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and subtropical amplification of a decadal 
mode of ENSO from the tropics to the subtrop- 
ics. However. as discussed in ( I Z ) ,  different 
spatial patterns of midlatitude atmospheric cir- 
culation anomalies for ENSO-band and decadal 
variability suggest that different tropical forcing 
mechanisms are involved on these two time 
scales. Thus, the specific mechanism for gener- 
ating subtropical decadal SST variability in the 
Pacific gyres appears to be complex and may 
involve tropical-subtropical ocean-atmosphere 
interactions other than ENSO. 
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Accumulation in U.S. Forests 
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Carbon accumulation in forests has been attributed to  historical changes in land 
use and the enhancement of tree growth by CO, fertilization, N deposition, and 
climate change. The relative contribution of land use and growth enhancement is 
estimated by using inventory data from five states spanning a latitudinal gradient 
in the eastern United States. Land use is the dominant factor governing the rate 
of carbon accumulation in these states, with growth enhancement contributing far 
less than previously reported. The estimated fraction of aboveground net ecosys- 
tem production due t o  growth enhancement is 2.0 i4.4%,with the remainder due 
to  land use. 

Although mid-latitude forests of the northern 
hemisphere are known to provide a large sink 
for atmospheric CO, (1-3). considerable un- 
certainty remains about the cause of the sink. 
Nitrogen deposition, CO, fertilization, and cli- 
mate change have been shown to enhance tree 
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growth in forest ecosystems (4),but historical 
changes in land use also provide an alternative 
explanation for the sink, particularly the re-
growth of forests after agricultural abandon- 
ment. reduced harvesting, and fire suppression 
(5).Assessing the relative contribution of land 
use and growth enhancement is critical for plan- 
ning strategies to mitigate the accumulation of 
CO, in the atmosphere (6) .If forests are simply 
regrowing in response to changes in land use. 
then the sink can be expected to saturate as 
forests regain their former biomass. However, if 
tree growth has been enhanced. then the future 
storage potential of forests is much less certain. 

Estimates of the fraction of the forest sink 
due to regrowth versus enhancement vary wide- 
ly. but growth enhancement has been consis- 
tently estimated to be large. In the United 
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States, estimates of the fraction due to growth 
enhancement range from 25% (7) up to 75% 
(5), suggesting that the rate of biomass accu- 
mulation in U.S. forests has increased substan- 
tially over the last century. If this were the case, 
then growth enhancement should be readily 
observed by comparing current rates of accu- 
mulation with historical rates of accumulation 
(8). 

Here, we examine whether growth enhance- 
ment has increased the rate of biomass accumu- 
lation in eastern U.S. forests using the Forest 
Inventory and Analysis (FM) database (9-1 1). 
We restrict our analysis to five eastern states 
(Minnesota, Michigan, Virginia, North Caroli- 
na, and Florida), which provide the data neces- 
sary for estimating changes in biomass (12). 
For each of the more than 20,000 plots in the 
five-state sample, the data include estimates of 
aboveground biomass at the time of two suc- 
cessive inventories (the fxst in the late 1970s to 
mid- 1980s and the second in the early to mid- 
1990s), changes in aboveground biomass due to 
growth and mortality (13),and the age of the 
plot in each of the two inventory periods (de- 
fined as the time since stand establishment after 
agricultural abandonment, clear-cutting, or 
stand-destroying natural disturbance) (14). 

The best way to estimate historical changes 
in growth and mortality rates (hereafter referred 
to as vital rates) is with repeated measurements 
spanning the period of interest. However, thls 
would require at least three inventories. How 
then can we estimate historical changes in vital 
rates with only a single measurement provided 
by the two inventories? The key is that in 
addition to stand age we also have a record of 
stand biomass, which is the cumulative result of 
past vital rates. The biomass B of a stand of age 

1 
0 20 40 60 80 100 

Stand age 

Fig. 1. The growth rate in the 1980s in Michi- 
gan (squares). Values are means + 1 SE of the 
data, shown for five different age class bins. 
The small standard errors reflect the large sam- 
ple size (2890 plots). The upper curve (solid 
Line) is referred t o  as C(A). If past growth rates 
were Lower than the growth rate in the 1980s, 
then forest biomass would be lower than is 
observed. To illustrate, we present a hypothet- 
ical scenario in which we assume that growth 
before 1930 was given by the lower curve 
(dashed) and then increased Linearly (p = 

0.005) unti l  it reached the upper curve in 1980. 
The amount of biomass predicted t o  accumu- 
Late under the hypothetical scenario appears in 
Fig. 2. 

