s R R R Ry

ratio but major changes in the relative inten-
sities of the (100), (200), and (300) reflec-
tions, which suggests a different space group
(11). The observed unit cell parameters at 7.9
GPa are a = 5.305 (2), ¢ = 8.633 (6) A, and
V.= 2104 3) A% A stoichiometry of 1:1
CH,:H, yields a much larger volume of mix-
ing (12%). The observed cell parameters and
c/a ratio are consistent with the wurzite struc-
ture (B4) for this compound. The spectro-
scopic signature of this transition is the posi-
tive shift of the Q,(J) hydrogen vibron with
respect to the one in the pure solid at this
pressure (Fig. 2B). Raman measurements of
the H, vibron from this phase up to 30 GPa
showed no changes, indicating that the com-
pound is stable to at least 30 GPa (12).

The methane-rich compound (CH,),H,
crystallizes as a needle-shaped crystal (Fig.
2C). X-ray data were collected on a single
crystal grown from a starting composition of
40% H, at 5.6 GPa. The unit cell was bct
(space group [4/mem) with a = 7.231 (1), ¢ =
5934 (1) Aand V = 310.3 (1) A3, for Z = 4.
This structure is similar to the Al,Cu-type
structure (13), with the CH,, molecules occu-
pying the Al sites and the H, molecules oc-
cupying the Cu sites (Fig. 3B). Based on sim-
ple considerations of hard sphere packing, this
is not surprising because the Al,Cu family of
alloys has a similar atomic (molecular) diam-
eter ratio in the range 1.13:1 to 1.61:1. For
compositions above 35% H,, methane froze
first; and above the peritectic pressure of 4.5
GPa, the compound (CH,),H, formed
through the peritectic reaction CH, (S) + L
— CH, (S) + (CH,),H, (§). With a com-
position of 20% H,, the soft (CH,),H, medi-
um provided a quasi-hydrostatic environment
in which to study the phase transitions in pure
methane (Fig. 2D).

Compared to other binary systems such
as Ar-H, (14) and He-Ne (I5), in which
only one compound has been observed, four
solid phases have been documented here.
Two of the stoichiometric solids observed
fall close to the compounds observed in the
N,-CH, system (16). However, in contrast
to that system, no unmixing was observed
in the fluid phase. This comparison reveals
a number of systematics in the structures of
these new compounds. The formation of
these van der Waals (molecular) com-
pounds is essentially dictated by the effi-
cient packing of hard spheres (17) used to
rationalize the structures of metallic alloys.
For CH,(H,),, the structure is similar to
that of Ar(H,), (14), as is expected because
the diameter ratios are fairly close to 1.22:1,
which satisfies the condition for the forma-
tion of a MgZn, (Laves phase) structure (7).

REFERENCES AND NOTES

1. P. Loubeyre, in Molecular Systems under High Pres-
sure, R. Pucci and G. Piccitto, Eds. (Elsevier, Am-
sterdam, Netherlands, 1991), pp. 245-262; J. A.

1402

Schouten, J. Phys. Condens. Matter 7, 469 (1995).

2. H. K. Mao and R. J. Hemley, Rev. Mod. Phys. 66,
671 (1994).

. J. H. van der Waals, Ann. N.Y. Acad. Sci. 715, 29
(1994).

. W. L. Vos et al., Nature 358, 46 (1992).

. R. J. Hemley et al., Phys. Rev. B 42, 6458 (1990).

. R. M. Hazen, H. K. Mao, L. W. Finger, P. M. Bell,
Appl. Phys. Lett. 37, 288 (1980).

. W. Hume-Rothery, S. E. Smallman, C. W. Haworth,
The Structure of Metals and Alloys (Institute of Metals
and Alloys, London, 1969).

8. W. L. Vos, L. W. Finger, R. J. Hemley, H. K. Mao,
Phys. Rev. Lett. 71, 3150 (1993).

9. D. Londono, W. F. Kuhs, J. L. Finney, Nature 332,
141 (1988).

10. Normalized with respect to the gas phase scattering

strengths of the C—H v4(A,) mode at 2914 cm~" and

[N IF w

~

BT L R R T S R TR %
SRS RU SRR ST R T e e

the H-H Q,(J) mode at 4156 cm~".

