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ATMOSPHERIC CARBON DIOXIDE REDUCTION BY 
SACRAMENTO'S URBAN FOREST 

by E. Gregory McPherson 

Abstract. Sacramento County s 6 million trees store 8 
mllllon tons of C O  (31 t;ha). and annually sequester 238.000 
t ( 0  92 tbhai Ar-condltionlng (157 GWh) and space-heating 
(145 TJ) savings from the urban forest further reduce 
emisslons by 75 600 t of CO annually (0 29 t:ha). These 
avolded emisslons are only 32"0 of the amount sequestered. 
due to a clean. hydroelectric energy supply. Annual CO- 
release associated wlth tree maintenance is estimated at 
9.400 t (0.04 t/ha), or 3'0 of the amount sequestered and 
avolded In net, the urban forest removes approximately 
304.000 t (1.2 tiha) each year. wlth an implied value of 
USS3.3 ~nllllon ($0.55/tree). Carbon dioxide reduction by 
Sacramento's urban forest offsets the total amount of CO, 
em~tted as a byproduct of human consumptlon by 1.8'!0. 
Most benefits accrue on residential lands In the clty and 
suburban sectors, where rates of storage and sequestratlon 
are about one-half those reported for U.S. forests. 
Guidelines for managing urbali forests to reduce 
atmospheric C O  are presented. 

Keywords. Climate change: urban ecosystem. 
sequestratlon 

lncreas~ng concentrations of greenhouse gases in the 
atmosphere are linked with the increased risk of glo- 
bal climate change. This risk has prompted electric 
utilities and other organizations to examine alterna- 
tive actions to offset emissions associated with power 
generation. The Climate Challenge. a partnership be- 
tween the U.S. Department of Energy and electric utili- 
ties, is one initiative to voluntarily return greenhouse 
gases to 1990 levels. Because urban and community 
forests can reduce atmosphs.ric carbon dioxide 
(C0,)-the most important heat-trapping gas-tree 
planting and stewardship is recognized as one emis- 
slon reduction strategy. However, adoption of urban 
forestry as a mitigation measure has been hampered 
by llmited information on how the forests in which we 
live influence energy and CO; fluxes. The goal of this 
study is to Increase our understanding of urban forest 
impacts on atmospheric CO, levels. Specific objec- 
tives are to estimate the amount of CO, 1) stored in 
Sacramento's existing urban forest, and 2) removed 
from the atmosphere over the course of a year. This 
study extends previous research on Chicago's urban 
forest (Nowak 1994) by incorporating CO, released 
into the atmosphere through tree care activities and 
including a more comprehensive accounting of emis- 
sion reductions due to energy conservation (Simpson 

1998). To be consistent with greenhouse gas report- 
ing conventions. all data are reported using the full 
molecular weight of CO, (multiply by 0.273 to obtain 
atomic weight as carbon) and in terms of kilograms 
(kg) and metric tons (t, or 1.000 kg). 

Background 
Urban forests can reduce atmospheric CO,  in two 
ways. Trees directly sequester CO, as woody and fo- 
liar biomass while they grow. Also. trees around build- 
ings can reduce the demand for heating and air 
conditioning, thereby reducing emissions associated 
with electric power production. 

Carbon dioxide storage and sequestration. Car- 
bon dioxide storage refers to the accumulation of 
woody biomass as trees grow over time. The amount 
of CO, stored at any one time by urban trees is pro- 
portional to their biomass and influenced by the amount 
of existing tree canopy cover, tree density, and the 
pattern of tree diameters within a city (McPherson 
1994). For example. in heavily treed Shorewood, Wis- 
consin (39% tree cover), CO, storage IS 119 t per ha 
(Dorney et al. 1984), while in more sparsely treed 
Oakland, California (2l0lO tree cover), it is 40 t per ha 
(Nowak 1993). 

Carbon dioxide sequestration refers to the annual 
rate of storage of CO, in above- and below-ground bio- 
mass over the course of one growing season. Seques- 
tration depends on tree growth and mortality, which in 
turn depends on species composition and age struc- 
ture of the urban forest. Relatively little data exist con- 
cerning sequestration by urban trees. Radial trunk 
growth data were used to calculate annual sequestra- 
tion for major genera in Chicago (Jo and McPherson 
1995; Nowak 1994). Sequestration ranged from 16 kg 
per year (35 Ibj for trees with 8 to 15 cm (3 to 6 in.) dbh 
to 340 kg per year (748 Ib) for trees greater than 76 cm 
(30 in) dbh. 

