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Ecological Economic Value of Global Organisms

Mun Bo Choi

Department of Environmental Engineering, The Graduate School,

Pukyong National University

Abstract

In this study, we have classified plants and animals of terrestrial ecosystem
and marine ecosystem by taxon, trophic' level and habitation characteristic in
order to conduct an evaluation on the emergy, storage emergy, transformity
and the ecological economic value.

Total annual emergy of the terrestrial plants was 1.58E+25 sej/yr which
consists of 1.28E+24 'sej/yr to. be used by bryophyte, and 1.95E+24 sej/yr by
gymnosperm, and 1.15E+25 sej/yr by angiosperms. The emergy stored in the
terrestrial plants was “L76E+26 sej, out of which 1.28E+25 sej stored in
bryophyte, 4.13E+25 sej in_gymnosperm, and 1:14E+26-sej in angiosperms.

Total annual emergy of the terrestrial animals was 6.99E+24 sej/yr which
consists of 4.76E+24 sej/yr to be used by herbivores, 4.98E+24 sej/yr by
carnivores, and 2.23E+24 sej/yr by detritivore. The emergy stored in the
terrestrial animals was 2.75E+24 sej, out of which 1.62E+24 sej stored in
herbivores, 1.70E+24 sej in carnivores, and 1.07E+24 sej in detritivore.

Total annual emergy of the marine plants was 1.58E+25 sej/yr which
consists of 1.55E+25 sej/yr to be used by phytoplankton, 3.46E+23 sej/yr by
seaweeds. The emergy stored in the marine plants was 2.27E+23 sej, out of
which 1.19E+23 sej stored in phytoplankton, 2.76E+23 sej in seaweeds.

Total annual emergy of the marine animals was 836E+24 sej/yr which
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consists of 5.34E+24 sej/yr to be used by zooplankton, 2.33E+24 sej/yr by
nekton, and 1.22E+24 sej/yr by benthos. The emergy stored in the marine
animals was 1.92E+24 sej, out of which 2.67E+23 sej stored in zooplankton,
1.40E+24 sej in nekton, and 6.38E+23 sej in benthos.

The solar transformity for the terrestrial plants was calculated as 7.43E+03
sej/]J. For each plant group, transformitiy was 1.78E+04 sej/] for bryophyte,
855E+03 sej/J for gymnosperm, and 6.28E+03 sej/J for angiosperms. Terrestrial
animals was calculated as 7.50E+04 sej/]J. For each animal group, transformity
was 9.02E+04 sej/] for herbivores, 8.50E+05 sej/J for carnivores, and 6.46E+03
sej/] for detritivore. Marine plants-wascaleulated as 5.43E+03 sej/]. For each
plant group, transformity was 5.27E+03 sej/J for phytoplankton, 1.38E+04 sej/]
for seaweeds. Marine animals was calculated ~as 9.35E+04 sej/J. For each
animal group, transformity was 9.13E+04_sej/] for zooplankton; 1.19E+05 sej/J
for nekton, and 1.09E+05 sej/J for benthos.

Values indicated in this paper are average values estimated based on conditions
of each or all ‘global organism ranged in each region. These values may not be
utilized direct in species whose hierarchy are clear but may present a standard of
transformity of'each organisms.

The total production temergy of the| earth system .is 15.83E+24 sej/yr. As
main streams of energy in thé-earth such as wind, rain, rivers and current are
networked and functioning “each-other, each emergy-amounting 15.83E+24 sej/yr
1s being transferred to the ocean and crust respectively, and the plant
community which are using this emergy is again splitted by taxon and
converted to terrestrial animals which are consumers, and it is again divided to
the part which terrestrial animals are consuming directly and the remainder,
thus finally the sum of the total emergy per each trophic level and the
remained detritus equals the first input value of 15.83E+24 sej/yr. So, when we
collectively estimate values of the energy, the emergy and the transformity
computed by each organism and see its stream, the amount of energy is
decreasing gradually as it moves from the plant to the animal but the quality

of energy increased so that we could understand at a glance the earth energy,
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emergy and transformity. Thus, the result of this study that analyzed
ecological economic value of all organisms of the earth, and also analyzed
collectively the value of plants and animals of the terrestrial and marine
ecosystem by classifying by taxon, trophic level and habitation characteristic is
believed to be the first valuable case in not only for the emergy field but also
for the ecological economic value evaluation of all organism of the earth.

The emdollar values were calculated to determine approximate monetary values
for production and storage of the global organisms. The ecological economic value
of the annual terrestrial plants production was 11.25 ftrillion Em$/yr for all the
plants, 091 trillion Em$/yr for bryophyte;~1.39 trillion Em$/yr for gymnosperm,
and 8.15 trillion Em%/yr-for angiosperms. The ecological~economic value stored in
the terrestrial plant-biomass was 12535 trillion Em$ for all the terrestrial plants,
9.06 trillion Em$ for bryophyte, 29.30 trillion Em$ for gymnosperm, and 81.10 tril-
lion Em$ for angiosperms.

The ecological economic/ value of the annual terrestrial animals production was
496 trillion Em$/yr for all the plants, 3.38 trillion Em$/yr for herbivores, 3.53 tril-
lion Em$/yr for carnivores, and 158 trillion Em$/yr for detritivore. The ecological
economic value, stored in the terrestrial animals biomass was 1.95 trillion Em$ for
all the terrestrial*.animals, ~1.15 trillion Em$ for herbivores, 1.21" trillion Em$ for
carnivores, and 0.76 trillion- Em$.for- detritivore.. The ecological economic value of
the annual marine plants produetion was 1125 trillion Em$/yr for the all the
plants, 11.00 trillion Em%/yr for phytoplankton, 0.25 trillion Em$/yr for seaweeds.
The ecological economic value stored in the marine plant biomass was 0.28 trillion
Em$ for all the marine plants, 0.08 trillion Em$ for phytoplankton, 0.20 trillion
Em$ for seaweeds. The ecological economic value of the annual marine animals
production was 5.93 trillion Em$/yr for all the plants, 3.79 trillion Em$/yr for zoo-
plankton, 1.65 trillion Em$/yr for nekton, and 0.87 trillion Em$/yr for benthos. The
ecological economic value stored in the marine animals biomass was 1.36 trillion
Em$ for all the marine animals, 0.19 trillion Em$ for zooplankton, 0.99 trillion Em$
for nekton, and 0.45 trillion Em$ for benthos.

In order to compare storage value of the global organism estimated by
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emergy analysis, we have estimated the nonrenewable resource of the earth
and the storage of economic value by each country. In the consequence, the
nonrenewable resource was the highest, amounting to 1,927 trillion Em$ by
78.67%, the storage of economic value was 458 trillion Em$ by 18.23%, and
the global organism which is also the result of this study was 126 trillion
Em$ by 5.09%, which, even though taking a less portion than other resources,
was known to be very big and important comparing to the amount of
economic wealth of the earth taking by 28%. Also since the value of
productivity which global organism has is high, its role for the earth
environment seems to be great.

The result of this.-value evaluation would be enough to recognize the
importance of values of the global organism which we can easily overlook.
Also it may provoke the sense of crisis for decreasing global ‘organism and a
consciousness' of its proper preservation. Further, it will remind normal persons
of the importance and roles of organism, and will be used as a important data
with which decision makers of environment policies can judge problems more
objectively. For specialists, as it presents the importance of organisms by an
economic validity, it- might be utilized as an important mean to judge
collectively including what they may easily overlook for providing environment

policies.
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Aztet7] Aok kA ole st Akdxtde tigk A E Q1AE ] flEA =
A AAA B o] FRtEohd 1 7FX o] gk o] EHysd Aow
Holth

. AR AAH BHAA Y 7R

Ay e 74 A 8F(Ecological economics) 7]£9] 3744 #|sto 2 e Ea]H
of A Aoz T3] Ao et AAH A TS =3t Aol oyt A
Al, A, 498, &g 2ol AAsty Aps|es FHAIA FA I

AA el 454 A (interaction), X 7 (conservation), #| <4 (sustainability)

M

S AEYTH/ BHNA S ANEE T x2H o2 digs B4 E
12l o] t}(Jeroen & van den Bergh, 2008).