11. M. S. Somayazulu, R. J. Hemley, L. W. Finger, H. K.
Mao, in preparation.

12. M. S. Somayazulu, A. F. Goncharov, R. J. Hemley, H.
K. Mao, L. W. Finger, Bull. Am. Phys. Soc., in press.

18. E. E. Havinga, H. Damsma, P. Hokkeling, J. Less
Common Met. 27, 169 (1972).

14. P. Loubeyre, R. LeToullec, J.-P. Pinceaux, Phys.
Rev. Lett. 72, 1360 (1994).

15. P. Loubeyre, M. Jean-Louis, R. LeToullec, L. Cha-
ron-Gerard, ibid. 70, 178 (1993).

16. J. A. Schouten, M. G. E. von Hinsberg, M. I. M.
Scheerboom, J. P. J. Michels, J. Phys. Condens.
Matter 6, A187 (1994).

17. M. D. Elkridge, P. A. Madden, D. Frenkel, Nature
365, 35 (1993).

12 October 1995; accepted 16 January 1996

Comparison of Radiative and Physiological
Effects of Doubled Atmospheric CO, on Climate
P. J. Sellers, L. Bounoua, G. J. Collatz, D. A. Randall,

D. A. Dazlich, S. O. Los, J. A. Berry, |. Fung, C. J. Tucker,
C. B. Field, T. G. Jensen

The physiological response of terrestrial vegetation when directly exposed to an increase
in atmospheric carbon dioxide (CO,) concentration could result in warming over the
continents in addition to that due to the conventional CO,, “greenhouse effect.”” Results
from a coupled biosphere-atmosphere model (SiB2-GCM) indicate that, for doubled CO,,
conditions, evapotranspiration will drop and air temperature will increase over the tropical
continents, amplifying the changes resulting from atmospheric radiative effects. The range
of responses in surface air temperature and terrestrial carbon uptake due to increased
CO, are projected to be inversely related in the tropics year-round and inversely related

during the growing season elsewhere.

A number of simulation studies have inves-
tigated the impact of increasing atmospheric
CO, concentration on the energy balance,
precipitation, and surface air temperature of
the Earth. A recent assessment of the results
produced by different atmospheric general
circulation models (AGCMs) indicates that
the globally averaged surface air temperature
could increase by 1.5° to 4.5°C in response
to a doubling of atmospheric CO, (I). In
almost all cases, the impacts of increasing
CO, are conventionally associated with
changes in the radiation and energy balanc-
es; physiologically induced effects on climate
are ignored. In this report we investigate the
potential for additional warming over the
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continents as a result of the physiological
response of terrestrial vegetation when ex-
posed to an equilibrium doubling in atmo-
spheric CO, concentration.

Terrestrial vegetation takes up CO, for
photosynthesis through small pores in the leaf
surfaces called stomates. At the same time,
water vapor from the leaf interior diffuses out
through the stomates to the atmosphere
(transpiration). Plants continuously adjust the
widths of their stomatal apertures, apparently
to enhance CO, uptake for a given evapora-
tive loss of leaf water (2). Leaf stomatal con-
ductance to water vapor transfer appears to be
sensitive to variations in net photosynthetic
rate, and hence to light intensity, tempera-
ture, soil moisture, and atmospheric CO, con-
centration, as well as to changes in humidity
and CO, concentration at the leaf surface.
Leaf-scale models of net photosynthetic as-
similation, A, and stomatal conductance, g,
have been formulated to describe these rela-
tions [see, for example, (3)].

The physiological effects on climate
caused by increasing atmospheric CO, result
from the dependence of photosynthesis and
stomatal conductance on CO, partial pres-
sure (Fig. 1). Short-term exposure of C,
plants to 2 X CO, (a doubling of the CO,



concentration) stimulates photosynthesis
(Fig. 1, a and b) and decreases stomatal
conductance (Fig. 1c) from C (control) to P
(physiological response to 2 X CO,). After
long-term exposure to increased atmospheric
CO,, plants may reduce their biochemical
capacity for photosynthesis, V. This re-
sponse is represented by PV (physiological
effects due to 2 X CO, with “down-regulat-
ed”V_ ) inFig 1, band c. The PV case in
Fig. 1 depicts a maximum down-regulation
response in which photosynthesis at 2 X
CO, is adjusted to maintain about the same
rate as under normal (1 X CO,) conditions.
Down-regulation has been observed in some,
but not all, experiments with plants grown at
elevated concentrations of CO, (4). The
extent of down-regulation apparently de-
pends on species, nutritional status, and en-
vironmental stresses (5). Our calculations
indicate an associated decrease in stomatal
conductance in the range of 25% (P) to 50%
(PV), which is consistent with the range of
experimental observations on trees (6) and
herbaceous species (7). Analysis of stomatal
densities on fossil or otherwise preserved leaf
surfaces (8) also implies that g, has decreased
in response to past increases in atmospheric
CO, partial pressure.