Avoided power plant emissions. Tree shade (di- 
rect effectj reduces summer air-conditioning demand 
but can increase heating energy use by intercepting 
winter irradiance. Lowered air temperatures and wind 
speeds from increased tree cover (indirect effect) de- 
crease both cooling and heating demand. A computer 
simulation analysis of 254 residential properties par- 
ticipating in a utility-sponsored tree planting program 
in Sacramento found than an annual cooling savings 
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of US$15.25 per mature tree was reduced by a heat- 
Ing penalty of S5.25 per tree (Simpson and McPherson 
1998a). These savings are expected to double as a 
result of reduced neighborhood air temperature from 
the projected 7"', increase in tree canopy cover. Wind- 
speed reductions add savings of $4 per tree, for an 
estimated total savings of $24 per tree 

Regional variations in climate and the mix of fuels 
that produce energy to heat and cool buildings influ- 
ence potential CO, emission reductions. Emission re- 
ductions from urban forestry are likely to be greatest 
in regions with large numbers of air-conditioned build- 
ings and long cooling seasons. Also, savings can be 
substantial in areas of the country where coal is the 
primary fuel for electric power generation. Coal-fired 
power plants emit 3 to 4 times more CO, per unit of 
energy produced than do plants powered by cleaner 
fuels such as natural gas. 

Carbon dioxide release. Little is known about the 
amount of CO, released through tree planting and care 
activities. A study of residential greenspace in Chicago 
found that about 60% of the CO, sequestered each 
year was released back to the atmosphere through 
landscape maintenance activities and decomposition 
(Jo and McPherson 1995). Woody biomass pruned 
from trees and shrubs each year was taken to a land- 
fill, and the amount of CO, eventually released through 
decomposition was equal to 15% of the CO, seques- 
tered. Urban trees are usually removed soon after they 
die and are frequently recycled as landscape mulch 
or sold as firewood. Burning of tree wood results in 
nearly complete release of stored CO,, while the rate 
of release associated with the decomposition of mulch 
is much slower, depending on local climate and soil 
conditions (about 2 to 3 cm [0.8 to 1.2 in.] per year in 
California). Decomposition of urban waste wood that 
is disposed of in landfills can take decades. Wood sal- 
vaged for use in wood products survives 50 years on 
the average, before becoming landfill and gradually 
decomposing (Norse 1990). The combustion of gaso- 
line and diesel fuels by vehicle fleets and by such 
equipment as chainsaws, chippers, stump removers, 
and leaf blowers is another source of CO, that has not 
been fully quantified. 

Methods 
Study site and tree measurements. For an ex- 

planation of the study site and sampling units, see 
pages 175-177 of this issue. 

Land use and landcover were interpreted from black 
and white aerial photographs as the first step of a two- 
stage sampling process (McPherson 1998). Vegetation 
and other surface data were collected on 675 randomly 
located 10 x 10 m (33 x 33 ft) plots established as a 

sample of grid po~nts from the aerial photographs. In- 
formation used to calculate carbon storage and seques- 
tration included species, trunk diameter at breast height 
(dbh, 1.4 m 14.6 ft]), total tree height, and tree condi- 
tion. These data were collected for 445 woody plants 
growing in tree form (i.e., greater than 2 m [6.6 ft] tall, 
open grown, tree-like form). 

Carbon storage and sequestration. Carbon 
stored in tree biomass was estimated using ground 
survey information of species, diameter, and height. 
as input for tree biomass equations for 28 tree spe- 
cies (Table 1). If no equation for a particular species 
existed, the biomass estimate was derived from the 
formula for a species within the same genus. Equa- 
tions for general hardwoods, softwoods, and palms 
were used in cases for which genera-specific formu- 
las were not available. 

Published biomass equations used to compute to- 
tal tree biomass, above-ground biomass only, or wood 
volume may be on a fresh- or dry-weight basis. Those 
used to compute above-ground biomass were divided 
by 0.78 to convert to total tree biomass. Equations 
used to compute wood volume were divided by 0.75. 
These conversion factors are derived from a tree bio- 
mass distribution with 3% of the biomass in foliage 
and 22'10 in the stumpiroot system (Husch et al. 1982; 
Tritton and Hornbeck 1982; Wenger 1984). Results of 
biomass equations used to compute fresh-weight bio- 
mass for hardwoods and softwoods were multiplied 
by 0.56 and 0.48, respectively, to derive dry-weight 
biomass based on average moisture content of the 
species, genus, or group (e.g., Stanek and State 1978; 
Phillips 1981 ; Husch et al. 1982). Total dry-weight bio- 
mass estimates for each individual tree were converted 
to total carbon storage estimates by mult~plying by 0.50 
(Lieth 1963; Whittaker and Likens 1973). 

