and anthropogenic forcing factors (for example, land-use change,
forest fires, sulphate aerosol concentrations and nitrogen deposi-
tion). However, our results indicate that it will be essential to
accurately represent previously neglected carbon-cycle feedbacks
if we are to successfully predict climate change over the next 100
years. O

Methods
Ocean carbon-cycle model

The inorganic component of HadOCC has been extensively tested as part of the Ocean
Carbon Cycle Intercomparison Project; it was found to reproduce tracer distributions to
an accuracy consistent with other ocean GCMs™. The biological component treats four
additional ocean fields: nutrient, phytoplankton, zooplankton and detritus®. The phyto-
plankton population changes as a result of the balance between growth, which is
controlled by light level and the local concentration of nutrient, and mortality, which is
mostly as a result of grazing by zooplankton. Detritus, which is formed by zooplankton
excretion and by phyto- and zooplankton mortality, sinks at a fixed rate and slowly
remineralizes to reform nutrient and dissolved inorganic carbon. Thus both nutrient and
carbon are absorbed by phytoplankton near the ocean surface, pass up the food chain to
zooplankton, and are eventually remineralized from detritus in the deeper ocean. The
model also includes the formation of calcium carbonate and its dissolution at depth
(below the lysocline).

Terrestrial carbon-cycle model

TRIFFID (top-down representation of interactive foliage and flora including dynamics)
has been used offline in a comparison of dynamic global vegetation models''. Carbon
fluxes for each vegetation type are calculated every 30 minutes as a function of climate and
atmospheric CO, concentration, from a coupled photosynthesis/stomatal-conductance
scheme®?, which utilizes existing models of leaf-level photosynthesis in C; and C,
plants”*. The accumulated fluxes are used to update the vegetation and soil carbon every
10 days. The natural landcover evolves dynamically based on competition between the
vegetation types, which is modelled using a Lotka—Volterra approach and a tree—shrub—
grass dominance hierarchy. We also prescribe some agricultural regions, in which grass-
lands are assumed to be dominant. Carbon lost from the vegetation as a result of local
litterfall or large-scale disturbance is transferred into a soil carbon pool, where it is broken
down by microorganisms that return CO, to the atmosphere. The soil respiration rate is
assumed to double for every 10 K of warming®, and is also dependent on the soil moisture
content™. Changes in the biophysical properties of the land surface’, as well as changes in
terrestrial carbon, feed back onto the atmosphere.
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Offset of the potential carbon sink
from horeal forestation hy
decreases in surface albedo

Richard A. Betts

Hadley Centre for Climate Prediction and Research, The Met Office, Bracknell,
Berkshire RG12 2SY, UK

Carbon uptake by forestation is one method proposed’ to reduce
net carbon dioxide emissions to the atmosphere and so limit the
radiative forcing of climate change®. But the overall impact of
forestation on climate will also depend on other effects associated
with the creation of new forests. In particular, the albedo of a
forested landscape is generally lower than that of cultivated land,
especially when snow is lying’~®, and decreasing albedo exerts a
positive radiative forcing on climate. Here I simulate the radiative
forcings associated with changes in surface albedo as a result of
forestation in temperate and boreal forest areas, and translate
these forcings into equivalent changes in local carbon stock for
comparison with estimated carbon sequestration potentials'*'> I
suggest that in many boreal forest areas, the positive forcing
induced by decreases in albedo can offset the negative forcing that
is expected from carbon sequestration. Some high-latitude fores-
tation activities may therefore increase climate change, rather
than mitigating it as intended.