The lines linking the P and PV points in
Fig. 1, b and ¢, thus describe the likely range
of leaf-scale physiological responses to in-
creased CO, in the absence of other climatic
effects. Photosynthesis could increase signifi-
cantly, with a small reduction in stomatal
conductance (the P case); photosynthesis
might remain more or less constant and g, and
transpiration significantly reduced (the PV
case); or something in between could occur.

The improved simple biosphere model
(SiB2) incorporates a coupled photosynthe-
sis-conductance submodel into its vegetation
canopy model (3, 9, 10) so that the ex-
changes of energy, water, and carbon be-
tween the land and atmosphere are modeled
as tightly linked processes. SiB2 has been
linked to an AGCM (11), which also incor-
porates simple ocean and sea-ice models
(12). Global satellite data for 1987 were used
to define the type, density, and greenness of
the vegetation worldwide at monthly inter-
vals (13). The use of these data should cor-
rect many biases in earlier survey-based de-
scriptions; for example, overestimation of
vegetation density in the boreal forest (14).
The satellite data form the basis for specify-
ing monthly fields of albedo, surface rough-
ness, and a canopy light-use parameter that
is used to scale up the leaf physiological
model to the canopy scale (that is, to inte-
grate leaf photosynthesis to canopy photo-
synthesis) and leaf conductance, g, to can-
opy conductance, g, (9). The model also
calculates the contributions of canopy inter-
ception loss and soil evaporation to the total
evapotranspiration flux. The results from

large-scale field experiments (15) have been
used to test the scaling assumptions involved
in the use of area-averaged satellite data to
describe the vegetation state. The combined
SiB2-GCM produces plausible fields of
evapotranspiration, carbon assimilation, and
surface energy-balance components in addi-
tion to reasonable climate simulations (11).
Simulations produced by the SiB2-GCM
have been used in other biosphere-atmo-
sphere studies (16).

We conducted model runs at 7.2° by 9.0°
spatial resolution and nine layers in the ver-
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Fig. 1. Leaf photosynthesis and conductance re-
sponses to local increases in atmospheric CO, for
light-saturated conditions, based on leaf-scale
model results. (@) Dependence of leaf photosyn-
thesis for C, and C, vegetation on exterior air CO,
concentration. (b) C; photosynthesis curves for
unadjusted (C and P cases) and down-regulated
(PV case) physiology. The down-regulated photo-
synthetic rate at 2 X CO, is the same as the
control case (1 X CO,) photosynthetic rate. (c)
Effects on stomatal conductance. Curves show
the dependence of stomatal conductance with
increasing CO,, for unadjusted vegetation (P case)
and down-regulated physiology (PV case).
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tical. First, we ran the model using observed
climatological sea surface temperatures and
the current 1 X CO, concentration [350
parts per million (ppm)] for 10 years to ob-
tain the implied ocean heat transports (12,
17) and initial conditions for the experimen-
tal runs. This was followed by six 30-year
integrations (runs) in which sea surface tem-
peratures and sea ice were permitted to
evolve with time (Fig. 2).

1) The control (C) run. This consisted
of an integration from the initial conditions
out to 30 years using 1 X CO, (350 ppm)
for both the radiative transfer code in the
AGCM and the vegetation physiological
model.

2) The physiology-only (P) run. The
CO, concentration in the AGCM bound-
ary layer was maintained at 2 X CO, (700
ppm) and thus directly influenced the pho-
tosynthesis-conductance model (see Fig. 1).
In this run, the biome-dependent physio-
logical parameter that limits the maximum
photosynthetic rate V,_, was the same
(“unadjusted”) as in the control run. The
radiation code operated on a 1 X CO, (350
ppm) CO, atmosphere.