One limitation to the use of biomass formulas de- 
rived from forest trees is that they may not accurately 
reflect biomass for open-grown urban trees. A com- 
parison of measured weight and formula-derived 
weights for 30 street trees in Oak Park, Illinois, found 
that, on average, formula-derived estimates were 20% 
greater than actual tree weights (Nowak 1994). Based 
on these results, formula-derived estimates of carbon 
storage were reduced by 20% in this study. Carbon 
storage values were converted to CO, by multiplying 
by 3.67, the molecular weight of carbon dioxide. Total 
CO, stored and CO, stored per hectare is reported for 
each sector, SubRAD (Sub-Regional Assessment Dis- 
trict), and land use using statistical inference from 
sampled data (McPherson 1998). 

To estimate the amount of CO, sequestered by 
the current urban forest, trees were "grown" for 1 year 
and total storage was recalculated. Sequestration 
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Table 1. Attributes of biomass equations used to predict carbon 
dioxide storage (nla = variable not used in equation or data not 
available). 

Palms 
General hardwoods 
General softwoods 
Maple 
Blrch 
Pecan 
Hackberry 
Camphor 
Dogwood 
Eucalyptus 
Ash 
Jun~per 
Walnut 
Sweetgum 
Spruce 
P ~ n e  
London plane 
Poplar 
Aspen 
Cottonwood 
Cherry 
Blue oak 
Holly oak 
California black oak 
Valley oak 
Interlor llve oak 
Glant redwood 
Elm 

Dbh He~ght Reference 
range (cmi range (m) 

n a 
> 10 
2 5-55 
2 5-66 
2 5-51 
5-5 1 
nia 
13-69 
< I 2 7  
nia 
5-5 1 
nia 
nla 
14-54 
2 5-66 
nla 
n/a 
5-84 
6-35 
6-32 
5-5 1 
10-70 
13-52 
10-110 
10-1 00 
10-70 
97-61 4 
17-56 

n/a 
nia 
5-30 
nia 
nia 
nia 
nia 
5-1 7 
nia 
nia 
nia 
nia 
nia 
7-20 
nia 
n/a 
nla 
n/a 
5-26 
7-25 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 
n/a 

Frang~ and Lugo 1985 
Harr~s et al 1973 
Monte~th 1979 
Young et al 1980 
Young et al 1980 
Brenneman et al 1978 
Hahn 1984 
Plllsbury and Thompson 1995 
Ph~ l l~ps  1981 
P~llsbury and Thompson 1995 
Brenneman et al 1978 
Hahn 1984 
Hahn 1984 
P~llsbury and Thompson 1995 
Young et al 1980 
P~llsbury and Thompson 1995 
Hahn 1984 
Ker 1980 
Standlsh et al 1985 
Standlsh et al 1985 
Brenneman et al 1978 
Ptllsbury and Klrkley 1984 
P~llsbury and Thompson 1995 
P~llsbury and Klrkley 1984 
P~llsbury and Klrkley 1984 
P~llsbury and K~rkley 1984 
Means et al 1994 
P~llsbury and Thompson 1995 

was calculated as the difference between CO, stored 
in successive years. Annual tree height and diameter 
growth were calculated for trees in different size class- 
es based on limited measurements of Sacramento 
street and yard trees with known planting dates (Ta- 
ble 2) (S~mpson and McPherson 1995; Small 1997). 
To account for the fact that dead trees (condition = 
O0l0) should not grow at all and healthy trees (condi- 
tion = 90%) should grow more than trees in poor con- 
dition (condition = 20?0), the appropriate annual 
height and diameter increments selected for each tree 
In the current year were multiplied by each tree's 
surveyed condition. These adjusted height and dia- 
meter growth increments were added to the current 
tree height and diameter to estimate dimensions for 
the next year. It is assumed that there are no chang- 
es in tree condition or numbers (no mortality or tree 
plant ing) dur ing the hypothet ica l  growing 
season. 