Perturbations to the balance between radiation absorbed and
emitted by the Earth (‘radiative forcing’) can result from changes in
atmospheric chemistry and planetary albedo. A positive ‘green-
house’ forcing results from increased atmospheric CO, absorbing
and re-emitting more of the infrared radiation emitted by the
surface'; forestation may help to mitigate this by slowing the rise
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in atmospheric CO, concentrations through carbon sequestration'?,
but may also provide a further positive forcing by reducing the
surface albedo. Forests are generally darker than open land, particu-
larly when snow is lying, because trees generally remain exposed
whereas cultivated land can become entirely snow-covered’™.
Snow-free foliage is considerably darker than snow, but even if
large quantities of snow are held on the canopy, multiple reflections
within the canopy scatter rather than reflect shortwave radiation
which also reduces the landscape albedo’. Models suggest that the
resulting low surface albedo causes boreal and cool-temperate
forests to exert a warming influence on climate relative to unfor-
ested land®™ that may be more important than the effects of their
carbon storage®.

To compare the forcings by albedo change and carbon sequestra-
tion due to mid- and high-latitude forestation, I have made spatially
explicit calculations of shortwave radiation budget perturbations,
considering replacement of agricultural land with forest. I then
compare these with the effects of carbon sequestration by calculat-
ing the changes in atmospheric CO, concentration (and hence
changes in carbon stock) that would give the same forcings as
those exerted by the local albedo changes. For consistency with
carbon sequestration estimates'!, I have considered dense conifer-
ous plantations. These generally have a higher sequestration poten-
tial than natural forests at middle and high latitudes.

The radiative forcing due to surface albedo change was simulated
with the radiative transfer scheme'* of the third Hadley Centre
Atmosphere Model (HadAM3) (ref. 15). This simulates the Earth’s
radiation budget with a 3-hour timestep on a global grid of 3.75°
longitude by 2.5° latitude, with 19 levels in the vertical. The short-
wave radiation budget at each gridpoint is influenced by the
simulated surface albedo and also by cloud and water vapour
provided by other components of the atmosphere model. The
surface albedo depends on the local vegetation and soil types and
the depth and temperature of any lying snow'®; of particular
importance here is the inclusion of the effect of vegetation on
surface albedo in snowy conditions®. The surface albedo « is
calculated at each gridpoint as

a=a,+ (ap = o)1 — e ") (1)

where o is the local albedo in snow-free conditions, S is the snow
mass (kgm), and ap, represents the influence of vegetation type
and surface temperature T*(K) when snow is lying'®:

o for T < Ty — AT

s

a, + 0.3(ct, — a)(Tx — Ty + ATYAT

ap =
forTy — AT < Tx < Ty )

Ty is 273.15K, and AT is 2.0 K. The vegetation-dependent deep-
snow albedo parameter o provides the upper limit on albedo
during deep snow cover, and is much lower for forests than for
open land (Table 1). In snowy conditions, « can vary from 0.8 to
0.25 according to whether the local vegetation is farmland or forest.

Two 20-year radiation budget simulations were performed, with
different data fields of o and o but with the same meteorological

Table 1 Albedo parameter values before and after forestation

Land cover ap ag % o
(dark soil) (medium soil) (light soil)

Arable cropland 0.18 0.19 0.21 0.78

Dense coniferous forest 0.14 0.14 0.15 0.26

Values of snow-free albedo parameter ag and deep-snow albedo parameter a, for arable cropland
and dense evergreen coniferous forest. ay depends on the albedo of the underlying soil, which
varies according to soil type. Soil moisture dependence of «q is assumed to be negligible, and
dependencies on wavelength and solar zenith angle are also neglected. These values are used
along with those for other land surface types to derive «p and « fields for HadAM3 and the current
operational weather forecast models of the Met Office®**°.
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inputs. Simulation CONIF used « and o for dense, mature,
evergreen coniferous forest (Table 1) at points north of 23°N
where widespread forest is sustainable'”'®, and simulation CROP
used « and «; for arable cropland (Table 1) at these same points.
The simulations calculated the surface albedo for the given vegeta-
tion cover using the same patterns of S and T* from a 20-year
HadAM3 simulation of present-day climate, and used this to model
the shortwave radiation budget using cloud cover and other data
again from HadAM3. The simulated outgoing shortwave flux at the
tropopause was compared at each gridpoint, and the difference
(CONIF—CROP) gave the local shortwave radiative forcing due to a
change from cropland to coniferous forest.