A is the sum of its gains from growth minus its 
losses from mortality over the previous A years. 
Therefore, if vital rates measured in the 1980s 
were unchanged from the past, we could predict 
the biomass of a stand of age A by calculating 
the difference between growth and mortality at 
each previous age, using the 1980s rates, and 
summing the difference over the previous A 
years. However, if growth rates were higher in 
the 1980s than in the past, or mortality rates 
were lower, then the biomass predicted using 
1980s rates would be larger than observed. 
Thus, we can use the difference between the 
predicted and observed biomass to estimate 
past changes in the vital rates. 

To illustrate this method, we present a de- 
liberately simplified example using the Michi- 
gan inventory data for the 1980s. The first step 
is to estimate the current growth, @A), and the 
current mortality rate, p (@ = M,where M is 
the total amount of biomass lost to mortality) 
(15). Growth in Michigan increases rapidly 
with stand age as the canopy closes, and then 
remains approximately constant at about 2.4 
tonsiha per year (Fig. 1). The mortality rate in 
Michigan (the fraction of biomass lost to mor- 
tality, including both natural mortality and se- 
lective harvesting) is 2.1% per year. Assuming 
that past vital rates were the same as the vital 
rates in the 1980s, we can calculate the expect- 
ed relation between biomass and stand age, 
B(A), using @A) and p.For example, if B(0) is 
the initial biomass (the biomass present after 
clear-cutting, natural stand destruction, or agri- 
cultural abandonment), then the biomass of a 
1-year-old stand is B(l) = B(0) + G(0) -
@(0), the biomass of a 2-year-old stand is 
B(2) = B(l) + G(1) -@(I), and so on for any 
subsequent age. The biomass predicted from 
1980's rates [B(A),,,,] is given by the upper 
curve in Fig. 2 (16).Note that the vital rates 
measured in the 1980s accurately predict the 
observed biomass in the 1980s [B(A),,,, = 
B(A),,,], even though the observed biomass is 
the cumulative result of vital rates before the 
1980s. The implication is that the vital rates in 

Fig. 2. Observed biomass [B(A),,,] in Michigan in 
1980 (squares). Values are means + 1 SE. 
B(A),,,d (solid line), the amount of biomass pre- 
dicted t o  accumulate at  current growth and 
mortality rates, assumes no growth enhance- 
ment. Note that the current mortality rate in- 
eludes both natural mortality and selective har- 
vesting, so the asymptotic biomass is Lower than 
would be expected in undisturbed old-growth 
forests. The 'amount of biomass prediGed t o  
accumulate under the hypothetical scenario 
(dashed Line) assumes that growth before 1930 
was given by the Lower curve in Fig. 1 and then 
increased linearly (p  = 0.005) unti l  it reached 

the 1980s were not substantially different from 
historical vital rates, and therefore, there has 
been little or no growth enhancement. 