Standard errors (se) are reported for estimates of 
CO, storage and sequestration (see Appendices A and 
B in McPherson 1998 [page 189 of this issue] for fur- 

ther information on statist~cal proce- 
dures). These standard errors report 
sampling error, not error of estimation. 
The reported sampling errors under- 
estimate the actual standard errors. 
Lack of information regarding errors in 
the biomass equations and adjustment 
factors make it impossible to fully ac- 
count for est~mation error associated 
with these projections. 

Avoided power plant emissions. 
Estimates of air-conditioning and space- 
heating energy savings from the exist- 
ing urban forest served as a basis for 
estimating CO, emission reductions 
(Simpson 1998). Carbon dioxide emis- 
sion factors for electricity (400 tlGWh) 
and natural gas (63 t/TJ [terajoule]) 
were obtained from local util it ies 
(Beebe, personal communication 3181 
96) to convert energy savings estimates 
to CO, emission reductions. 

Carbon dioxide release. To esti- 
mate annual CO, release through con- 
tracted tree care activities it was 
necessary to identify the number, loca- 
tion, and sizes of trees that receive pro- 
fessional care and the rate of emisstons 
per tree visited. Survey data indicate 
that most trees under 6 m (20 ft) tall are 
maintained by residents themselves 

(Summit and McPherson 1998). As tree height in- 
creased, the percentage of trees receiving professional 
care increased. Typically, large trees are contractually 
pruned about once every 5 years. 

For this study, it is assumed that trees less than 16 
cm (6 in.) dbh are pruned, sprayed, and removed by 
residents and no CO, is released. Also, trees in agri- 
cultural and vacantlwild land uses receive little if any 
care, and thus no CO, is released. The remaining trees 

Table 2. Annual tree growth increments for differ- 
ent tree size classes used to model carbon 
dioxide sequestration (units in parentheses are 
feet and inches). 

- 

Helght Dbh 
Helght growth Dbh growth 
class (m) (miyr) class (cm) (cmiyr) 

2-7 9 (6 6-25 9) 0 5 ( 1 6 )  1 -249 (04 -98 )  1 8 ( 0 7 )  
8-12 4 (26-40 7) 0 4 (1 3) 25-44 9 (9 9-17 7) 1 5 (0 6) 
12 5-14 9 (40 8-48 9) 0 3 (1 0) 45-59 9 (17 8-23 6) 1 0 (0 4) 
15-18 4 (49-60 4) 0 2 (0 7) 60+ (23 7+) 0 3  (0 1) 
18 5+ (60 5+) 0 1 (0 3) 

-- -- - 
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are assumed to be profes- Table 3. Carbon dioxide f luxes for  sectors and the entire study area (net value 
slonally v~slted on a 5-year assumes impl ied pr ice of  U S $ l I A ) .  
cycle and appropr~ate re- sector 

Clty se Suburban se Rural se Total se 
lease rates are appl~ed to No trees OOOs, 

1 733 350 2 371 254 1 939 471 6 043 639 
trees in each dbh class Stored (k ton, 4 060 1 953 1 517 253 2 487 1 062 8 064 2 238 

TO e s t ~ m a t e  C O  re-  Stored ik  ton ha) 172 83 41 7 13 5 3 1 9 

lease per tree serviced, ~ n -  Sequestered ( k  ton) 74 96 12 68  1 8  238 27  
Sequestered ( k  tonlha) 3 1 0 7 2 6 0 3  0 3  0 1  0 9  0 1  

formation was obtained (k ton) 33 35 8 7 6  
from the Sacramento Tree Avo~ded (k ton,ha) 1 4  o 9 o o o 3 

Services Divislon on the Released (k ton) 4.0 3 .7  1.7 9 .4  

amount of gasoline, diesel, et3 
and Oil Net removed ik  toniha) 4.5 
and the number of trees Net value ( S i  1 132 

p runed,  removed,  in -  Net iSiha) 48 

spected, and treated with 
pesticides. Fuel use was converted to CO, and the 
average release rate per tree was calculated as kg 
per cm dbh. 

Impl ied  cos ts  and per capita emissions. The 
value to soclety of reducing atmospheric CO, (e.g., 
sea level rise, flooding, habitat loss) is reflected in 
the implied cost values assigned by state energy com- 
missions. Electric utilities are required to use these 
values when evaluating the environmental costs as- 
soclated with different power sources. This study as- 
sumes a value of US$11 per t  CO, (California Energy 
Commission 1992). 