3) The down-regulated physiology (PV)
run. The assimilation rates calculated for
each grid point for the last 10 years of the C
and P integrations were time-averaged and
ratios were determined (C/P). These ratios
were used to reduce proportionally the V.
values at every grid point to simulate a large
down-regulation effect. The result is that, at
2 X CO,, the assimilation rates calculated
by the vegetation model in the PV run
should approach those produced in the C
case (see Fig. 1b).

4) The radiation-only (R) run. This is a

conventional 2 X CO, integration in

2 x CO, Experiment design

y

Physiology Radiation Radiation
Control :
only only physiology
1xC0C| |5,¢cao,p| |2xco.Rr| |2xco, AP
Ratio assimilation
Adjust Vo, fields
Down-regulated
physiology
2 x CO, PV
———yy i
Ratio assimilation
Adjust V., fields
Radiation plus down-regulated
physiology
2 x CO, RPV

Fig. 2. Sequence and type of numerical experi-
ments performed with the biosphere-atmosphere
model SiB2-GCM. Each case is described in the
text.
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which only the AGCM radiative transfer
code responds to 2 X CO,; the vegetation
“sees” only 1 X CO,.

5) The radiation plus physiology (RP)
run. This is a combination of the R and P

Legend
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R
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RPV
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Fig. 3. Zonal mean T for the last 10 years of the
simulations for all land points for the experiments
discussed in the text, expressed as differences
from the control (1 X CO,) case. (A) January; (B)
July.
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treatments; the atmospheric radiation code
works with 2 X CO, as does the (unadjust-
ed) physiology.

6) The radiation plus down-regulated
physiology (RPV) run. The assimilation
fields of the last 10 years of the C and RP
runs were averaged and their ratios were
applied to the V___fields in the same way as
for PV. We then ran the RPV case forward
using these adjusted fields and 2 X CO,
values for both the AGCM radiation code
and the atmospheric boundary layer in con-
tact with the vegetation.

Table 1 shows assimilation rate (A), can-
opy conductance (g); evapotranspiration
rate (E), precipitation, and surface air tem-
perature (T) values for each run and also the
changes relative to the control run.

The impact of the radiation-only (R
case) treatment on assimilation (A) was
very small; the assimilation fields generated
in the C and R cases were almost identical

everywhere. The P and RP runs had signif-
icantly higher A values than did their 1 X
CO, (physiology) counterparts, the C and
R cases, respectively. These results were
anticipated from an inspection of Fig. 1.
The down-regulated A values (PV and RPV
cases) are slightly increased, ~10%, over
the control case (C). This difference indi-
cates that the down-regulation of A in the
PV and RPV treatments was not complete,
largely because A is enhanced at elevated
CO, concentrations in C; plants at lower
light intensities; that is, when V___ is not
limiting.

The overall effect of down-regulation
(PV and RPV cases) was to reduce g_ values
by 35% relative to the C or R cases, whereas
the unadjusted physiology treatments (P and
RP cases) gave reductions of ~25%. This
range of responses falls within that observed
in laboratory and field 2 X CO, manipula-
tion experiments (4-7). There is little dif-

ax

Table 1. Summary of results from the six experiments described in the text: C (control; 1 X CO, for
radiation and physiology); P (1 X CO, for radiation, 2 X CO, for physiology); PV (1 X CO, for radiation,
2 X CO, for down-regulated physiology); R (2 X CO, for radiation, 1 X CO, for physiology); RP (2 X CO,
for radiation, 2 X CO, for physiology); and RPV (2 X CO, for radiation, 2 X CO, for down-regulated
physiology). Values are means for the last 10 years of the 30-year simulations. Values in parentheses are
the percent differences from C, except in the case of surface air temperature where the values are the

differences from C. Dashes indicate not applicable.