In the boreal forest regions, the simulated surface albedo was 0.1—
0.3 lower in CONIF than in CROP in the annual mean (Fig. 1a). The
difference was greatest in the areas of longest-lasting snow cover,
which were generally the farthest north. In temperate regions, the
difference ranged from 0.04 to 0.15 depending on snow-cover
duration and local soil albedo. The associated annual-mean local
shortwave radiative forcing ranged from 3Wm™ in temperate
regions to over 20 Wm™ in the boreal forests of eastern Canada
and eastern Siberia (Fig. 1b). The spatial maxima of the annual
mean albedo and forcing did not coincide, because higher latitudes
are sunlit for a shorter time and hence allow less forcing per unit
albedo change.

To compare the climatic influence of albedo change with that of
carbon sequestration for a given location, the effect of local albedo
change on the global mean radiative forcing was found. The change
in carbon stock that would give this same global forcing via atmos-
pheric CO, change was then calculated. Because the calculations are
nonlinear, the results will depend slightly on the scale of the
forestation units; here, 1-ha plantations were considered. The
contribution F of a plantation to global forcing was found by
dividing the local radiative forcing (Fig. 1b) by the Earth’s surface
area in hectares, and the global-mean atmospheric CO, concentra-
tion change AC which would give the same forcing F was given by'’

F = 5.35In(1 + AC/C,) 3)

where Cj is the 1997 CO, concentration, 363.8 p.p.m.v. (ref. 20). AC
is related to the terrestrial carbon stock change ACrt by

AC; = 2(M./M,)m,ACIC, (4)

where M and M, are the molecular masses of carbon and dry air, and
m, is the mass of the atmosphere. The factor of 2 accounts for an
airborne fraction of emissions of 0.5 (ref. 13), assumed to remain
constant over forest growth timescales. Combining equations (1) and

a Surface albedo difference, CONIF-CROP

=

-0.2 -0.15

b SW radiative forcing (W m~2), CONIF-CROP

5 10 15 20

Figure 1 Effects of forestation on the solar radiation budget. a, Difference in annual-mean
surface albedo « simulated by CONIF and CROP. b, Local instantaneous shortwave (SW)
radiative forcing at the tropopause due to surface albedo change. At uncoloured
gridpoints, vegetation was identical in CONIF and CROP.
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(2) to find ACy from F gave the emissions equivalent of the shortwave
forcing (EESF). Assuming that o and o reach the values given in
Table 1 within one forest management rotation period, the EESF can
then be compared with sequestration estimates'®™* (Table 2).

In the boreal forest regions, the replacement of crops with
carbon-sequestering forests induced a positive albedo forcing
equivalent to the emission of 50—140t Cha™" (Fig. 2a). The greatest
effect was in eastern Siberia, where the EESF was 90-140t Cha™".
The carbon sequestration potential (SP) in the former Soviet Union
is estimated to be 80—120 t Cha™ (Table 2), so if this is appropriate
to eastern Siberia then forestation in this region could exert a net
warming influence (Fig. 2b). In the intensive agricultural regions of
western Russia, the EESF of 80-90tCha™' could again largely
counteract or overcome the estimated carbon sink (Fig. 2). Similarly
in Canada, the EESF was 60—110t Cha™', which significantly out-
weighs the mean sink potential of 60t Cha™" estimated for most of
this region (Fig. 2, Table 2). This suggests that in many boreal forest
areas, forestation could therefore exert a net positive radiative
forcing of climate, rather than a negative forcing as intended.

The EESF in British Columbia was smaller than the estimated SP
(Table 2) because the relatively mild climate leads to less snow cover
than elsewhere in Canada and also, presumably, enhances seques-
tration. However, the albedo change still significantly reduces the
net forcing of climate in comparison with that expected from
sequestration alone, because the net equivalent stock change
(NESC = SP — EESF) is only 60% of the SP (Table 2). Similarly,
the NESC for Nordic Europe is only 50% of the SP (Table 2). Carbon
accounting'? would therefore overestimate the associated mitigation
of climate change by a factor of approximately two.