Because CO, is an unregulated pollutant, only a 
few communities have inventoried emissions. Portland, 
Oregon (Swift and Liebe 1995), and Austin, Texas (City 
of Austin 1997), estimated annual per capita CO, emis- 
slons at 23 and 15 t per capita. respectively. Because 
emission data are lacking for Sacramento and the cli- 
mate and development pattern of Sacramento more 
closely resemble Austin than Portland, Sacramento 
emissions are assumed to be 15 t per capita. This value 
is used to determine the percentage of annual emis- 
sions offset by Sacramento's urban forest. 

Results And Discussion 
Carbon storage and sequestration. Approximately 

8 million t (se = 2.2 million t) of CO, (31 tiha) have ac- 
cumulated and are presently stored in Sacramento 
County's 6 million trees (Table 3). The city sector's 1.7 
million trees store 50% of the total amount stored, or 
172 t per ha. Storage per unit land area in the subur- 
ban sector is 41 t per ha. In comparison, trees in the 
cities of Chicago and Oakland store 52 and 40 t per ha 
on average, respectively (Nowak 1993, 1994). Forest 
systems in the United States store 202 t per ha (Birdsey 
1992); urban forests in the United States are reported 
to store about 100 t per ha (Rowntree and Nowak 1991). 

Differences in the diameter distribution of tree popu- 
lations influences CO, storage. Most natural forests 

and some urban forests (e.g., Oakland, California) 
have relatively large numbers of small-sized trees, 
while the city of Sacramento has a higher percentage 
of large-diameter trees (lOO/o with dbh of > 77 cm [30 
in.]). For example, the average amount of CO, stored 
per tree in the city of Sacramento is 2,343 kg (5,165 
Ib), compared to 336 kg (741 Ib) in Oakland and 759 
kg (1,674 Ib) in the city of Chicago. 

A second factor influencing CO, storage is tree 
density. Tree density in the rural sector of Sacramento 
is 10 trees per ha (McPherson 1998) and CO, storage 
is only 13 t per ha (Table 3). Although on average trees 
are larger in the rural sector than in the suburban sec- 
tor, the lower tree density ylelds a lower storage rate. 
Natural forests (100s to 1,000s treesiha) and urban 
forests with large wildland tree cover, such as Oak- 
land (120iha), tend to have higher tree densities than 
urban forests. In general, data from Sacramento. Chi- 
cago, and other cities indicate that urban forests have 
fewer, but on average, larger-sized trees per ha com- 
pared to natural forests. Although there is great varla- 
tion in the amount of CO, stored by different natural 
forest types, overall, urban forests typically store about 
one-half as much CO, as natural forests. 

Carbon dioxide storage by Sacramento's urban for- 
est varies geographically, reflecting spatial differences 
in tree size and density (Figure 1 ) .  On a per-hectare 
basis. relatively low rates of storage occur in the rural 
sector, as well as in the Sacramento core commercial 
area (see the inset in Figure 1). Older, residentla1 ar- 
eas surrounding the old city center (Figure 1 inset) 
have the h~ghest storage rates (1 00 to 167 tiha). Stor- 
age rates range from 20 to 100 t per ha in the more 
recently developed suburban areas extending south 
and northeast from the city center. One corridor runs 
south following the Sacramento River and Interstate 
5. A second corridor extends northeast through pro- 
gressively more recent suburban development to the 
Folsom area (Figure 1 ) .  
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I 1 because urban trees 
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Figure 1.  Carbon dioxide stored in tree biomass per unit land area is greatest in 

tend to grow faster than 
rural trees, they se- 
quester more CO; on a 
per tree basis (Jo and 
McPherson 1995). Av- 
erage annual seques- 
tration rates ranged 
from 35 to 43 and 22 to 
36 kg per tree for the 
three sectors in Sacra- 
mento and Chicago. re- 
spectively. 

Avoided power 
plant emissions. Build- 
ing shade, summer 
cooling, and wind- 
speed reduct~ons attrib- 
uted to the region's 
urban forest reduce 
electricity consumed 
annually for air condl- 
t i on~ng  by 11 96 (1 57 
GWh) and natural gas 
heating use by 0.7O'6 
(145 TJ) (Simpson 
1998). By conserving 
th~s amount of energy 
over the course of a 
year, approximately 
75.600 t (0.29 tiha) of 
CO, em~ss ions  are 
avoided (Table 3). Air- 

older areas surrounding the city center (inset) and diminishes in areas of recent condi t~oning savings 
suburban growth to the northeast and south. prov~de 83'10 (63.000 t) 