. Assimilation Canopy Evapo- S Surface air
Erﬁzi?' (wmol m~2 conductance transpiration Tr;e;"f;;a“_‘i’)‘ temperature
s77) (mm ™) (Wm-2) Y (C)
Tropics (14.4°S to 14.4°N)
C 6.04 (-) 2.79 (=) 100.8 (-) 436 (-) 281 (-)
P 7.96 (31.7) 2.06 (—26.1) 96.7 (—4.0) 4.34 (-0.4) 28.5 (0.4)
PV 6.87 (13.8) 1.82 (—34.8) 96.5 (—4.2) 4.35(-0.2) 28.8(0.7)
R 6.08 (0.6) 281 (0.6) 1059 (56.1) 458 (5.0) 29.8(1.7)
RP 8.10 (385.1) 212 (-24.1) 1026 (1.9) 4.58 (5.0 30.2 (2.1)
RPV 6.71 (11.0) 1.79 (—35.9) 100.0 (—0.8) 445 (2.1) 30.6 (2.6)
Mid-latitudes (28.8°N to 50.4°N)
C 1.77  (-) 0.79 (=) 496 (-) 270  (-) 17.4 (-)
P 2.62 (48.3) 0.61 (—23.4) 49.3 (— 06) 2.69(-0.2) 17.7 (0.3)
PV 1.96 (10.8) 0.49 (—38.3) 48.1 (—-3.1) 2.78 (3.0) 17.9(0.5)
R 1.72 (-2.5) 0.79 (-0.9) 52.3 (5 4) 291 (7.7) 20.0 (2.6)
RP 2.53 (43.4) 0.61 (—23.8) 515 (3.8 2.89 (6.8 20.3 (2.9
RPV 2.02 (14.1) 0.51 (—35.9) 50.4 (1.6) 279 (3.1) 20.0 (2.6)
North latitudes (60.4°N to 72.0°N)
C 167 (-) 0.92 (=) 386 (-) 235 (-) 48 (-)
P 2.26 (35.6) 0.68 (—25.9) 37.7(-2.2) 2.33(-1.1) 5.1 (0.3
PV 1.76 (6.0 0.59 (—35.7) 37.0(—4.1) 2.34 (—-0.6) 59(1.1)
R 1.63 (—2.0) 0.91 (-0.6) 41.2 (6.8) 254 (7.8) 8.8 (4.0
RP 2.25 (35.0) 0.69 (—24.5) 399 (3.4 249 (5.8 8.7 (3.9
RPV 1.81 (8.9 0.62 (—32.4) 39.0 (1.0 2.43 (3.4) 8.1 (3.3
All land points
C 265 () 1.21 (=) 589 (-) 290 (-) 196 (-)
P 3.59 (35.3) 0.90 (25.1) 57.6 (—2.3) 2.89 (0.3 19.8 (0.3)
PV 2.93 (10.6) 0.78 (—35.2) 56.9 (—3.5) 294 (1.3 20.2 (0.7)
R 2.65 (0.0) 121 (0.2 62.3 (5.8) 3.10 (7.0 22.2(2.6)
RP 3.59 (35.5) 0.92 (—23.8) 609 (3.3 3.09 (6.5 22.4 (2.8)
RPV 2.94 (11.0) 0.79:(—34.1) 59.1 (0.3 299 (3.0 22.2(2.7)
Global land and ocean
C 96.0 () 3.29 185 (-)
P 95.8 (—0.2) 3.28 (— 02) 18.7 (0.1)
PV 96.0 (0.1) 3.29 (0.1) 18.9 (0.3)
R 100.1 (4.2 3.43 (4.2) 20.4 (1.9)
RP 99.9 (4.0 3.42 (4.0 20.5(1.9)
RPV 99.1 (3.9 3.40 (3.3 20.4 (1.8)
SCIENCE e VOL.271 < 8 MARCH 1996



ference between the g_ values in the R and C
cases, which is consistent with the A results
discussed above. Canopy conductance gen-
erally decreases away from the equator, fol-
lowing the environmental and vegetation
density gradients. We therefore expect to see
the largest physiological impacts of 2 X CO,
on the E rates in the tropics and smaller
effects in the high latitudes.

The physiological effects of P and PV act
to reduce E as the stomatal conductance falls
(see Fig. 1c). However, the R runs resulted in
an increase in available energy (net radiation)
at the Earth’s surface and, in the absence of
physiological effects, E was boosted. When
the physiological effects were applied along
with the radiative effects, E was progressively
reduced (in the RP and RPV cases) so that
ultimately the global mean value of E for land
in the RPV case was about the same as it was
in the C case. The physiological effects thus
largely counteracted the radiative effects on E
in the RPV case. However, the additional
available energy at the surface (net radiation)
resulting from the radiative response to 2 X
CO, was then released as sensible heat, caus-
ing a further increase in T in the absence of
nonlocal effects.

For most places, the effects of the phys-
iological treatments (P, PV, RP, and RPV
cases) on precipitation were small com-
pared with those of radiation (R case).
There were only small changes in the total
land precipitation rate in the P and PV
cases. However, precipitation increased sig-
nificantly in the R case, in line with most
other AGCM 2 X CO, studies, then fell off
slightly in the RP case and was reduced
further in the RPV treatment.