= Kenneth E. Boulding, Nicholas Georgescu Roegen, Herman Daly,
Robert Costanza &3 #Z< AEBASEASl o 1 ol&3 A A|A7}
oA gz, MelFAh] Aol sl oA oA AL E,
TZ7F Bt Al ol AT FojE A Eska e AAolv. 17
U Faber(2008)+= AF<l(nature), 4 94 (justice), —22}ar
o2 AMuzrel ¥ A (intergenerational equity), ¥-74W3lel H]7}
(irreversibility —of environmental change), *% 7} 7] (sustainable
development) &2 =4 dla] AefAFAA +4 L A H77F O @S
= T AS AoRE HGUtstdnh ol#H X ofA A A Stel k= S AHA|
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o AARE BRANE BAA AR

AAA Aol Ao g Aol e TFA e oAy darEel] os) A

Yol =, Fig. 114 HXo] 7H dwtxo=

Pearce, 1993)¥ B3 (McNeely, 1988)¢] FEl= YU ZTh AYFS B2 AA

A& 7ERSF BIARE 7R 2 bR A =], ARS

|7k aea e R AR e, HALg TR o= A7 9 FAb7E

A7 FEEol ek BRoA SV AR IR UEH A=
=

H
o, AA7AE 208 ARETRA, A AR

o
W2 4 ALSTER Sh BN, EARAR PR A ofu Ao

A e
A¥ FESo/FHEE sy 74 iAol e 58S And e
2},

(1) A&7k (use value)

Atgtso] SAAE AL The FHE EASGAA A-HA R o f
sto g <ls] wAEE 7XxE Zalvh(Kruatilla, 1967; McNeely, 1988). B3
A vehd AF7EAe 22 o nE ety dE 5o 4SS Hod
o2 Z oFwe AAke] Frhstal Ao A ARgite] Eoju o] & QlE

WA EE= #H ol S W3kt) Pearce(1990)+= AFE7FX] 9] WSo] AY7LAE £
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[
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~
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Fig. 1. The classification of environmental values.

A: Krutilla, 1967; Pearce, 1993, B: McNeely, 1998



(2) ¥]AF-&7}X] (non-use value)

glol AY= 7FA & Weke Aoz AFET7EA o9 9] THAE S5 A A
FtH(Krutilla, 1967). B& el Webd b 7FA¢F 22 oju]E yepdn, H
ARG ZFA Ol = A EZEA], EAZMA], A7 S eR TR

’

(3) 2H A&7} (direct use value)
AFE7EA] Wl 23t E AR S AP o R o]&d IS
2H)EHEA dojx= 7EA S TE T (Krutilla, 1967). oS S0 <17+e A
22

TAE A3 B2 A=At es Aoz &nsA sHed o= <l

(4) 7vH A&7} (indirect use value)

AAFF o R RH A3 olgsAY HISHA] &GO
Tt 8 AH] 2ok 22 Zo|tH(UNEP, 1995)..0l= A4 "ol A
o] &5 & AFEsh M 27k el 7] w Fofl GDPel AtE A= ¢bErh 1
dut ol AejAl o] MRl a7 AlFEA GETE o]lE diAsy] siAE
ol @e A3 w=ge] 5ol7by] wie] Wi Fasitha

dE So] stlEolA el o8 FFxd Vs B i fFAE
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A g

MY g 2 FAdS AT sfke] ARlas of 3,000 $7F AlwE = A
° 2 YeEhgtHHodgson & Dixon, 1988). gt Heldo Al <ol oa] A%
He Ao o] $1,300/ha/yrzE LERSEtH(Pearce, 1990).
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(5) 2H] 2 A}&7}A] (consumptive use value)

A0E Ao A ]S X k31 g A o7 LM EHE SHAE B A
o7 FHA AF AFA o A= HelS it Reppeto et al, 1989).
oAE 5o SliteA @8 o2 URE AH 71} AFESEAY AF 7ol A

47 WAE 8 171% FAY 2B Ao e F AgelA U S
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(10) AF7FA] (bequest value)
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T AE 5Hd Y(autotrophs) S T F A= AES FH I,
AE AT e AES AdFsMCF ot 59 YA = (heterotrophs) = A
Aol Mo} o]F EF(taxonomy)s] WHHEHE QIsto] AEA= FES T+
Z FEHAR D AT AE B5F AAS Whittaker(1969)o] <& 54 &
F AAE 7lFo=E Fi 3 dd(Fig. 2). ©] BRAAE ugez 7t

AEA 71S wxHH A E A (monera)e] Al YA+t (archaea), A4
Mt (eubacteria)ol Al LA AE A (protista)7F  E3EHAH =1 AR

=
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B389 ZE ZH(algae)= AEAR Zdal AHiFF(myxomycota), E
At (sporozoa)v=, TAE E3tEARE. 72 A=A 545 EYW o
Faa=3

(1) LA EA, 2|24 (Monera)
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Raven et al.(1992)2]
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el
(algae) 36,30091F, A2 & 2500001F, &2+ 12,0004
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354+
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el
o
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X
4

2 tH(Table 1).
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Table 1. The classification of global plants

Division of plants Korea name Number of species
Cyanophyta G2 A EM 2,000
Rhodophyta F 2 AE[Y 4,000
Chlorophyta S22 E5M 14,700
Chrysophyta Sz =M 1,000
Pyrrhophyta A 22 5 2,000
Cryptophyta o g A B[ 200
Phaeophyta e N | 1,500
Euglenophyta R E Gyl f 900
Bryophyta A A& 25,000
Psilophyta e 3
Lycopodiophyta SF 1,000
Equisetophyta A A = 15
Pteridophyta G| A & 12,000
Spermatophyta = ALAE 1 285,700

Raven et 'al.,, 1992, Biology of plants.

(5) & & A (Animalia)

4= "h(Table 2). 22y o= AFE&Eoly AAsE3} o] off ¥
HA A e ma sETEC] Bol I e 34 Y BE ALR Jq5dn

(o] &, 2000Db).
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Table 2. The classfication of global animals

Phylum of animalia

Korea name

Number of Species

Porifera A HF =M 10,000
Cnidaria A EFEM 10,000
Ctenophora FE5=M 100
Rhombozoa T3 E5EM 75
Platyhelminthes AP FEM 25,000
Mesozoa FAEEM 85
Orthonecta AFEEM 10
Gnathostomula b5 & 100
Gastrotricha 22 EEM 450
Nematoda AP E5EM 1,000,000
Kinorhyncha T 150
Loricifera FHs=M 100
Priapula A o] & =1 17
Rotifera +3 5 & 1,800
Acanthocephala SR 1,000
Onychophora =5 =M 70
Arthropoda A2 5 EH 825,000
Pentastoma SR 100
Tardigrada CIER 600
Mollusca A A = 100,000
Sipuncula A=t 5= 350
Echiura g EFEM 150
Annelida 33 5=M 15,000
Pogonophora FEE=EM 150
Nematomorpha 5= 325
Entoprocta s =M 150
Cycliophora TEs&EM" 1
Phoronida FHFEM 20
Brachiopoda dEHFEM 350
Bryozoa g5 &M 4,300
Chaetognatha HeotEEM 90
Echinodermata =35 =M 7,000
Hemichordata HEA &5 90
Chordata 2] A 55 43,000

Hickman et al., 1984, Integrated principles of zoology.
o] &, 2000b, & &4 &3l
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(L., 2006).
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o ¥x] EthKuo-& MeComb, 1989). F& Aol 2th s oA o
TEZ Jos ol FHA A=, I afgshdol #8-shol wet 7
Tritt ¥EH 0w XEA Astdoly Zb wiowmity & Jf o] o] Htef st
AgsleE #Fe =712 7FA 3 Adtk(Dawes, 1965). o] &L & to A wnhet

HAEGe] faiz FEHA 55 A GA 9TE st AdAsA 72

1989), o1+, FHFEE, AL, sk 22 dF s=o MYHE AHS

FHH(Kuo et al.,, 1996).
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Energy circuit: A pathway whose flow is proportinal to the
quantity in the storage or source upstream.

Source: Outside source of energy delivering forces accourding
to a program controlled from outside; a forcing function.

Stroage: A compartment of energy storage within the system
storing a quantity as the balance of inflows and outflows; a
state variable.

Heat sink: Dispersion of potential energy into heat that
accompanies all real transformation processes and storages; loss
of petential energy from further-use by the system

Interaction: Interactive intersection of two pathways coupled to
produce an outflow in proportion to ‘a function. of both: control
action of one flow on anether; limiting factor action, work gate.

Producer: Unit that collects and transforms low-quality energy
under control interactions of high—quality flows.

Consumer: Unit that transforms energy quality, sotres it, and
feeds in back autocatalytically to impreve inflow.

Switching action: A symbol that indicates one or more
switching actions.

Box: Miscellaneous symbol to use for whatever unit or
function is labeled.

Transaction: A wunit that indicates a sale of goods or
services(solid line) in exchange for payment of money(dashed
line). Price is shown as an external source.