of the total CO, emis- 
Sacramento County's 6 million trees are estimated sion reductions from trees in Sacramento County. Trees 

to sequester about 238,000 t (0.92 tlha) of CO, over in the rural sector produceonly 11% of the county-wide 
the course of a year (Table 3). While CO, is principally total because relatively few trees are near buildings. 
stored In the city sector, where the "big" trees are most The remaining CO, emission reductions are nearly 
plentiful, sequestration is greatest in the suburban sec- evenly distributed between the city and suburban sec- 
tor (4O0'b of total), where the largest number of trees tors. Trees in these largely urbanized sectors are re- 
are found (2.4 million). Carbon dioxide sequestration sponsible for average annual emission reductions of 
rates are similar for the city (3.1 tlha) and suburban 1.4 and 0.93 t per ha, respectively (Table 3).  On an 
(2.6 tlha) sectors, but substantially less for the rural average annual per tree basis, avo~ded CO, emissions 
sector (0.4 tlha) due to lower tree density. Thrs pat- are 19, 15, and 4 kg for the city, suburban, and 
tern is ev~dent in Chicago as well. However, unlike rural sectors. 
Sacramento, tree density and sequestration in Chi- Avoided emissions are about one-third of the 
cago increase along the urban-to-rural gradient, ris- amount of C 0 2  sequestered in trees. This finding dif- 
ing from 2.4 t per ha in the city (69 treeslha) to 3.8 t fers from other studies that projected much higher CO, 
per ha In the rural sector (171 treesiha) (Nowak 1994). avoided:sequestered ratios of 15:l and 4 : l  for nation2 
Trees in natural forests sequester about twice as much urban tree planting programs (Akbari et al. 1989; 
CO, as urban forests per unit land area, between 4 Nowak 1993). However. a very low ratio of 1.28 was 
and 8 t per ha on average (Birdsey 1992). However, reported for Chicago (Nowak 1994). The relatively low 
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rat~os for Sacramento and Chicago are due in part to 
local supplies of clean, hydroelectr~c and nuclear- 
generated electricity. Applylng the average national 
power plant emission factor (1.300 kg/MWh, Akbar~ et 
ai. 1989) In Sacramento results in a nearly 1.1 ratio. 
as avoided emissions would increase to 222,000 t. 
Also. the low ratios for urban forests in Sacramento 
and Chicago reflect the difference between energy sav- 
ings from the frequently haphazard locations of exist- 
Ing trees and larger savings projected for programs 
designed to strategically locate trees for energy con- 
servatlon purposes 

Carbon dioxide release. In 1996, the Sacra- 
mento Tree Servlces D lv~s~on 's  veh~cle fleet and 
fossil-fuel powered equipment released 1.720 kg of 
CO whlle vlsltlng approximately 55,750 street and 
park trees (F~tch personal communlcat~on 611 0197) 
Assum~ng an average dbh of 61 cm (24 In ) ,  the CO, 
emission rate is 0.51 kg per cm dbh. Given the loca: 
tion and dlameter distribution of the county's 6 mil- 
l ~ o n  existlng trees, approximately 9,422 t of CO., are 
released annually in their maintenance (Table 3 ) . i h i s  
amount IS 3'0 of total CO, sequestered and avoided 
annually by sacramento's urban forest. 

Elghty percent of total annual CO, released by tree 
maintenance occurs In the c~ ty  and suburban sectors, 
with the remaining 20°!~ In the rural sector. In the city 
and suburban sectors the release rates are 0.17 and 
0.10 t per ha and 2.3 and 1.6 kg per tree, respectively. 
Values are much lower for rural sector trees because 
24'6 of these trees are located in vacantlw~ld lands 
where no maintenance is assumed. 

Net carbon dioxide conservation. Net atmo- 
spheric CO, reduction by Sacramento's urban forest 
IS approximately 304.000 t (1.2 tiha) of atmospheric 
COL over the course of a year (Table 3). The implied 
value of this annual benefit is about US$3.3 million 
dollars, or $0.55 per tree on average. Net benefits are 
greatest in the suburban sector ($1.4 million), where 
the largest number of trees are located. However, on 
a land area basis, the implied value of benefits are 
greatest in the city sector ($48lha, $0.65ltree). 