To estimate the magnitude of growth en- 
hancement, let q A )  f(t) be the growth rate of 
an age-A stand t years ago, where f(t) specifies 
past changes in growth relative to the current 
growth rate, G(A), and is equal to one at the 
time of the frst inventory. Here, we assume for 
sinlplicity a linear function: f(t) = 1 -Pt, al- 
though qualitatively similar results are obtained 
using other forms. Given G(A),f(t), and the 
current mortality rate p, we can use the same 
iterative procedure described above for sum- 
ming past vital rates to obtain a relation be- 
tween biomass and stand age for different val- 
ues of p. We estimate p as the value that 
provides the best fit to B(A),,,. The estimated 
value of P is very small (p < 0.00001, indicat- 
ing a growth enhancement of less than 0.001% 
per year), because B(A),,, -.B(A)o,S. In con-
trast, if past growth rates were significantly 
lower than the current growth rate, then forest 
biomass would be significantly lower than ob- 
served (see the hypothetical scenario presented 
in Figs. 1 and 2, in which growth enhancement 
is assumed to be large enough to cause 50% of 
current carbon accumulation). 

Although the analysis presented above illus- 
trates how, in principle, the magnitude of 
growth enhancement can be estimated from 
inventory data, two issues must be addressed to 
make the analysis rigorous. First, we must ac- 
count for the strong correlations that develop 
between growth, mortality, and biomass be- 
cause of spatial and temporal variation in 
growth and mortality. Second, we must allow 
for the possibility that a difference between 
predicted and observed biomass could be due to 
changes in mortality, as well as changes in 
growth. To address these issues, we derive a 
maximum likelihood estimator (1 7), based on 
the joint probability of B(A), G, and M,to 
account for correlated errors in these variables. 
We also include a function h(t) that specifies 
past changes in mortality rates in the same way 
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the upper curve in Fig. 1 in 1980. The hypothetical accumulated biomass Lies many standard errors 
below the observed biomass, because the hypothesis that growth was Lower in the past is not 
consistent wi th the observed biomass. We chose this scenario because, if it were true, then 50% 
of total forest biomass accumulation in Michigan during the 1980s would have been due t o  growth 
enhancement. The implication is that the method provides the sensitivity necessary t o  assess the 
magnitude of growth enhancement. 
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that f(t) specifies past growth rates: h(t) = 1 + 
at, where positive values of a indicate a de- 
crease in mortality from past to present (18). 
Although a decrease in mortality would cause 
B(A),r,, to exceed B(A)ohS, as would an in-
crease in growth, the estimator can separate 
changes in growth and mortality, because each 
has a distinct effect on the relation between 
biomass and stand age (19). 

The maximum likelihood estimates show 
that in each of the five states, the value of p is 
less than 0.0001, indicating that the annual av- 
erage increase in growth is less than 0.01% 
(Table 1). In Minnesota, Michigan, and Florida, 
the estimated annual change in the rate of mor- 
tality is also small, because B(A)p,d -- B(A)ohS. 
In contrast, we estimate an annual average de- 
crease in mortality of 4.9% and 2.8% in Vir- 
ginia and North Carolina, because B(A)pl.ed > 
B(A),,,, but primarily in older stands (20). The 
estimated decrease in mortality likely reflects a 
decrease in the rate of selective harvesting. 

From our estimates of R. we calculate the 
fraction of biomass acc;lmulation due to 
growth enhancement using two different 
measures of aboveground net ecosystem pro- 
duction (ANEP). The first is the stand-level 
ANEP which is the net accumulation of bio- 
mass [B(A + 1) - B(A)] in stands that were 
not clear-cut or otherwise heavily disturbed 
( I S ) .  For these stands we calculate ANEP 

Fig. 3. Fraction of ANEP 8 
due to  growth en-
hancement. Maximum 6 - T~ 
likelihood estimates I 

and 95% confidence - -limits areshown forthe 
fraction of stand-level 5 
ANEP (solid squares) 5 2 -and regional-level -
ANEP (open squares) O

.!
 -
that is due to  estimat- 

with the estimated growth enhancement 
(ANEP,,,,) and also with the enhancement 
stopped t years before the first census 
(ANEPw,,hoU,): the fraction due to growth 
enhancement equals 1.0 - ANEP,,,,,uJ 
ANEP_,,,. For example, if growth had not 
increased after 1930, the average stand-level 
ANEP for all five states would be 1.588 
tonslha per year instead of 1.597 tonslha per 
year. Thus, Fig. 3 shows that 0.44% of stand- 
level ANEP (solid squares) is due to changes 
in growth that have occurred since 1930 (21). 
At a broader scale. much of the biomass 
accumulation is offset by losses caused by 
large-scale disturbances such as clear-cutting 
and the conversion of forested land to non- 
forested land. Thus, we calculate a regional- 
level ANEP, with and without growth en-
hancement, for each state by including losses 
due to large-scale disturbance, as well as 
gains due to reforestation (22). The upper 
confidence bounds of the estimates indicate 
the fraction of regional ANEP due to growth 
enhancement is 'o greater than 7.0% (23). 