Fig. 3. Symbols of the energy systems language(Odum, 1971; 1983).
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ARAZ GEbEA ESdm g, JEe 29 B3 SR 73S
=E)

150 elbel @E &E0} Qlzbe] o8] J|EIE Aol A W
e AHES B Fol AEHA sta vk
WAE B4 AL A ATHOR s

1992 2okl ‘A2l ¥ HEo] 1997d = A 7| F- sy oFql T

A0 A, 20029 88t~ L A &b A o] 5 ovheke =

ofo] AEEHA AT A 3 o] wHE HAF)
SgAdAM = LA AES, AT, A - AFH T oAy T

£
et A, AEA, s 5 aYd FALAES T8l Top-down
systems approach®] &2 A2l ool AAHAE=H, ml=2] )
k2 HT. Odum=> Al A 3H(system ecology)E A HA 2| -9
AeAS Bo SFAez F56LAl 8l
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A7he oA wage ode| wekth Aol AHA, 84 A5 A
o Feg 7% e fAs7 8 A omare AU BAe
AA7A ) g2 ek w7 MEN BAR A el A
B ORAEAY FabE A webaolEe] AzkAbale] lefshi 17
§ XS B s SR e £ Qe 917ke] ¥ o] 9o
AABA ARA EFT 5 A= Yol Bas Agoluh
AN AL g 7HA At PAES
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ot AEL FAW FONA M) A AT dxe el Hi
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Natural Environmental .
: Economic Development
Conservation

Induction of Environmental
Problem Conflicts

Approach of System Ecology

. J
System Analysis System Modelling
- 7 . 7
Emergy Analysis Energy Simulation

" 7 - 7

l :

Emergy Indices L Interpretation ] Prediction

\ Selecting Policy ]/
—— ]
[ Real Wealth ] [ Public Benefit ]

Fig. 4. The methodological roots of systems ecology(Lee, 1996
unpublished).
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o A (Emergy)E “Energy Memory & Z°J4 uyeld 722 2 (Odum,
1996), atte] Aol A= FHE A7 faie 2938 Al 298
o wel ofg] GAE A WA 7z dAdEE AR B oYyATL
Foeof "k Aotk & AA e ko] Aol oy et 3 o A
Aesoldd mE 349 oUxAs Aol ddri= Aotk (AT o
2003).

g o & Fig. 58 EY, HYlA 5ol2+= 40,000J9 ®lFAUAZFS 5

A7 AR e A= dies] BN A7]7F e q Abgsh= AA

AUA FERE otz BN FH i, AdE, 4°, ddaE AAH
7

40,000 indirect sun
embodied in rain

. wood i coal electricity
light Plants Geolo.glcal »| Power
2 action 1 plant 1/4

- .

Fig. 5. Emergy quality chain used to calculate solar transformity(Odum, 1988).
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2. o9 A ¥ 3= (Transformity)

Aol dol vgrer] wiol, g ArkEel oA AL of AT} oy

AN A= Zb oy Lol A E el Foll U =Kol
et 7] sl Al g A" oA B Fel YA = E e
solar transformity7} AF& €t Transformitys A=< duxde] 2 e
2 od e duA e HE7] HelA A HHem ARE Bdd
yxleo]l oz AHorm = solar emjoules per joule(sej/])= 33
. Transformitys AMYUYA ASFE2E wg AdstHA Jadoz 7}
Hu, qJAASTE W A E5oltt Bl ek 2o Hr=w
o] & ¥ tH(Odum,;. 1988):

st 7]E Aol de)e Fol. 9447 E+24 sej/yrol Al 15683 E+24
sej/yr2 =7 WA (Odum et al;,-2000), transformity 2] &A%<l 4=A o]
E7FasHAl HAow o]® Qlste] AFAtE Fe] E7ho] oprjdE Ax 9]
=3

u}, o) ¥ X] -3} ¥ 8] & (Emergy/Money Ratio, EMR)

EMR2 oW A& g2 sabet oz A4 Aie 9Jate] &
EH F olmH et Akd sturbA ke WS ol g8kl At (Fig. 7).
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(a) View Together i

(b) Separate by Scale Territory and Size of Centers

ic) Energy web

Enargy
Sourceo

>

(d) Transformation Series

Solar
Empower

=6 E9
sad

) Power
{Jitime)

el el

]

)  solar :
Transformity 1
(seJdiJ) :
]

]

]

]

Transformation Steps

Fig. 6. Concepts of energy transformation hierarchy and transformity,
(a) All units view together; (b) Units separated by scale; (c¢) Units as
a web of energy flows; (d) Processes shown as an ordered series; (e)
Flows of energy per unit time; (f) Transformities (Brown et al., 2004).
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7 se FARHGDP)ORE e gholth olmA Ade ovlq sFo] %
AA 28] 3o dsHolgta HdHslrz2 EMRS AA9 HzZES
M A 58T Adse ge @ EMRES rbdd 47 se 7
2 Uehn o] Hgo] gadthd weldNE ¥ & ot o, 3

=

AR RAb gastE AL JURTER d, 2003). o AL B

H7FA 7 okt dpebA HEma AFAAR] 5 BIbeks ovAdd 7%

F ANRAA 74A o)}

Fuels
Goods &
Services

Imports

Environmental
™ Production Exports
Services

Economic
Production

Macroeconomic Overview

X

Total emergy flow
Money flow, GDP

Emergy/Money ratio =

Fig. 7. Emergy inputs used to evaluate the emergy/money ratio of the national
economy (Odum, 1996).
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g, A9 989 97 (Maximum Power Principle)

gk AlzFlo] & AR AAS B3 Aobdr] M eE 222

Ao A E&S HYTGo R Foly Tt olE A7)
% 2] s} (self-organization) 2t 1 & =d(Odum, 1994), ©]+= maximum power
principle®] 52 o]t}

Maximum power principle ©]3 Z} Alz=®o] @AY oy %] T 5&
skt flsto] Ao S Huiske ErE ofyel H A 28R &
Awejop & ofw g},

ANFA AZFY HAAANA B HAAY o] &S FAARA FJ=9 A7)
© Aolv. gy et Ao Fdk HA o8 EFE HUstet= Ao
th ok YA WA E HFAENE Bot A2 odUA7E £3E 7]
ol o] Aol A&HT] SlEfA = AAE el AGHE ouA= Ao AL
Ao vz E o
power principles W25 A|2E2 TEX] ol AJAa"lde] A Ao A o]

4 % ] Wl S

rlu
>,
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£
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N}
(@,
=
a2

Alz=dle HAo g82 Y FYS T o=ZHN empowers HUZ o)

= HAdE 7 e AlAEE ofgkar A sk tH(Odum, 1996; &t
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transformation
process
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degraded availability

Fig. 8. Systems diagram of the~autocatalytic storage to energy. transformation
process(Odum, 1996).
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4. @7 AHdl

7 AATA AR A ¢ AABR AN F7h A

4y

Aol A=A ek 84 32 e ofgl Al gk 7t
2 AWML 71 AAlstbsel ol vhgd WHEo] dyEeA sk

HExEHo=w =Y 7F47]"H(HPM: Hedonic price method), ©3H]-& %

rlo

B

H(TCM: Travel cost model), 3|3AE=EAHAEM: Avertive
expenditure method), ~ZAF7HA 54 H(CVM:-._ Contingent  valuation
method) T°] 7}& Bo] A& = BHEUE 1 F AE Foly AE
o] A¢ AU G-I I =47

th. Table 3; 4o Z W= st 1 A= Belste] Hk=d thA 4
o2 gAY AEA AB= B F(species)o] st XS B3t Q)
AL,

AEA = AEA A2 dgigh A0 A= Costanza et al.(1997)¢]
A Egh A e Aol 2) A2k 2 A Alelw s A3t 7 R
Hog Bluy A Q= AT i AEHAL] MBIE T FLH =8l
of 17 US$=E 7H¢ =2 Ar[=E veidla AEwAd=s s A
Al A of 21% USS$, =4 A= of 12% US$S= Hetblial it

a8 7 A A, TYFA, A4, oM ANA, 5, 3

oy

K

sl Gl dd 4-16, 75094 =9 7HAE 72 YER ALt 53] olwf
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Table 3. Summary of economic analysis of ecosystem and ecological
services

Item Value Reference
Ecosystem services (x10” US9)
Gas regulation 1,341
Climate regulation 684
Disturbance regulation 1,779
Water regulation 1,115
Water supply 1,692
Erosion control 576
Soil formation 53
Nutrient cycling 17,075
Waste treatment 4 A
Pollination 117
Biological control 417
Habitat / refugia 124
Food production 1,386
Raw materials 721
Genetic resources 79
Recreation 815
Cultural 3,015