The distribution of CO, removal and release varies 
wldely by land use, as well as by sector (Figure 2). 
Countywide. 61°0 of net C 0 2  removal occurs in resi- 
dential land uses. 20°b in vacantiwild lands, and 13% 
In institutional lands. However, in the more urbanized 
city and suburban sectors, 75% of all removal takes 
place in residential land uses. This result coincides with 
the finding that withln these 2 sectors, where 90% of all 
residents live, about 75% of total tree numbers, basal 
area, and leaf area occur on residential land 
(McPherson 1998). Relatively more CO, is removed in 
multifamily residential and institutional lands within the 

C ~ t y  Sector 

80 000 

- 

60 000 - 
c 
2 40 000 
- 
L - 
E i 'O OoO " 

0 m d m -  - 
(20 000) 

Rps-Lo Res t i t  Comllnd lnstlt Trans Ag  Vac W11d 

Sequestered Avo~ded Released 

Suburban Sector 

100 000 

80 000 

- 
E 60 000 - 
0 I - 
$ 40 000 + 

E - 
2 20000 

0 + 

(20 000) 
Res-Lo Res-HI Corn lnd lnstlt Trans Ag  VacMi~ ld  

Rural Sector 

50 000 

40 000 

- 
2 30 000 
0 - 
t 20 000 
E - - 

i ' O O O :  1 - - 1 
(1 0 000) 

Res-Lo Res-HI Comllnd lnst~t Trans A g  VacRnliId 

Figure 2. Annual CO, removal and release occurs 
primarily in low-density residential areas (1 to 3 
units per structure) within the city and suburban 
sectors, and in vacantlwild lands in the rural sec- 
tor. 
city sector than in the suburban sector. However, trees 
in vacantlwild lands within the suburban sector remove 
substantially more CO, than do the relatively small num- 
ber of vacantlwild trees in the city (Figure 2). Trees in 
vacantlwild land uses account for 6096 of all CO,  re- 
moval in the rural sector. 

Carbon dioxide emitted as a byproduct of Sacra- 
mento County residents' consumption (e.g.. transpor- 
tat ion,  electr icity and natural gas use,  other 
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gas-powered machines) IS estimated to be 17 million t 
( 1  7 Mt) per year The net Impact of Sacramento's ur- 
ban forest on CO removal IS to offset these emtsslons 
by approx~mdtely 1 800 The 8 Mt of CO stored In 
Sacramento's trees, which has taken many years to 
accumulate. IS equivalent to nearly 50°0 of the region's 
total annual emlsslons. T h ~ s  storage rate is relatively 
greater thdrl reported for Ch~cago. where stored CO, 
In tree b~omass equaled the amount released from the 
res~dent~al sector dur~ng a 5-month per~od (~nclud~ng 
transportation use) (Nowak 1994). Thls d~fference re- 
flects req~onal variations in lifestyle, commuting pat- 
terns, climate, and build~ng energy use: as well as 
d~fferent urban forest compos~t~on and structure 

Managing urban forests for CO, reductions. UI- 
t~mately, all the CO presently stored In Sacramento's 
trees w~l l  be lost ipon the~r death and removal. By 
malntalnlng the health of mature trees, the rate at whlch 
C O  IS lost via tree removal and decomposition can 
be forestalled. By planting new trees, increasing 
amounts of COl can be stored until an equilibrium is 
reached, with sequestration by replacement plantings 
offsetting decompos~tion from dead trees. The Sacra- 
mento Municipal Ut~lity District (SMUD) and Sacra- 
mento Tree Foundation (STF) have pledged to plant 
500.000 shade trees to achieve 200,000 t of CO., re- 
ductions per year by the year 2000 (155,000 t from 
sequestration and 50,000 t from energy savings) (Moy 
1995). Net CO, stored as a result of planting 188.000 
trees from 1991 to 1995 is estimated to be 350.000 t 
in the year 2030, w ~ t h  609/0 of net benefits from se- 
questration (Simpson and McPherson 1998b). This re- 
duction is equivalent to 4"f0 of the 8 Mt of CO, currently 
stored in the region's urban forest. 

Because trees provide the potential for longer-term 
storage compared to nonwoody vegetation, net CO, 
storage can be increased more effectively through ju- 
dic~ous tree management than by altering other land- 
scape components ( ~ . e . ,  soils. grasses, herbaceous 
plants). Addit~onally, tree maintenance appears to have 
a relatively minor impact on net CO, reductions. Se- 
lecting trees that are well suited to local growing con- 
ditions, proper plant~ng and establishment, and regular 
maintenance to promote vigorous growth and reduce 
mortality are likely to have more profound impacts on 
long-term CO, reductions than attempts to reduce CO, 
release associated with tree care. 