Because the results demonstrate that carbon 
accumulation is overwhelmingly due to forest 
regrowth rather than growth enhancement, we 
conclude that land-use change is the dominant 
factor governing the rate of carbon accurnula- 
tion in eastern U.S. forests. It is possible that 
growth enhancement by N deposition and CO, 

r 

I ,  

ed increases in growth 5 	 I - ~1 ~1 ~1 

fertilization is balanced by the negative effects 
of other factors such as ozone and calcium 
depletion. However, such balancing effects on 
growth cannot be readily evaluated with the FIA 
data. Our results have several implications for 
the effort to predict and model the fate of the 
terrestrial carbon sink. First, since regrowth ac- 
counts for the vast bulk of the carbon accumu- 
lating in the forests we studied, carbon accumu- 
lation in forests may be expected to attenuate at 
a predictable rate as forests recover their former 
biomass. Second, ecosystem models that focus 
exclusively on physiological processes omit the 
dominant factor governing the rate of carbon 
sequestration in forests, namely, land-use histo- 
ry. Finally, ecosystem models that account for 
land-use history, stand age, and stand structure 
may be expected to predict gross carbon fluxes 
in forests despite considerable uncertainty re-
garding the effects of N deposition. C 0 2  fertil-
ization, and climate change. 
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stands. Thus, if mortality rates have decreased, cur- 
rent vital rates will closely predict the biomass of 
younger stands but the predicted biomass of older 
stands will exceed the observed biomass. In this case. 
a nonzero a will provide a better fit to B(A),,, than a 
nonzero p. On the other hand, if growth rates have 
increased, the predicted biomass will exceed the ob- 
served biomass in both young and old stands. In this 
case, a nonzero p will provide a better fit to B(A)ob, 
than a nonzero a. 

20. The estimates in Table 1 indicate that the rate of 
biomass accumulation has not increased in MN. MI, 
and FL. In VA and NC, there has been an increase in 
the rate of biomass accumulation, but we estimate 
that this increase is due to decreases in mortality 
rather than increases in growth. The disproport~onate 
effect of changes in growth and mortality on old 
versus young stands allows us to partition increased 
accumulation between increases in growth and de- 
creases in mortality. Yet, one can always conceive of 
complicated scenarios in which changes in mortality 
exactly balance changes in growth in both old stands 
and young stands, making partitioning impossible. 
For this reason, we also present independent evi- 
dence that confirms our conclus~on that there has 
been a reduction in mortality in Virginia and North 
Carolina rather than an increase in growth. See (12). 

21. These estimates are based on allometric equations 
used to estimate the aboveground biomass of trees. 
Thus, if N deposition, CO, fertilization, or climate 
change had a pronounced effect on tree allometry 
(by significantly increasing the ratio of root biomass 
to total tree biomass), then the fraction of total net 
ecosystem production (above and below ground) due 
to growth enhancement could be greater than the 
fraction of ANEP due to growth enhancement. Fur- 
thermore, growth enhancement may represent a 
small fraction of ANEP, because the effects of N 
deposition and CO, fertilization are balanced by the 
effects of other factors such as ozone and calcium 
depletion. 