Biome Costanza et al., 1997.
Marine 20,949
Open ocean 8,381
Coastal 12,568
Estuaries 4110
Seagrass/algae heds 3,801
Coral reefs 375
Shelf 4,283
Terrestrial 12,319
Forest 4,706
Tropical 3,813
Temperate/boreal 894
Grass/rangelands 906
Wetlands 4,879
Tidal marsh/mangroves 1,648
Swamps/Floodplains 3,231
Lakes/rivers 1,700
Cropland 128
Total 33,268
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Callifornia desert

Kakadu conservation zone and
national park

Aquatic system, Adirondack
region

Wetland and habitat
Wilderness area, Colorado
Beach ecosystem, New Jersey

Beach State Nature Reserve,
Illinois

Mono lake, California

Nadgee Nature Reserve,
Australia

Water quality in rivers and
lakes

Wilderness area, Colorado
Water supply, Pennsylvania

Groundwater ecosystem,
Pennsylvania

Ecotour, Mexico
Soil conservation, |Australia
Soil erosion on agricultural
Forest services
Cedar forest
Seafood production, mangrove
Amazonian deforestation
Direct use
Indirect use
Option
Existence benefits

Existence value of forest

Donau-Auen national park
Existence values
Bequest values

Option values

Native temperate forest

$101
$52-80

$12-18

$96-184
$29-66
$9.26-15.1
$37-41
$4-11
$27

$242
$32
$14-36/household

$61, $313

$60-100/day
$2.28/ha
$4-6/acre
22.5€
$20/household
$750-16,750/ha
$1175/ha/yr.
$549/ha/yr
$414/ha/yr
$981/ha/yr
$194/ha/yr
$30.12/household/
yr
329.25 ATS/yr
167.39 ATS/yr
122.61 ATS/yr

39.25 ATS/yr

$355.3-937.9/ha/yr

Richer, 1995
Carson et al., 1994

Kealy & Turner, 1993

Hoehn & Loomis, 1993
Diamond et al., 1993
Silberman et al., 1992

Boyle, 1990
Loomis, 1989
Bennett, 1984

Mitchell & Carson, 1984
Walsh et al., 1984
Laughl& et al., 1996

Abdalla et al., 1992

Pina, 1994

King & Sinden, 1988
Walker & Young, 1986
Brey et al., 2007
Sattout et al., 2007
Ronnback, 1999

Torras, 2000

Amirnejad et al., 2006

Kosz, 1996

Figueroa & Pasten,
2008

_44_



Ecosystem services of

watershed

Ecosystem services of Texas

Ecosystem services of
Xingshan Count of China

The

Direct value

Timber & forest

porducts
Others

Indirect value

Protection of soil

fertility
Others

ecological value

of

ecological services-provided by

insect

Dung burial

Pollination by native

Forage fouling

Nitrogen volatilization

Parasitism
Pest flies
Subtotal

insects

Fruits and nuts

Vegetables
Field crops
Subtotal

Pest control
Native and exotic pests
Recreation and

commercial fisheries

Small game hunting
Migratory bird hunting
Sport and commercial

fishing

Wildlife observation(bird

watching)
Subtotal

Total

$5-15.5
billion/resident

$23.22/ha/yr
582.96million RVIB
54.23million RMB
48.43million RMB

5.8million RMB

528 73million
RMB

241.3million RMB
307.43mullion
RMB

0.12 billion $
0.06 hillion $
0.07 billion $
0.13 billion $
0.38 billion $

1.00 hillion $
0.60 billion $
1.47 billion $
3.07 billion $

4.49 billion $

1.48 billion $
0.56 billion $

28.13 billion $

19.76 billion $
49.93 billion $
57.87 billion $

Seidl & Moraes, 2000
Kreuter et al., 2001

Guo et al., 2001

Losey & Vaughan, 2006

RMB-the unit of money used in the China
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Table 4. Summary of economic analysis of organism value

Item

Value

Reference

Coffee genetic resources

Elephant

Atlantic salmon
Leadbeater’s possum

Wolf

Gray whale

Sea turtle & Bald eagle
Waterfowl

Whooping Crane

Bald eagle & striped-shiner
Grizzly bear & Bighorn sheep
Endangered species
Migratory waterfowl

Fish

Coyote, Wild turkey
Endangered species
Endangered species

Monk seal, humpback whale
Endangered species
Silvery minnow

Gray wolf

Spotted owl

Steller sea lion

Peregrine falcon

Mexican spotted owl
Riverside fairy shrimp

Sea turtle

Endangered species(fine)
Northern spotted owl, Striped

shiner, Bald eagles, Humpback
whale

Endangered species
(Didelphidae, Cebidae)

$420-1,458

million

$117 million
$14.4-21.4
$29 (Aus.$)
700-900 SEK
$23-43

$13, $25
$50-60/acre
$44-69

$28, $5
$10, $16
$118 (Aus.$)
$59-71
$2-4

$15

140-250 DM
1,275 SEK
$165, $239
$18-24
$37.77
$22.64
$68.84
$70.90
$32.27
$51.52
$28.38
$19.01
$173,209

$95, $6, $216,
$173

$204, $105, $41

Hein & Gatzweiler, 2006

Barnes, 1996

Stevens et al., 1997
Jakobsson & Dragun, 1996b
Boman & Bostedt, 1995
Loomis & Larson, 1994
Loomis & Helfand, 1993
van Kooten, 1993

Bowker & Stoll, 1988
Boyle &-Bishop, 1987
Brookshire et al., 1983
Jakobsson & Dragun, 199a
Desvousges et al., 1993
Duffield & Patterson 1992
Halstead et al., 1992
Hampicke et al., 1991
Johansson, 1989

Samples & Hollyer, 1989
Hageman, 1985

Berrens et al., 1996
Chambers & Whitehead, 2003
Giraud et al., 1999

Giraud et al., 2002
Kotchen & Reiling, 2000
Loomis & Ekstrand, 1997
Stanley, 2005

Whitehead, 1992

Eagle & Betters, 1998.

Loomis & White, 1996

de Mendonca et al., 2003

SEK-Swedish Krona, the unit of money used in the Sweden
DM-Deutschmark, the unit of money used in the Germany
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III. 449
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Soruce arranged according to their quality

—

Goods
and
Services

NOBO
il

Components arranged within
boundary according to their quality

‘ Used energy

Fig. 9. Typical energy sources driving an environmental system arranged
in order from low ‘quality on left to high quality on right(Odum, 1983).
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Table 5. General format of the emergy evaluation table

Raw data Solar
No. Item (J/yr, g.yr, or transformity Solar emergy Emvalue
' o o (sej/yr) (Em$%/yr)
$/yr) (sej/unit)
1 Sun XX XX XX XX
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149X 10° km®9} ek = WA 362X10° km’2 Y5 ey A4z @
o] WEA g 2B Ao Futaly] wiEe] WaA 143X10° km®

2
S A 135X10° km® A9 S AE] A2® AAZ A4t
o

fe=]
il
gzl ol 5o A WAL 27X10° km'E wWE TRt AMEEH AT

Table 6. The area of biome in global area

Biome Area(10°%km?) Reference
Arctic Tundra 5.6 Bliss ‘& Matveyeva, 1992
Kurz & Apps, 1993
Boreal forest 13.7 Bonon & Shflkaxt 1989
Temperate forest 11.6
(coniferous forest) (5.5) Heimann, 1993
(deciduous forest) 6.1)
Temperate grassland 15.0 Singh, 1983
Mediterranean. shrublands 2.8 Roy et al., 2001
Crops ecosystem 135 FAQ,;11997
Tropical Savanna & . Grassland 27.6 Roy et al., 2001
Roy et al., 2001
Desert At Noble & Gitay, 1996
Tropical forest 175 Roy et al., 2001
Ice and other 14.3 Roy et al., 2001
Total terrestrial area 149.3
Ocean 362 Whittaker & Likens, 1975
(coast) (27) Whittaker & Likens, 1975
Total global area 511
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2) C.W Thornthwaite memorial model (Leith and Box, 1972)

NPP=3000x (1— (0-0009695 (AET— 20))

3) Tsukuba model (Uchijima and Seino, 1985)

NPP =Rn X 0.29 x e(— 0.216 (Rn/IP)?)