The regional and temporal distributions of
the changes in T due to physiological effects
are striking (see Fig. 3). The P and PV effects
were generally small compared with those in
the R runs and are consistent with the reduc-
tions in E (Table 1) and our interpretation of
Fig. 1. The increase in temperature in the R
run is large in the Northern Hemisphere and
relatively small at lower latitudes, which is in
line with results from previous “greenhouse
effect” (R case) studies. In July, the RP and
RPV results showed proportionally larger in-
creases in T in the tropics, which reduced
the July mean meridional temperature gra-
dient over land in the Northern Hemi-
sphere relative to that in the R case (Fig.
3B). Surprisingly, in January, the RP and
RPV cases gave rise to a modest reduction
in temperature in the land boreal zone rel-
ative to that in the R case (see Fig. 3A),
which is in contrast to earlier studies (18—
20). This result implies that nonlocal effects,
generated by the strong year-round physiolog-
ical responses in the tropics, can affect the
high-latitude climate. Thus, the radiative and
physiological responses to 2 X CO, combine
in a nonadditive way.

The R results produced by SiB2-GCM give
a warming at the low end of the range ob-
tained from other numerical simulations of
the equilibrium response to 2 X CO, (1): The
total increase in global T in the R case was
1.9°C. The effects of physiological responses
to 2 X CO, alone, in the absence of radiative
effects, were anticipated from a simple consid-
eration of the role of physiological processes
in the surface energy budget (P and PV cases).
The combination of physiological and radia-
tive effects produced big impacts in the trop-
ics, where physiological effects increased the
R-case temperature increment from 1.7°C to
between 2.1°C (RP case) and 2.6°C (RPV
case). The physiologically induced effects are
concentrated around midday, and so many of
the effects generated by the RP and RPV
warmings would be greater than those implied
by the increases in mean temperatures. The
projected tropical temperature increase of
2.6°C (RPV case) is comparable to the results
of Amazon deforestation simulation studies,
which typically yield increases of 2° to 4°C
in T as a result of replacing all of the
primary tropical forest with C, pasture. It
has been suggested that such a climate
change would have substantial ecological
effects (21). However, a doubling of atmo-
spheric CO, is more likely to occur than is
the complete deforestation of the Amazon
within the next century.

Figure 4 compares the changes in global A
and T resulting from the different treatments;
the total response to 2 X CO, should lie
somewhere along the RP-RPV axes for all
cases. The RP and RPV results in Fig. 4 can be
compared with the sum of vectors represent-
ing the results of separate R and P, PV treat-
ments. We have constructed analogs to the
RP and RPV cases using (R + P) and (R +
PV) vectors, respectively, and have plotted

Fig. 4. Changes in assimilation rate, AA, plotted
against changes in surface temperature, AT, for
different land areas for all the experiments de-
scribed in text. All differences are defined relative
to the control (1 X CO,) case. The vectors (R) and
(P, PV) show the separate effects of radiation and
physiology, respectively. (A) Tropics, 14.4°S to
14.4°N; (B) northern latitudes, 50.4°N to 70°N;
and (C) all land points. The dashed line joining the
RPV and RP points is the axis linking the results of
the combined radiation and physiology experi-
ments (RPV and RP cases). The dotted line joining
the “constructed” vectors (R + PV)and (R + P)is
the analog of the RPV-RP axis, created by joining
the points generated from the vector sums (R +
PV) and (R + P). If the radiation and physiology
responses were completely additive, the two axes
(RPV-RP)and (R + PV )}~(R + P) would lie on top of
each other. This is almost true for the land tropics
(A) but is obviously not true for the northem lati-
tudes (B) or for all land points (C). This result indi-
cates that the physiological response of the trop-
ics may play a strong role in determining the cli-
matic response to 2 X CO, at higher latitudes.
SCIENCE *
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them on Fig. 4. A comparison of the RP with
(R + P), and the RPV with (R + PV) points
indicates that the interactions between the
radiation and physiological effects can be
nonadditive depending on geographical loca-
tion; that is, the two vectors cannot be treated
independently because of nonlocal influences,
particularly in the northern mid- and high
latitudes (Fig. 4B). In the tropics, however,
the results suggest that these effects are ap-
proximately additive, presumably because lo-
cal processes dominate in this zone (Fig. 4A).
This result is relevant to field studies where
vegetation canopies are exposed to enriched
CO,. Figure 4 implies that these studies,
which generally focus on the carbon budget,
should also include energy budget (radiation,
water, and heat fluxes) measurements. It will
be necessary to combine the results from these
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studies with the anticipated changes in the
energy and water balances from AGCM in-
vestigations in order for a complete picture of
the total environmental response to increased
CO, to emerge.