These findings suggest that trees in resident~al 
lands are the principal site of CO, storage and seques- 
tration. Although residential landscapes are seldom 
designed and managed to maximize their ability to 
serve as CO sinks, several design and management 
gu~delines can be applied to increase CO- reductions: 

Maximize use of woody plants, especially 
trees, because they store more CO than do 
herbaceous plants and grass (Jo and 
McPherson 1995). 
Increase tree-stocking levels where feasible and 
immediately replace dead trees to compensate 
for CO, lost through tree and stump removal. 
Create a diverse assemblage of habitats, with 
trees of different ages and specles, to promote 
a continuous canopy cover over time. 
Select species that are adapted to local climate. 
soils, and other growing conditions. Adapted 
plants should thrive in the long run and con- 
sume relatively little CO, through maintenance. 
Group species with similar landscape mainte- 
nance requirements together and consider how 
irrigation, pruning, fertil~zation, weed, pest, and 
disease control can be minimized. 
Reduce CO, associated w~th  landscape 
management by using push mowers (not gas or 
electric), handsaws (not cha~nsaws), pruners 
(not gas or electr~c shears), rakes (not leaf 
blowers), and employ landscape professionals 
who don't have to travel far to your site. 
Consider the project's l~fespan when making 
species selection. Fast-growing species will 
sequester more CO, initially than slow-growing 
species, but may not live as long. 
Provide a generous below-ground environment 
for the trees in order to maximize initial CO, 
sequestration and longevity. 
When trees die or are removed, salvage as 
much wood as possible for use as furniture and 
other long-lasting products to forestall decom- 
position (Sherrill et al. 1997). 
Plant trees, shrubs, and vines In strategic 
locations to maximize summer shade and 
reduce winter shade, thereby reducing atmo- 
spheric CO, emissions associated with power 
production. 

Although not a panacea for reducing the risks of 
global climate change. Sacramento's urban forest 
plays an Important role through offsetting reg~onal C 0 2  
em~ssions by nearly 2"; annually. SMUD and STF's 
shade tree program demonstrates the potential for 
urban forestry to be one of many measures employed 
by electric utilities to offset their CO, emissions. The 
tree program is projected to achieve 3% of SMUD's 
total emission reduction target. In this new era of util- 
ity deregulation and environmental protectlon, an In- 
creasing number of electric utilities are likely to follow 
SMUD's example. Electric utilities, local communities. 
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a n d  r e s ~ d e n t ~ a l  cus tomers  s tand to  b e n e f ~ t  f rom cost-  
e f f ec t~ve  shade  t ree programs that attract n e w  cus-  

tomers.  Improve q u a l ~ t y  of I ~ f e ,  conserve energy,  a n d  
offset CO emlss lons 
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Resurnen. Los 6 millones de arboles del Condado de 
Sacramento (California) almacenan 8 millones de toneladas 
de bioxido de carbono (31 Vha), y retiran anualmente 238,000 
toneladas (0.92 Vha). Los ahorros de aire acondicionado (1 57 
GWh) y espacio de calentamiento (145 TJ) del bosque 
urbano reducen ademas la emision de 75.600 toneladas de 
bioxido de carbon anualmente (0.29 tlha). Estas emis~ones 
evitadas son solamente 32% de la cantidad retirada, debido 
a un suministro limpio de energia hidroelectrica. La liberation 
anual de bidxido de carbono, asociada con el rvantenimiento 
del arbol, es estimada en 9,400 toneladss (0.04 Vhs), n : 4 O b  

de la cantidad retirada y evitada. En tgrrninos netos, e! 
bosque urbano remueve aproximadamente 304,000 
toneladas (1.2 Vha) cada aiio, con un valor irnplicado de 
US$3.3 rnillones ($0.55 por arbol). La reduccion del bioxido 
de carbono por el bosque urbano de Sacramento compensa 
la cantidad total de bioxido de carbono, emitido como un 
product0 secundario del consumo hurnano, en 1.896. Los 
mayores beneficios se acumulan en areas residenc~ales en 
la  ciudad y sectores suburbanos, donde las tasa de 
almacenaje y retiro son cerca de la m~ tad  de 10s reportados 
para 10s bosques de 10s Estados Unidos. Se presentan 
norrnas para el rnanejo de 10s bosques urbanos con el fin de 
reducir el bioxido de carbono atrnosferico. 