NPP: ton dry matter/(ha - year)

=9 FHHE (Kcal/g)

=

4) Whittaker formula
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%4 4

Wt: aD"H®
Wt A5 %(kg), D: DBH(cm) & 1.2 7

PN

H: height(m), a: A<=, b, ¢ A

1) The selection of predominant plant from each ex) Boreal forest and temperate
biome coniferous forest: Gymnosperm

. "'-.' 7 '8 7 E 7 —— 77‘ F 7. Gymnosperm
2) The. calculau!?rf of NPP per unit area of Boreal forest: 4209(DM)/m2yr
predorninant ple}n‘t in the b1orne Temp. con. Forest: 50g(DM)/m?/yr

, 1
Boreal forest: 18.7 x108km?2
3) The resejﬁrch for totaf of the blol e C_Dn.\fOTES‘E%SEXlOska

4) The calculation of total of predo Boreal forest: 5,75 Pg(DM)/yr
plant in the bi Temp. con. Forest: 7.93Pg(DM)/yr

5) The sum of tOtalN‘REf} %al Gymnosperm NPP:
each biome = 13.68 Pg(DM)/yr

Fig. 10. The calculation process of net primary production(NPP) of terrestrial
plants per each taxon.
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A& (albedo), ¥t
data center(http://eosweb.larc.nasa.gov)ol A z} AEFEZ 10-2070 A H S
MR ske] Htghs A uh(Fig. 12). =3 A el A(Crops ecosystem)
o W3t A 54T AecA veus Aol ofyal SAAHA
o] AdelA detygr] Mol A B A5E EWE FASATH

| ¥ O

. Tundra . Chaparral . Grassland . Taiga . Desert . Mountain Zones

ﬁ Tropical Rainforest . Temperate Evergreen Forest. Termperate Deciduous Forest Folar Ice

Photo by M. Ritter(Geography Department of Geography & Geology University of Wisconsin)
htto://www.digitalpencil.org/Projects_AllGrades/Aroundthe World/Biomes

Fig. 11. Assumption of net primary production and biomass of each biome
type.
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SCIENCE &
DATA CENTER A renewable energy resource web site (release 6.0)

Tﬁ/\ngﬂ(ir:SPHERIC Surface meteorology and Solar Energy
sponsored by IASA's Earth Science Enterprise Program

over 200 satellite-derived and
‘momihly averaged from 22 years of data

data tahles for a particular Iocation
colorplots on both global and regional scales
global solar energy data for 1195 ground sites

Data Retrieval:

eteorology and
Solar Energy

Ground Site e T

-
0p8cm browes kvt ol o s
Renewable Software FOMER L St
towrt TSereen

Application Tnputs g psiren Loogton: Lot 13 Lon 28
Supporting Documentation:

orizontal Guad for

nput and Output I S—

Aceuracy -

e
Methodology ra =
&
;JE ] Parameters (Units & Definition) Tocaton: G
4

Fy Zoom Ol O 2% Q4 © 8 O 16x [ Sttt Zoom

ASA Surface meteorology and - Choices

Latitude 13 / Longitude

1 Select parameters ane

lll . (Default is ALL I
Geamenry \'.\_a . _.I."
,
Pareematers for Solar Caakx'ngx‘\-\\-. %
N

al surface [Average, Min, Max;
ormal radiag\_nnn@wirsge‘ Min, Max)
Ingolation-at 3hourly intervals
Parameters for Sizing and Pointing of Selar Panels Insolation cleamess index, K (Average, Min, Max)

and for Solar Thermal Applications Insolation normalized cleamess index

Solar Geometry

Fig. 12. Measurement method of input energy required emergy analysis;
Atmospheric science data center (http://eosweb.larc.nasa.gov/sse).
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1) The research of biomass of terrestrial animals

ex) Biomass of terrestrial mollusca:
1.91E+14 g(DM)

\/

2) The application of biomass of pyramid by

Herbivore: 1.91E+14 g(DM) x 0.9
Carnivore: 1.91E+14 g(DM) x 0.1

Odum(1957)

3) The calculation of biomass per each trophic

Herbivore: 1.72E+14 g(DM)
Carnivore: 1.91E+13 g(DM)

level
e

Production/Biomass ratio

4) The calculation of secondary production by

Herbivore: 1.72E+14g(DM) x 0.6
=1 D3E+14g(DM)
Carnivore:'L91E+13g(DM) x 0.6
=115E+13g(DM)

Fig. 13. The/ calculation process of secondary production of terrestrial animals.
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Evapofranspiration

(-

De Surface and
=p groundwater
earth % outflow

terrestrial ecosystemn(exclude lce land)
| .

Fig. 14. Energy systems diagram for the global terrestrial ecosystem.
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=, AT AEAANA YR Ee A dE-E Srolstd 2 (boreal
forest)o]t} &t # < 4 % (temperate coniferous forest) #| ol A 7F4 $-

AAoZ MAstar o] 1 A ey AL ditE UAA =
of &g Aer FAYT £ vk I A EES 1 9 FXdH(tundra),
2 &9 (temperate deciduous forest), =t =] (temperate grassland),

AbBlu(savanna), A% (desert), #| % 3ll ¥ (Mediterranean shrublands),

& o] " (tropical rain forest) ol A3t tif-ite AEE0] A&
A IAA Eatoll &ohr] wiitel] o APEe M=ol AL DA

430E+15 g(DM)/yr, LA &2 1.37E+16 g(DM)/yr, M A4 &S 1.10E+17
g(DM)/yr2 vetyttl -2 EF7 9 NPPE 5 &3t A7 A4 S35
°] NPP& 1.28E+17 g(DM)/yrel Tt o]+ Ajtay et al.(1979), Whittaker
& Likens(1975)9] Z 3o} AF-A Ao A ozt zpolE Hol Ak Htol <

9l Roy et al.(2000)¢] Aztst wlax FAste]l A7 £44% 24 2
2Ra oluA ANS 9F AR olgdtiy 2 EAE 9S Aoz

X 21t} (Table 8).
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Table 7. Net primary production of biomes of the earth

Biome tvpe Dominant plant group Total NPP Area
yb & NPP (gDM/mi/yr) (Pg DM/yr)  (10° km?
. As: 201g™ 1.13
Arctic tundra Bp:  1lg” 0.06 56
Gs: 420g°™ 5.75
Boreal forest Bp: 50gd) 0.69 13.7
. en 11.6
As: 1,200g°" 6.60 ;
T te f t ’ Gs:b.b,
cmperate fores Gs: 1,300g" 7.93 (s
Temperate grassland As: 666gg) 9.99 15
Mediterranean shrublands As: 1,000gh) 2.80 2.8
Crop ecosystem As: 687gh) 9.27 135
Tropical savanna & As: 1’347gh) 3718 276
grassland
Desert As: 150g" 4.16 277
. : As: 2,200¢" 3850
Tropical rain' forest Bp’ 203gk) 355 175
Ice and other - 3 14.3
Total 127.61 149.3
Total bryophyte (Bp) NPP 4.30E+15g(DM)/yr
Total gymnosperm (Gs) NPP 1.37E+16g(DM)/yr
Total angiosperm (As) NPP 1.10E+17g(DM)/yr
Total terrestrial plant NPP 1.28E+17g(DM)/yr

* NPP=Net primary production, Pg:1015g

Reference: a: Bliss & Matveyeva, 1992, b: Bliss, 1962; c¢: Gower et al., 1994,
d: Bisbee et al., 2001, e: Nadelhoffer et al., 1985, f: Vogt, 1991, g: Melillo et
al,, 1993; h: Roy et al., 2001; i: Hadley & Szarek, 1981; j: Whittaker & Likens,
1975; k: Clark et al., 1998; I: Pearsall & Newbould, 1957; m: Lieth, 1975; n:
Powell & Day, 1991; o: Ewel et al., 1987; p: Rundel & Gibson; 1996;
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Table 8. Comparison of the net primary production of each biome type
Reviewed for Roy et al. Ajtay et al. Whittaker &

Biome type this study (2001) (1979) Likens (1975)
Pg(DM)/yr Pg(DM)/yr Pg(DM)/yr Pg(DM)/yr
Arctic tundra 1.2 1.0 2.0 1.1
Boreal forest 6.4 52 6.4 9.6
Temperate forest 145 16.2 12.6 14.9
Temperate 10.0 112 83 5.4
grassland
Mediterranean
<hrublands 2.8 2.8 1.8 6.0
Crops ecosystem 9.3 8.2 13.6 9.1
Tropical savafs 37.2 29,8 35:4 25,5
and grassland
Desert 4.2 7.0 2.8 1.6
Tropidal 42.1 438 36.4 37.4
rain forest
Others " - - 6.9
Total 127.7 125.2 118.8 116.5
* Pg = 10°g

o} el $4

AT 54 ABEY F onAE AT R Eojer 9% AU

B, AT R 9, 24 Uz PH skl 2 489 Ak o §

oo A7k Hek EE B A= F §4 ABWY of

e ztze] olmA s BAshrh WA 7} Agie] ofux B b A
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26l YRE F9e oAuAFS Astr]l 918kl Table 99 #Zol ¢
YA 71z A5E Ak o] Aol AEate] owA HrF AAH
A AELAE 722 Aeded, 2 AELA delAE AgER H