In the tropics, it is projected that the
value of A for the terrestrial biosphere is
inversely related to changes in T under 2 X
CO, conditions (see the RPV-RP axis in
Fig. 4A). For the northern latitudes, this is
true for the growing season but, because of
the lower winter temperatures associated
with the RPV case, the mean annual A and
T values appear to be correlated (Fig. 4B).
For the globe, the net result is that total A
varies widely for little variation in the glob-
al mean value of T (Fig. 4C).

We performed these simulations using ob-
served vegetation conditions for 1987, as ob-
tained from satellite data. We did not consid-
er morphological responses (that is, changes
in leaf area index or greenness) or changes in
vegetation type (migration of biomes) in re-
sponse to altered climate or plant physiology.
Human impacts on the distribution of vege-
tation are likely to be important but are dif-
ficult to predict. The potential effect of plant
physiology on climate is simulated to be sub-
stantially larger when physiology is down-
regulated than when it is not (PV versus P
and RPV versus RP). However, there is a large
uncertainty as to whether the aggregate ter-
restrial biospheric response will be closer to
the unadjusted (RP) case or the down-regu-
lated (RPV) case.
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The Amyloid Precursor Protein of Alzheimer’s
Disease in the Reduction of Copper(ll) to Copper(l)

Gerd Multhaup,* Andrea Schlicksupp, Lars Hesse, Dirk Beher,
Thomas Ruppert, Colin L. Masters, Konrad Beyreuther

The transition metal ion copper(ll) has a critical role in chronic neurologic diseases. The
amyloid precursor protein (APP) of Alzheimer’s disease or a synthetic peptide represent-
ing its copper-binding site reduced bound copper(ll) to copper(l). This copper ion-me-
diated redox reaction led to disulfide bond formation in APP, which indicated that free
sulfhydryl groups of APP were involved. Neither superoxide nor hydrogen peroxide had
an effect on the kinetics of copper(ll) reduction. The reduction of copper(ll) to copper(l)
by APP involves an electron-transfer reaction and could enhance the production of
hydroxyl radicals, which could then attack nearby sites. Thus, copper-mediated toxicity
may contribute to neurodegeneration in Alzheimer’s disease.

The major component of Alzheimer’s dis-
ease (AD) amyloid A4 is derived from the
transmembrane protein APP (1). The cen-
tral role of APP has emerged from the iden-
tification of genes that cosegregate with the
disease and influence BA4 formation (2).
The normal cellular function of APP is
unknown. Work with different cell lines has
shown that the secreted or membrane-asso-
ciated forms of APP regulate cell growth
and neurite length and participate in cell-
cell and cell-matrix adhesion (3). APP
binds to collagen, laminin, and heparan
sulfate side chains of proteoglycans (4).
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APP isoforms (containing the Kunitz pro-
tease inhibitor domain) that form complex-
es with extracellular proteases are internal-
ized by the apolipoprotein E receptor LRP
(low density lipoprotein receptor-related
protein) (5). A Zn(Il)-binding site resides
within APP residues 181 to 200 (6), and a
Cu(Il)-binding site resides within APP res-
idues 135 to 155 (6, 7). Zn(II) and Cu(II)
binding influence APP conformation, sta-
bility, and homophilic interactions (6, 7).
In the APP gene family, both binding sites
are conserved in APLP2, whereas in APLP]
only the Zn(II) site is present (6, 7).

In neurons, APP is first delivered from
the cell body to the axonal cell surface and
then to the dendritic plasma membrane (8).
If APP undergoes transcytosis from axons to
dendrites, APP could function as a transcy-
totic receptor in neurons and could facili-
tate the transcellular transport of cerebral
Zn(Il) and Cu(Il). Copper is an important
component of various redox enzymes. Free
Cu is also a toxic ion, as exemplified by its
ability to inactivate proteins through ty-