In temperate regions, the EESF ranged from 20 to 80tCha™
(Fig. 2a). The smallest effects were in western Europe, the western
USA and southern China, where infrequent snow cover and/or low
soil albedo'” suppressed the albedo change when the vegetation was
modified. The effects were largest where snow lies for a significant
part of the year; the EESF reached 80t Cha™' in the northern USA,
and exceeded 100t Cha™" in the Rocky Mountains, northern China
and the fringes of the Tibetan plateau. The area-mean EESF was
smaller than the estimated SP in all regions classified here as
‘temperate’, and for most regions the NESC was 70-90% of the
SP (Table 2). The mean NESC for China was only 30% of the SP, the
latter being relatively small due to a low growth rate estimate'' while
the mean EESF was high because of large forcings in the north
(Fig. 2a). I note that the growth rate given for this region is similar to
that for the neighbouring former Soviet Union', so may be
applicable only to northern China. Latitudinal comparisons with
other regions suggest that higher SPs may be more appropriate in
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southern China, but higher-resolution sequestration estimates will
be required to confirm this. Despite such uncertainties, these results
show that although temperate forestation should still exert a net
negative radiative forcing, the effect cannot be adequately quantified
by simple carbon accounting.

These results clearly rely on accurate representation of S, ¢ and
o, S from HadAM3 agrees with an observation-based monthly
climatology” to within 10% across most regions in the annual
mean. HadAM3 gives more snow than the climatology in parts of
Russia, and less in eastern Europe, but the greatest disagreement is
in southeastern Canada where the climatology gives around twice as
much snow mass as HadAM3. The observation-based snow mass
would reduce the EESF by approximately 10—15t Cha™ in eastern
Siberia, but would increase that in eastern Canada by around
15tCha™". Climate and weather simulations using o and o as in
Table 1 show no evidence of bias attributable to errors in these
parameter values for these surface types. However, lower o values of

a Emissions-equivalent of SW forcing (t C ha-1)

-75

50 25 O 50 75 100 150 200

Figure 2 Effects of albedo change on annual-mean global radiative forcing in terms of
carbon stock change. a, Carbon emissions (t C ha™") that would provide global radiative
forcing equal to that exerted by local surface albedo change due to forestation (EESF). See
text for error estimates. b, Net changes in equivalent carbon stock (NESC, tC ha™)
considering both sequestration potential (SP) and EESF. SP contribution is from regionally
representative values (Table 2) applied across whole regions because higher-resolution
data are not available; this results in discontinuities across some region boundaries (for
example, the USA/Canada border) where smooth transitions are expected in reality.
Where ranges of SP estimates apply, range means are used here. Negative NESC implies
a net radiative forcing equivalent to net carbon emission. At uncoloured gridpoints,
vegetation was identical in CONIF and CROP.

Table 2 Sequestration and albedo forcings in terms of carbon stock change

Region Sequestration potential, SP Emissions-equivalent Net equivalent NESC/SP
(tCha™) of shortwave forcing, EESF stock change, NESC (%)
(tCha') (tCha')

Boreal
Former Soviet Union 80-120 100 —20-20 -30-20
British Columbia 190 80 110 60
Rest of Canada 60 90 -30 -50
Nordic Europe 120 60 60 50

Temperate
Western Europe 140-280 30 110-250 80-90
Eastern Europe 150 40 110 70
Southern Europe 90 40 50 60
Temperate USA 200-420 70 130-350 70-80
Southern USA 210 40 170 80
China 80 60 20 30
Rest of temperate Asia 200 60 140 70