Foll =] o] QAFE(insolation), WFAFE-(albedo), B E %, Ht HFw 5o

G FSHA YErseE web 72 29 o Y X 91S Atmospheric  Science

=

Data Center (http://eosweb.larc.nasa.gov)ollA Z+ AETFH=Z 10-207] A
AE A8t Fugks Ao =gk A A (Crop ecosystem)ell
ek Ame SAHT AEA deus Aol ofya SAAAEA Bt
o] A|FelA Yetr] el A+ Hdt ARE Edlz FAsAT

Table 9. Energy inputs to each biome type

Avg. . Avg. Avg. Avg. evapo—
Biome type = Insolation” Albeg(.)b) Wind V. Precipitation” ‘transpiration
(J/m*/yr) (m/s) (mm) (mm)
Arctic tundra 3.02E+09 0.41 4.99 200 120
Boreal forest  3.69E+09 0.31 4.40 600d) 360
Temperate|, 4 g9p. 09 0.19 5.14 1,300 780
forest
Temperate 5 cop g 0.24 493 650 390
grassland
Mediterranean
<hrublands 5.60E+09 0.18 4.37 650 390
Crop 5.44E+09 0.30 3.28° 800 510
ecosystem
Tropical
savanna & 7.15E+09 0.18 4.02 750 450
grassland
Desert 7.01E+09 0.28 5.03 250 150
Tropical 6.42E+09 0.14 2.74 2,000 1,200

rain forest
Source : Atomospheric Science Data Center (http://eosweb.larc.nasa.gov)
a) appendix 15, b) appendix 16; ¢) appendix 17, d) Roy et al., 2001; e)
Global average wind velocity from Archer & Jacobson (2005).
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sttt AA A Vv SRS AlYd 12W fFEFE AEo] 9
|otA F= FitololA A9 st A =T

S E 489E+23 J/yr, AE|AE 232E+22 J/yr, YA E 467E+22 J/yr, T
A2 = A19E+23 J/yr)7b AUAE SHddA s 7P B TS A sk
g oA S Ao R S oA (A 534 = 147TE+25 sej/yr, A
Bl 215 1.28E+24 sej/yr, YA = 1.95E+24 sej/yr, I A= 1.15E+25 sej/yr)
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Table 10. Emergy evaluation for the global terrestrial plants, bryophytes,
gymnosperms and angiosperms

Item Energy Transformity (sej/J)  Solar emergy
(J/yr) Campbell et al., 2005 (sej/yr)
Terrestrial plants(exclude others)
Sunlight 4.89E+23 1 4.89E+23
Wind, kinetic energy  7.21E+19 2,513 1.81E+23
Evapotranspiration 3.07E+20 48,000 1.47E+25
Deep earth heat 1.45E+20 12,000 1.74E+24
Subtotal emergy 1.47E+25
Bryophytes
Sunlight 2.32E+22 1 2.32E+22
Wind, kinetic energy  1.54E+19 2513 3.87E+22
Evapotranspiration 2.67E+19 48,000 1.28E+24
Deep earth heat 4.33E19 12,000 5.19E+23
Subtotal emergy 1.28E+24
Gymnosperms
Sunlight 4.67TE+22 1 4.67TE+22
Wind, kinetic energy 1.69E+19 2913 4.25E+22
Evapotranspiration 4.07E+19 48,000 1.95E+24
Deep earth heat 2.52E+19 12,000 3.03E+23
Subtotal emergy 1.95E+24
Angiosperms
Sunlight 4.19E+23 1 4.19E+23
Wind, kinetic energy  5.34E+19 2,513 1.34E+23
Evapotranspiration 2.39E+20 48,000 1.15E+25
Deep earth heat 1.14E+20 12,000 1.37E+24
Subtotal emergy 1.15E+25
Others
Subtotal emergy 1.13E+24
Total emergy 1.58E+25

Appendix 11~14
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ottt Table 11014 B0l A §4AE] oUAHSEE F oY
A 2.13E+21 J/yrek ol M= 158E+25 sej/yr 8 7.43E+03 sej/J& 2tEH
At A EL oy ek 718E+19 J/yret ol Mgk 1.28E+24 sej/yroll <&
1.78E+04 sej/Jol olUAIRE =7} Uepskar UAA EL U A" 228E+20
J/yretb ol m A # 1.95E+24 sej/yroll o8] 855E+03 sej/] LE]lal dAAE&
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Table 11." Transformities of the global terrestrial ‘plants, / bryophytes,
gymnosperms, and angiosperms

Ttem Energy. Data Solar_ Emergy Transformity
(J/yr) (sej/yr) (sej/])
Terrestrial plants 2.13E+21 1586425 7.43E+03
(include others)
Bryophytes 7.18E+19 1.28E+24 1.78E+04
Gymnosperms 2.28E+20 1.95E+24 8.55E+03
Angiosperms 1.83E+21 1.15E+25 6.28E+03
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Zy A& A AA A EAYA HF(phytomass)S |83 B4 1l (storage) 2
WA BAS 98] WA 7+ e YAFS Asedti(Table 12). ol
UA AAE NPPY & FAE W sdsid 2 d=dAd=E 3lshs
AETe] YA FS T3 4
T A A E-S 4.29E+16 g(DM), YA E 289E+17 g(DM), ¥ A4 &
1.09E+18 g(DM)e.= uEety F A7 §AAE9 AAZFS 1.42E+18
g(DM) o= veyth meps A" 2Ago] we oy Ae} Table 11004
ARG AUANMBES Foto] 7 AE9 olm ] B F(storage) S T3
th A S3AEL A HFHES 176E+26 sej= U EFGED, ME|A S
1.28E+25 sej, UAA 22 413E+25 sej, Ld]ar 322 Eo] 1.14E+26 sej=
e TH(Table 13).

1
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Table 12. Phytomass estimation of the global plant groups for the terrestrial
plants emergy evaluation

Biome type Plant group Phytomass Pg(DM)
. As 45"
Arctic tundra Bp 05
Gs 114.0"
Boreal forest Bp 6.9”
As 165.0”
Temperate forest Gs 175.0”
Temperate grassland As 14.07
Mediterranean shrublands As 34.0Y
Crops ecosystem As 14.0”
Tropical savanna and grassland As 158.07
Desert As 20.0"
. . As 630.0°
Tropical rain'forest B0 355"
Total bryophyte phytomass 4.29E+16g(IDM)
Total gymnosperm phytomass 2.89E+17g(DM)
Total angiosperm phytomass 1.09E+18g(IDM)
Total terrestrial plant phytomass 1.42E+18g(DM)

* Pg = 10°g
a: Ajtay et al.,»1979; b:-Rodin & Bazilevich, 1965

Table 13. Emergy evaluation for storages of the global terrestrial plants,
bryophytes, gymnosperms, and angiosperms

No. Item Energ(;Jz) Data Trafls seg%r)nity Solar( S]zl)lergy
1. Terrestrial plants 2.3TE+22 743E+03 1.76E+26
2. Bryophytes 7.16E+20 1.78E+04 1.28E+25
3. Gymnosperms 4.83E+21 855E+03 4.13E+25
4, Angiosperms 1.82E+22 6.28E+03 1.14E+26
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Fig. 15. Energy systems diagram for the global terrestrial animals.
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Table 14. Biomass and Secondary production of terrestrial animal group

Group Bioma§ :) P/B ratio Secondary production
g(DM)™ g(DM)/yr
Annelida 9.10E+14 2¢ 1.82E+15
Nematoda 2.40E+14 5.1 1.20E+15
Mollusca 1.91E+14 0.6° 1.15E+14
Arthropoda 8.39E+14 2,97 2.19E+15
Aves 2.40E+11 0.19 2.40E+10
Mammalia 9.00E+12 0.65” 5.85E+12
Total 2.19E+15 557E+15

a: Bowen, 1966; b: Whittaker & Likens, 1973; ¢ & 5, 1993, d: Phillipson
et al., 1977; e: Lappalainen & Kangas, 1975.
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Table 15. Secondary production of herbivores, carnivores and detritivores

Terrestrial . . Secondary
Group animal biomass Hgfl;im.rflﬁo Bglz)]r;l;[s)s P/B ratio Production
g(DM) ' g(DM)/yr

Herbivores
Nematoda 2.40E+14 2.16E+14 5.1 1.08E+15
Mollusca 1.91E+14 1.72E+14 0.6 1.03E+14
Arthropoda 7.55E+14 0.9Y 6.80E+14 2.9 1.97E+15
Aves 2.40E+11 2.16E+11 0.1 2.16E+10
Mammalia 9.00E+12 8.10E+12 0.65 5.27E+12
Total 1.20E+15 1.08E+15 3.16E+15

Carnivores
Nematoda 2.40E+14 2.40E+13 Dyl 1.20E+14
Mollusca 1.91E+14 1.91E+13 0.6 1.15E+13
Arthropoda 7.55E+14 ™ 7.55E+13 2.9 2.19E+14
Aves 2.40E+11 2.40E+10 0.1 2.40E+09
Mammalia 9.00E+12 9.00E+11 0.65 5.85E+11
Total 1.20E+15 1.20E+14 3.51E+14

Detritivores
Annelida 9.10E+14 2 1.82E+15
Arthropoda  8.39E+13" 29 2.43E+14
Total 2.06E+15

a: Odum, 1957.
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b: Emergy
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Fig. 16. Energy, emergy and transformity of terrestrial animals, herbivores,
carnivores and detritivores.