22. We calculate regional-level ANEP as the sum of the 
ANEP of natural stands that have not been clear-cut 
or otherwise heavily disturbed, and the ANEP of all 
the remaining plots, including clear-cut plots, planta- 
tions, and plots that changed from forest to nonfor- 
est and vice versa. For the remaining plots, we as- 
sumed zero biomass for plots classified as nonforest. 
We obtain 95% confidence limits by calculating the 
fraction of ANEP due to growth enhancement using 
the range of parameter values for which the log- 
likelihood of the data is within 1.92 of the maximum 
log-likelihood (77). The highest and lowest fraction 
are the reported limits for the fraction of ANEP due 
to growth enhancement. 
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The Evolutionary Fate and 

Consequences of Duplicate 


Genes 

Michael lynch1* and John S. ConeryZ 

Gene duplication has generally been viewed as a necessary source of material 
for the origin of evolutionary novelties, but it is unclear how often gene 
duplicates arise and how frequently they evolve new functions. Observations 
from the genomic databases for several eukaryotic species suggest that du- 
plicate genes arise at  a very high rate, on average 0.01 per gene per million years. 
Most duplicated genes experience a brief period of relaxed selection early in  
their history, with a moderate fraction of them evolving in  an effectively neutral 
manner during this period. However, the vast majority of gene duplicates are 
silenced within a few million years, with the few survivors subsequently ex- 
periencing strong purifying selection. Although duplicate genes may only rarely 
evolve new functions, the stochastic silencing of such genes may play a sig- 
nificant role in  the passive origin of new species. 

Duplications of individual genes, chromo- 
somal segments, or entire genomes have long 
been thought to be a primary source of ma- 
terial for the origin of evolutionary novelties, 
including new gene functions and expression 
patterns (1-3). However, it is unclear how 
duplicate genes successfully navigate an evo- 
lutionary trajectory from an initial state of 
complete redundancy, wherein one copy is 
likely to be expendable, to a stable situation 
in which both copies are maintained by nat- 
ural selection. Nor is it clear how often these 
events occur. 

Theory suggests three alternative outcomes 
in the evolution of duplicate genes: (i) one copy 
may simply become silenced by degenerative 
mutations (nonfunctionalization); (ii) one copy 
may acquire a novel, beneficial function and 
become preserved by natural selection, with the 
other copy retaining the original function (neo- 
functionalization); or (iii) both copies may be- 
come partially compromised by mutation accu- 
mulation to the point at which their total capac- 
ity is reduced to the level of the single-copy 
ancestral gene (subfunctionalization) (1-12). 
Because the vast majority of mutations affect- 
ing fitness are deleterious (13), and because 
gene duplicates are generally assumed to be 
functionally redundant at the time of origin, 
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virtually all models predict that the usual fate of 
a duplicate-gene pair is the nonfunctionaliza- 
tion of one copy. The expected time that elapses 
before a gene is silenced is thought to be rela- 
tively short, on the order of the reciprocal of the 
null mutation rate per locus (a few million years 
or less), except in populations with enormous 
effective sizes (11, 12). 

These theoretical expectations are only 
partially consistent with the limited data that 
we have on gene duplication. First, compar- 
ative studies of nucleotide sequences suggest 
that although both copies of a gene may often 
accumulate degenerative mutations at an ac- 
celerated rate following a duplication event, 
selection may not be relaxed completely (14- 
16). Second, the frequency of duplicate-gene 
preservation following ancient polyploidiza- 
tion events, often suggested to be in the 
neighborhood of 30 to 50% over periods of 
tens to hundreds of millions of years (1 7-20), 
is unexpectedly high. 

Further insight into the rates of origin of 
duplicate genes and their evolutionary fates can 
now be acquired by using the genomic databas- 
es that have emerged for several species. We 
focused on nine taxa for which large numbers 
of protein-coding sequences are available 
through electronic databases: human (Homo sa- 
piens), mouse (Mus muscultts), chicken (Gallus 
gallus), nematode (Caenorhabditis elegans), fly 
(Drosophila melanogaster), the plants Arabi- 
dopsis thaliana and Oiyza sativa (rice), and the 
yeast Saccharomyces cerevisiae. For each of 

species, the complete set of available open 
reading frames was screened to eliminate se- 
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