x 107 3.78 x 107 4.85 x 107 230 x 107 3.20 x 107 4.13 x 1077 230 x 1077 3.20 x 1077 4.13 x 1077
(substitutions/site/year)
Kappa 19 37 19 27.4 37 19 27 37
Shape parameter 0.22 0.35 0.49 0.22 0.35 0.49 0.22 0.35 0.5
Proportion of 0.33 0.45 0.56 0.33 0.45 0.56 0.34 0.45 0.56

invariant sites

an exponential expansion of the bison popu-
lation was followed by a rapid decline, with a
transition around 37 ky B.P. (Fig. 2B).
At the height of the boom, the population
size was around 230 times (95% HPD: 71 to
454 times) that of the modern population.
When this model is applied to the modern
clade alone, a growth period peaks around
1000 years ago (95% HPD: 63 to 2300 yr
B.P.) and is followed by a rapid decline (/4),
which is consistent with historical records
of a population bottleneck in the late 1800s
(13). These results illustrate the power of this
method to recover past demographic signals.
The effects of population subdivision
and patch extinction and recolonization on
coalescence patterns have not been fully
characterized, yet they can influence demo-
graphic estimates such as skyline plots (27).
To test for the effect of population subdivision
on our models, the two-epoch analysis was
repeated first without the Eurasian bison and
then without both Eurasian and central North
American bison. The results of these analyses
were consistent with those for the entire data
set (/4), suggesting that the assumption of
panmixia does not affect the analysis. These
results suggest that the major signal for the
boom-bust scenario came from the well-
represented eastern Beringian population.
The timing of the decline in Beringian
bison populations (Fig. 2B) predates the
climatic events of the LGM and events at
the Pleistocene-Holocene boundary. The bi-
son population was growing rapidly through-
out MIS 4 and 3 (~75 to 25 ky B.P.),
approximately doubling every 10,200 (95%
HPD: 7500 to 15,500) years. The reversal of
this doubling trend at 42 to 32 ky B.P. and
the subsequent dramatic decrease in popula-
tion size are coincident with the warmest part
of MIS 3, which is marked by a reduction in
steppe-tundra due to treecover reaching its
late Pleistocene maximum (28). Modern bo-
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real forests serve as a barrier to bison dis-
persal because they are difficult to traverse
and provide few food sources (3). After the
interstadial, cold and arid conditions in-
creasingly dominated, and some component
of these ecological changes may have been
sufficient to stress bison populations across
Beringia. Previous reports of local extinc-
tion of brown bears (29) and hemionid horses
(8) in Alaska around 32 to 35 ky B.P. sup-
port the possibility of a larger scale environ-
mental change affecting populations of large
mammals.

These results have considerable implica-
tions for understanding the end-Pleistocene
mass extinctions, because they offer the
first evidence of the initial decline of a pop-
ulation, rather than simply the resulting
extinction event. These events predate ar-
chaeological evidence of significant human
presence in eastern Beringia (3), arguing that
environmental changes leading up to the
LGM were the major cause of the observed
changes in genetic diversity. If other species
were similarly affected, differences in how
these species responded to environmental
stress may help to explain the staggered
nature of the megafaunal extinctions (7, 30).
However, it is possible that human popu-
lations were present in eastern Beringia by
30 ky B.P., with reports of human-modified
artifacts as old as 42 to 25 ky B.P. from the
Old Crow basin in Canada’s Yukon Terri-
tory (31). Although the archaeological sig-
nificance of these specimens is disputed
and the number of individuals would be
low, the specimens are consistent with the
timing of the population crash in bison. This
emphasizes that future studies of the end-
Pleistocene mass extinctions in North Amer-
ica should include events before the LGM.

Ancient DNA is a powerful tool for
studying evolutionary processes such as the
response of organisms to environmental

change. It should be possible to construct
a detailed paleoecological history for late
Pleistocene Beringia using similar methods
for other taxa. Almost none of the genetic
diversity present in Pleistocene bison survived
into Holocene populations, erasing signals of
the complex population dynamics that took
place as recently as 10,000 years ago.
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Periodical Cicadas as Resource
Pulses in North American Forests

Louie H. Yang

Resource pulses are occasional events of ephemeral resource superabundance
that occur in many ecosystems. Aboveground consumers in diverse com-
munities often respond strongly to resource pulses, but few studies have
investigated the belowground consequences of resource pulses in natural
ecosystems. This study shows that resource pulses of 17-year periodical cicadas
(Magicicada spp.) directly increase microbial biomass and nitrogen availability
in forest soils, with indirect effects on growth and reproduction in forest
plants. These findings suggest that pulses of periodical cicadas create “"bottom-
up cascades,” resulting in strong and reciprocal links between the aboveground
and belowground components of a North American forest ecosystem.