_80_



AT S S5 AUARIEE 2Hgs7] YA s dA AxkE o
AR gk ol WA G Fal AME AT Table 16914 ®Xol A &
FEE dUuAEsEE F olyx] 933E+19 J/yret olwA 6.99E+24
sej/yr& &3 750E+04 sej/JE AFEEATE 2AEES AUAF 528E+19
J/yrel ol W A 2 4.76E+24 sej/yroll 218 9.02E+04 sej/Jol oA ¥ =r}
Bl S48 52 olUX|#F 5.86E+18 J/yret ol WX 498E+24 sej/yrell 9
&l 850E+05 sej/] E]a F-AE &S oUx#F 345E+19 J/yre}b ol v %
2.23E+24 sej/yr& F3l 646E+04 sei/Jo] AUA B E7} Alsks] o] A o)

PN

Table 16. Transformities' of the global terrestrial animals, herbivores, carnivores
and detritivores

Item Energy(J/yr).. Solar Emergy(sej/yr) Transformity(sej/J)
Herbivores 5.28E+19 4. 716E+24 9.02E+04
Carnivores 5.86E+18 4.98E+24 8.50E+05

Detritivores 3.45E+19 2.23E+24 6.46E+04
Tzzfjial 9.33E+19 6.99E+24 750E+04
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Table 17. Emergy evaluation:for storage of the global terrestrial animals,
herbivores, carnivores and detritivores

Ttem Terrestrial “animal E R Transformity Solar
biomass g(DM) ¥ (sej/]) Emergy(sej)
Herbivores 1.08E+15 1.80E+19 9.02E+04 1.62E+24
Carnivores 1.20E+14 2.00E+18 8.50E+05 1.70E+24
Detritivores 9.94E+14 1.66E+19 6.46E+04 1.07E+24
Terrestrial 2.19E+15 3.66E+19 750E+04 2.75E+24
animals
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Fig. 17."Energy systems diagram for the global marine .ecosystem.
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1.76E+17 g(DM)/yro. 2 e, sz AAZFy A AgAA
Z+ 1.20E+15 g(DM) 1.50E+15 g(DM)/yr= YEelY A4 8] AA4 A =9

rlo

z}+

AA D A2 BA S 242 255E+15 g(DM), 1.77E+17 g(DM)/yr& 4
B}k

Table 18. Biomass and net primary production of the global oecan ecosystem

Ttem Biomass Net primary production,
g(DM) NPP g(DM)/yr
Phytoplankton 1.35E+15" 1.76E+17”
Seaweed 1.20E+15” 1.50E+15”
Marine plants 2.55E+15 1.77E+17

a: Ryther, 1960; b: Whittaker & Likens, 1973.
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oA EA AN 2T WRel §9% AUAgS ALY 915t

Table 1951 2] #ANIAL 712 Ha gelatdt, dnrow 27
E

o

2 #4995 E= glYAd(solar constant)= 2cal/cm?/min®] A ¥k %] %A o

_1_:,1*
TgatE %S oF 70%¢] 1.3cal/cm?/min¢] 7] wWjio] o]E A &3te] YA}

Fo AAtedn 2 dnkHow A it wHARE (albedo) 0.7%= A
ArEAIRE A2 7F obd i EHoldtE 544 Atmospheric Science Data
Center (http://eosweb.larc.nasa.gov)E ©|&3to] 57 e A He <
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B2 ¥S AAstAt wiA AEEFAEY FTodHA AR Fde dF
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Table 19. Energy inputs to ocean ecosystem

Item Phytoplankton Seaweed

Solar constant at the

) .
1.3cal/cm/min
ocean surface

Insolation 2.87E+10]/m?/yr

Average albedo 0.05”

Area 3.62E+14m’ 2.10E+12m* ™
Average Wind velocity 3.28 m/s?

a: appendix 20; b: Copper, 1994; c: Whittaker, 1975; d: Archer & Jacobson,
2005;
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Table 20. Emergy evaluation for the global marine plants, phytoplankton
and seaweeds

Transformity  Solar emergy

Item Energy(J/yr) (sei/]) (sei/yr)
Phytoplankton
Sunlight 9.87TE+24 1 9.87E+24
Wind, Kkinetic energy 1.13E+20 2,513 2.83E+23
Tide 5.20E+19 73,900 3.84E+24
Current 8.43E+17 1.84E+07 1.55E+25
Total emergy 1.55E+25
Seaweeds
Sunlight 5.73E+22 1 5.73E+22
Wind, kinetic energy 6.53E+17 2,513 1.64E+21
Tide 4.68E+17 73,900 3.34E+23
Current 1.28E+16 1.84E+07 2.36E+23
Total emergy 3.34E+23
Marine plants emergy 1.58E+25

appendix 18-19
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AT 3 AEde] odUARSEE g str] fsiA= odA AlxtkE o X
AR G o H A gte Sl AxtE AT Table 21914 H o] A ¢
FAES AqUARSEE F oYX 296E+21 J/yret o™ A 1.58E+25

sej/yr& B 534E+03 se)/JE  AHEHT. AEREZFAELS U
2.93E+21 J/yrel ol w A% 1.55E+25 sej/yroll 9@l 527E+03 sej/Jel o=
b destn AzFE oA 251419 Jyrsk ol vAT 334523
sei/yrell 93] 1.38E+04 sej/J<] ol A7t Alals o A ).

Table 21. Transformities of the global marine plants, phytoplankton and
seaweeds

Ttem NPP Energy Data Solar 'emergy Transf'ormity
g(DM)/yr (J/yr) (sej/yr) (sej/])
Phytoplankton 1.76E+17 2.93E+21 1.55E+25 5.27E+03
Seaweeds 1.50E+15 2.51E+19 3.34E+23 1.38E+04
Marine plants 1.77TE+17 2.96E+21 1.58E+25 5.34E+03
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A A AETY] F AAGS o] &3te] B4 H I (storage)d] o # X

A ANEGTh Table 22614 B%o] AAFS oux Bz ARG

A AE AE A A AFEFS ey 1 A AEEGA
o] oM A= 1.19E+23 sej& YEG I, el ZFE 2.76E+23  sej,
A Y A EL oA AFeFS 572E+23 sej= LEFRE

Table 22. Emergy evaluation for storages. of the global marine, phytoplankton
and seaweeds

Ttem Biomass Energy Data Transformity Solar emergy

g(DM) o)) (sej/]) (sej)
Phytoplankton 1.35E+15 2.25E+19 5.27E+03 1.19E+23
Seaweeds 1.20E+15 2.00E+19 1.38E+04 2.16E+23
Marine plants 2.55E+15 4.26E+19 5.34E+03 2.27TE+23
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Fig. 18. Energy systems diagram for the global marine animals.
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Table 23. Biomass and secondary production of marine animal group

