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Trading Water for Carbon with
Biological Carbon Sequestration

Robert B. Jackson,'* Esteban G. jobbégy,1'2 Roni Avissar,?
Somnath Baidya Roy,3 Damian ). Barrett,* Charles W. Cook,’
Kathleen A. Farley,’ David C. le Maitre,’

Bruce A. McCarl,® Brian C. Murray’

Carbon sequestration strategies highlight tree plantations without considering
their full environmental consequences. We combined field research, synthesis of
more than 600 observations, and climate and economic modeling to document
substantial losses in stream flow, and increased soil salinization and acidification,
with afforestation. Plantations decreased stream flow by 227 millimeters per
year globally (52%), with 13% of streams drying completely for at least 1 year.
Regional modeling of U.S. plantation scenarios suggests that climate feedbacks
are unlikely to offset such water losses and could exacerbate them. Plantations
can help control groundwater recharge and upwelling but reduce stream flow and

salinize and acidify some soils.

Tree plantations feature prominently among tools
for carbon sequestration (/—8). Plantations typi-
cally combine higher productivity and biomass
with greater annual transpiration and rainfall
interception, particularly for evergreen species
such as pines and eucalypts (9—12). In addition
to influencing water budgets, plantations require
additional base cations and other nutrients to
balance the stoichiometry of their extra biomass.
In consequence, trade-offs of sequestration with
water yield and soil fertility, including nutrient
depletion and increased acidity, are likely. The
goal of our research was to account for the trade-
offs and benefits of carbon sequestration,
identifying potential problems and management
needs for a sustainable sequestration policy. We
examined changes in hydrology and biogeo-
chemistry with afforestation, using global syn-
thesis data, fieldwork, and regional modeling.
We evaluated the extent to which plantations
altered water yield, soil chemistry, and acidity at
plot (ha), catchment (ha to km?), and regional
(>10* km?) scales, comparing environmental
benefits of carbon sequestration with effects on
other environmental services (/3).

Our global analysis of 504 annual catchment
observations shows that afforestation dramati-

"Department of Biology, Nicholas School of the Environ-
ment and Earth Sciences, and Center on Global Change,
Duke University, Durham, NC 27708-1000, USA. 2Grupo de
Estudios Ambientales—Instituto de Matematica Aplicada de
San Luis (IMASL), Universidad Nacional de San Luis and
Consejo Nacional de Investigaciones Cientificas y Tecnicas
(CONICET), San Luis 5700, Argentina. >Department of Civil
and Environmental Engineering, Duke University, Durham,
NC 27708, USA. “Commonwealth Scientific and Industrial
Research Organisation (CSIRO) Land and Water, Canberra,
ACT, Australia 2601. *Natural Resources and Environment
CSIR, Stellenbosch 7599, South Africa. ®Department of
Agricultural Economics, Texas A&M University, College
Station, TX 77843, USA. "Center for Regulatory Economics
and Policy Research, Research Triangle Institute, Research
Triangle Park, NC 27709, USA.

*To whom correspondence should be addressed.
E-mail: jackson@duke.edu

cally decreased stream flow within a few years
of planting (Fig. 1, A and C) (P < 0.0001).
Across all ages in the database, afforestation of
grasslands, shrublands, or croplands decreased
stream flow by 180 mm year ! and 38% on
average (Fig. 1) (P < 0.001). After slight initial
increases in some cases (Fig. 1), substantial an-
nual decreases of 155 mm and 42% were
observed on average for years 6 to 10, and
average losses for 10- to 20-year-old plantations
were even greater, 227 mm year~ ! and 52% of
stream flow (Fig. 1, A and C). Perhaps most
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important, 13% of streams dried up complete-
ly for at least 1 year (Fig. 1C), with eucalypts
more likely to dry up streams than pines.
Afforestation in drier regions [<1000 mm
mean annual precipitation (MAP)] was more
likely to eliminate stream flow completely
than in wetter regions. Mean annual re-
newable water (percentage of annual pre-
cipitation lost as runoff) decreased ~20%
with afforestation (Fig. 1D) (P < 0.0001).
For many nations with total annual renew-
able freshwater <30% of precipitation (Fig.
1B), afforestation is likely to have large
impacts on water resources.

Climate feedbacks at regional scales could
potentially offset some of these water losses
through increased transpiration and convective
rainfall (/4-17), depending on site location,
climate, and biophysical characteristics. To as-
sess potential climate feedbacks, we first used
the Forest and Agricultural Sector Optimiza-
tion Model-Greenhouse Gases (FASOMGHG)
(7, 18) to estimate the U.S. lands projected to
convert to plantations for C sequestration
payments of 50 and 100 $US per Mg C (13);
at a simulated price of $100 per Mg C,
FASOMGHG estimates that 72 million ha of
land would initially convert to forestry from
nonirrigated agriculture and pasture (Fig. 2, A
and B). We then used the Regional Atmospheric
Modeling System (RAMS) (/9) to examine
potential hydroclimate feedbacks using these
economically based scenarios of land-use
change (/3).
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Fig. 1. Changes in stream flow and annual renewable water as a function of plantation age, and
the relative abundance of renewable water by country. Changes in stream flow in mm (A) and
proportion (%) (C) as a function of plantation age. (D) Changes in annual renewable water (annual
stream flow in mm divided by annual precipitation). (B) Average renewable freshwater (mm)
versus mean annual precipitation (mm) by nation. The lines define 10%, 20%, and 30% renewable

water as a percentage of MAP. See (73).
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