Column 2 gives ranges of regional estimates of carbon sequestration potential by forestation over one rotation period, based on literature data'®'". Coniferous plantations are specified for sequestration
estimates in the boreal forest regions, the USA and western Europe'®'"; for other regions the forest type is unspecified'' and was assumed here to be coniferous. Sequestration potentials include above- and
below-ground biomass, and were estimated here as mean net uptake'®'" times mean rotation period'®!". Rotation periods range from 40 to 80yr. Nabuurs and Mohren'® give total system uptake at
specified locations representative of major biomes. Nilsson and Schopfhauser'" give regional values and separate above-ground and below-ground uptake, the latter being in root biomass (20%/19% of
total living biomass for boreal/temperate forests'"), litter (0.32%/2.11% of above-ground biomass'"), and soil (regionally specific estimates'). In column 4, NESC = SP — EESF. Data are rounded to the

nearest 10 to avoid misleading precision.
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0.10—0.18 have been suggested for dense coniferous forest"’; this
would increase the EESF by approximately 25tCha™" in the most
snow-covered regions.

Here I have considered forestation under present-day conditions,
but the effects of future CO, rise and climate change are likely to
affect the magnitude of both radiative forcing terms, due to
dependencies on time-varying quantities such as the atmospheric
CO, concentration, snow extent and vegetation structure and
leafiness. As the atmospheric CO, concentration increases, CO,
fertilization is likely to increase carbon uptake® so the magnitude of
the negative sequestration forcing should therefore increase,
although associated climate changes may exert additional positive
or negative effects on sequestration. Warmer temperatures may
reduce the extent of snow cover®, but the leaf area index (LAI) of
potential vegetation may increase’*”, so the albedo forcing could
either increase or decrease. The effect of vegetation on surface
albedo is not necessarily proportional to biomass, so the net
contribution to radiative forcing may not evolve linearly through-
out a forest’s development; albedo depends on canopy density and
architecture, and can become low rapidly, whereas carbon seques-
tration depends largely on woody biomass which is more gradually
accumulated. Other contributions to forcing may also require
consideration; for example, the longwave radiation budget could
be affected by modified surface emissivity”, although the sign of
such changes is uncertain®?*.

The work I report here has focused on perturbations to the Earth’s
radiation budget, which is the fundamental driver of the climate
system. Forestation may also influence the climate by modifying the
fluxes of heat, moisture and momentum between the land surface
and atmosphere. Whereas boreal forests warm their local climate
through reduced albedo, tropical forests tend to cool and moisten
their local climates by greatly enhancing evaporation. Both may also
influence distant regional climates via the atmospheric circu-
lation®”. Assessment of the effect of forestation on climate at a
given time in the future will require simulations with a climate
model that incorporates vegetation dynamics*>*® and other atmos-
pheric, terrestrial and oceanic components of the carbon cycle®, in
which forest growth occurs at appropriate rates in relation to
changes in atmospheric CO, and snow cover. Nevertheless, my
results suggest that high-latitude forestation would exert a positive
radiative forcing through reduced albedo that in many places could
outweigh the negative forcing through carbon sequestration. If
afforestation and reforestation are required to decrease radiative
forcing rather than simply to reduce net CO, emissions, then
changes in surface albedo must also be considered. U
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An artificial landscape-scale fishery
in the Bolivian Amazon
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Historical ecologists working in the Neotropics argue that the
present natural environment is an historical product of human
intentionality and ingenuity, a creation that is imposed, built,
managed and maintained by the collective multigenerational
knowledge and experience of Native Americans"’. In the past
12,000 years, indigenous peoples transformed the environment,
creating what we now recognize as the rich ecological mosaic of
the Neotropics®™. The prehispanic savanna peoples of the Boliv-
ian Amazon built an anthropogenic landscape through the con-
struction of raised fields, large settlement mounds, and earthen
causeways”®. I have studied a complex artificial network of
hydraulic earthworks covering 525 km” in the Baures region of
Bolivia. Here I identify a particular form of earthwork, the zigzag
structure, as a fish weir, on the basis of form, orientation, location,
association with other hydraulic works and ethnographic analogy.
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