Ecologists are increasingly investigating the
effects of resource pulses in natural systems
(I). Examples of resource pulses include
mast years of unusually heavy seed produc-
tion (2—4), eruptive plant growth after El
Nifio rainfalls (5—8), postspawning salmon
mortality in riparian communities (9, 10),
and large-scale insect outbreaks (3, //-13).
Despite great variation in the specific char-
acteristics of these resource pulses, each
represents a brief, infrequent event of high
resource availability. Resource pulses are of
broad interest because they provide extreme
examples of the spatiotemporal variability
inherent in all ecosystems. Recent theoretical
efforts have suggested that many communi-
ties may be strongly influenced by transient dy-
namics after ecological perturbations (74, 15),
and empirical studies in diverse systems
have demonstrated that resource pulses are
often substantial perturbations with strong
effects on consumer populations, especially
among opportunistic generalist species (/).
Resource pulses have well-documented ef-
fects on aboveground consumers, and they
may also provide important inputs to below-
ground systems (/, /6). In many pulsed sys-
tems, only a small proportion of resource
biomass is consumed aboveground (17-19),
and aboveground predator satiation during re-
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source pulses could allow large belowground
inputs. Many belowground organisms are
well-adapted to take advantage of resource
pulses because of their high intrinsic rates of
growth and rapid foraging responses (20, 21).
Studies in natural systems support the idea
that aboveground resource pulses may con-
tribute to belowground systems. For example,
mast events in boreal forests produce large
inputs of rapidly decomposed spruce seeds
that increase soil nitrogen availability (22),
and large-scale gypsy moth outbreaks in
temperate forests influence nutrient cycling
through defoliation and frass deposition (7).

The role of arthropods in regulating plant
inputs and facilitating decomposition is
widely acknowledged (21), although most
ecologists have assumed that arthropod
bodies are an unimportant ecosystem bio-
mass component (23). However, the unusual
life history of periodical cicadas suggests
that they may be a substantial, temporally
stored resource pulse. Periodical cicadas are
the most abundant herbivores in North
American deciduous forests in both number
and biomass (24), but their role in forest
ecosystems is largely unrecognized because
of their long belowground life history. Adult
periodical cicadas emerge synchronously
across large geographic areas, or “broods,”
often on a scale of 10° km? The spatial
distribution of cicadas is highly variable
and dynamic on small scales (<1 km) and
is influenced by fragmentation in forest habi-
tats (17, 23-26). Yet, cicadas are broadly
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Radiocarbon Dating Service and Lawrence Liver-
more National Laboratory for carbon dating.
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distributed across a large and diverse area,
with a cumulative range encompassing
much of the eastern United States (fig. S1).
Adult cicadas are aboveground for less than
6 weeks (26). Cicada emergence densities
ranging from 3 to 350 cicadas m~2 are well
documented (26), and most cicadas escape
predation at high densities (/7, I8). Direct
measures of cicada densities in 2002 and 2004
support previously reported density estimates
(27). In dense populations, the cumulative bio-
mass of periodical cicadas is among the
greatest of any terrestrial animal (24) and rep-
resents a substantial flux of high-quality bio-
mass (23, 28, 29). Little is known about the
belowground effects of this resource pulse.
Here, 1 investigate the direct belowground
and indirect aboveground effects of cicada litter
inputs resulting from cicada resource pulses. I
conducted field experiments during three con-
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Fig. 1. Cicada litterfall increases soil bacterial
and fungal PLFAs relative to those of controls,
indicating increased microbial biomass. (A) Bac-
terial PLFAs in cicada-supplemented and control
plots 7 and 28 days after experimental cicada
pulse. (B) Fungal PLFAs in cicada-supplemented
and control plots 7 and 28 days after ex-
perimental cicada pulse. Open circles repre-
sent control plots, and filled circles represent
plots receiving 120 cicadas m~—2. Error bars show
mean + SE.
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