Biomass . Secondary production
Group 2(DM) P/B ratio 2 (DM)/yr
Zooplankton 1.75E+14” 20 3.50E+15
Nekton
. b) de,f)
Pisces 6.50E+14 1.8 1.17E+15
Mammalia 550E+13" 0.05" 2.75E+12
Subtotal 7.058+14 1.66 1.17E+15
Benthos
Coelenterata 1.00E+14" 0.48°%% 4.80E+13
Annelida 2.00E+14” 2 08" 4.16E+14
Nematoda 2.30E+12" ) 1.33E+14
Mollusca 210E+13” 267" 5.61E+13
Arthropoda 850E+11" 4,848 411E+12
Echinodermata 7.60E+13” TR 1.38E+14
Subtotal 3.50E+14 1.91 6.68E+14
Total 1.23E+15 5.34E+15

a) Stromberg et al.,, 2009; b) Bowen, 1966; c¢) Pauly & Christensen, 1993; d)
Duan et al.,, 2009; e) Pitcher et al., 2002; f) Buchary, 1999; g) Pitcher et al.,
1998; h) Chullasorn & Martosubroto, 1986; i) Ansell et al, 1978; j)
Robertson, 1979; k) Weinbauer & Velimirov, 1995; 1) Reilly & Barlow, 1986;
m) Vranken et al., 1986; n) Vranken & Heip, 1986;
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FREER YFEE ol Foh wEkAdAE x| Bl &
5%, F9EE 26%E YR mEt FEEFAE duA
58 233E+24 sej/yr= YWEGTE A, AAE
22 HAH g f7IEdA dF 10%HE=E o]&sts Aoz YEY
1.22E+24 sej/yre] o™= & o]&ste oz yeigt. wehA g 5 &
o] o] &3l HA ol WA FHL 836E+24 sej/yrz YEFSETH Table 24).
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AT A FETY AUANIES e Yale O] AatE ol
YA gt oA g &) AstE o)Xtk Table 24014 B o] 2| 3
¢ = AdUANEEE F dlvA 892E+19 J/yrek ™A 836E+24
sej/yr &3 935E+04 sei/JE AFEEHAY FEEEAES YA
5.8E+19 J/yret olw A% 534E+24 sej/yrol €8] 9.13E+04 sej/Jeo] ol
=7t el 95 ES oAU AR L96E+19 J/yret dlm A% 2.33E+24
sej/yrol 28] 1.19E+05 sej/J ZL#]al AATES olyA = 1.12E+19 J/yret ol
WA 122E+24 sej/yre 3 1.09E+05 sej/J2l olvAst=r} Aibs o5
ct.

AE L E R B

A4 AYF FE A TS o] &3 WA Fal(sterage) 2] WA EAS
8] Table 2594 AAIH 2k G Eat o) AAZFS Aelstda o5 oYX
2 HEsHPEd, FEZHIE 292E+18 JE e §H95E0
1.18E+19 J, AAM & Eo] 585E+18 J& UE & Y T2 2
% UElstH(Table 25). ©] 2 Table 24014 AAlE 7zt &% FET9 oL
ANMSEES weto] B g oA 48 s
o] 267E+23 sej= WEW 1 F9%5 2 140E+24 sej, A EEo] 6.38E+23
sei UElY F Y 559 olvx] H{HES 1.92E+24 sej= LHEFRE
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Table 24. Transformities of the global marine animals, zooplankton, nekton
and benthos

Ttem Sec. Production  Energy Solar Emergy Transformity
g(DM)/yr (J/yr) (sej/yr) (sej/])
Zooplankton 3.50E+15 5.85E+19 5.34E+24 9.13E+04
Nekton 1.17E+15 1.96E+19 2.33E+24 1.19E+05
Benthos 6.68E+14 1.12E+19 1.22E+24 1.09E+05
Marine 5.34E+15 8.92E+19 8.36E+24 9.35E+04
animals

Table 25. Emergy evaluation for storage of the global marine animals,
zooplankton, nekton and benthos

Ttem Marine animal Energy(J) Transf.ormity Solar '
biomass g(BM) (sej/]) Emergy(sej)
Zooplankton 1.75E+14 2.92E+18 9.13E+04 2.67E+23
Nekton 7.05E+14 1.18E+19 1.19E+05 1.40E+24
Benthos 3.50E+14 5.85E+18 1.09E+05 6.38E+23
Marine animals 1.23E+15 2.05E+19 9.35E+04 1.92E+24
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5. AT BET AUABAZH kA H7}
7t AAA WA SHHE AAHES A AAA WA F)

Aol AAEH Rl 7z oA gks Fal AT A=de AHA
AstA 7k BrE s7] el s WA ou A gte] sweE FakE o
of gttt ol & flalA = A AAIY T WA F AWAK(GWP, Gross
World Product)s S3ll HAAMA o™= & 8]&(world emergy/money
ratio)®] #& ofof gt

HA A AAY] A gS 7] 95k Table 260014 ~EH 0] Aol A

Z MA7FEE oA kS sunlight, deep earth heat, tidal energy=
3 sk, AT yelld AikEe AAEIFSE Ay Azks ol

rr

natural gas, coal, neclear energy, wood, soil erosion, phosphate,
limestone, mineral < &3l AT webA AAATESI o A=
L58E+25 sej/yrel WA #E YHEHAL  AB=TteR CduA=
498E+25 sej/yr&E YERH F 657E+25 sej/yrel ol WA g YR LT

s, A AAY F ARAGWP)S 4.67E+13 $(2008)= e} o5 F
a AAA oA Sun &S AR TR 1AIE+12 sej/$E YEHSH. ©]
S T8 e el A gkel Hgsto] AEAAY JHAE Brekol By v
3 2
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Table 26. Flux of renewable and nonrenewable energies driving global
precesses

Transformity Solar Emergy

Ttem Energy unit (sej/unit) (sej/yr)
Indigenous renewable energy

1 Sunlight 3.94E+24  J/yr 1 3.94E+24
2  Deep earth heat 6.72E+20  J/yr 1.20E+04 8.06E+24
3 Tidal energy 5.20E+19  J/yr 7.37TE+04 3.83E+24
Subtotal 1.58E+25

Nonrenewable source use from within system
4  Oil production 1.63E+20  J/yr 9.06E+04 1.48E+25
5 Natural gas 1.34E+20  J/yr 8.05E+04 1.08E+25
6  Total coal production 1.03E+20 | J/yr 6.71E+04 7.02E+24
7  Nuclear energy 2.60E+19 | J/yr 3.36E+05 8. 75E+24
8  Wood 531E+19 J/yr 1.85E+04 9.82E+23
9  Soil erosion 1:38E+19  J/yr 1.24E+05 1.71E+24
10 Phosphate ATTE+16 J/yr 1.29E+07 6.17E+23
11 Limestone 2.29E+17 g/yr 2. 72E+06 6.22E+23
12 ol mneral 269E+15  g/yr  168E+09 452E+24
Subtotal 4.98E+25
Total 6.57E+25

appendix 25
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Y. AT 3 AETY A R AR BHBAF 7HA H7}

AT F4 AEY] oA B g A EAA 7kx= Table 2790
A KWl Mgl o] AA7F 90709 Em$/yre 7FXE 7198k a, YA
2 1% 39009 Em$/yr, ¥AAE 8% 15009 Em$/yr, 71EF 8,000
Em$/yre] 7FAE dEdo] & A SAAES 7= 112 25009
Em$/yre] 7Hx & 7lolstE Ao ey

v, AAG AFae] AHAAH 7tAE A Ee] 9% 600°] Em$,
a2 Eo] 292 3,0009-Em$, ¥ #HA Eo] 814 1,0009] Em$e] 7Hx =
B 2 AT 4 A& ZxE 125% 35009 Em$el 7HA2 7)ot
Ao 2 e

Table 27. | Ecological economic value 'of terrestrial plants, bryophytes,
gymnosperm and angiosperms

Item Solar Emergy Emvalue

Production emergy

Bryophytes 1.28E+24(sej/yr) 9.07E+11 (+*091 trillion) (Em$/yr)
Gymnosperms 1.95E+24(sej/yr) i = 1:39E+12 (- 1.39 trillion) (Em$/yr)
Angiosperms 1.15E+25(sej/yr) ~ ~ 8.15E+12 ( 8.15 trillion) (Em$/yr)
Others 1.13E+24(sej/yr)  8.01E+11 ( 0.80 trillion) (Em$/yr)
Terrestrial plants 1.58E+25(sej/yr) 1.12E+13 (11.25 trillion) (Em%$/yr)

Storage emergy

Bryophytes 1.28E+25(sej) 9.06E+12 ( 9.06 trillion) (Em$)
Gymnosperms 4.13E+25(s€j) 2.93E+13 ( 29.30 trillion) (Em$)
Angiosperms 1.14E+26(sej) 8.11E+13 ( 81.10 trillion) (Em$)
Terrestrial plants 1.76E+26(sej) 1.25E+14 (125.35 trillion) (Em$)
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g AT FF FETY AHA R AR BHBAF 7HA H7}

AT §4 wEao] omA 8 Ao A 7FA= Table 28°]

Fwol Ak 3% 38009 Em$/yre] 7HAE 71edetla, &
53009] Em$/yr, ¥25% 1% 58009 Em$/yre] 7kx & e
T FEEY JHAE 4% 960091 Em$/yre] A E 7ol dh=

R AT Aol AREAA ThA = 2AFEC] 1£ 15009 EmS,
S22 EEo] 12 21009 Em$, #2&=0] 76009 Em$e 7k =2 yEpt
FE9 7HXE 1% 95009 Em$e 7 E 7ot Ao

LHERSE

Table 28.| Ecological economic value of terrestrial animals, | herbivores,
carnivores and detritivores

Item Solar Emergy Emvalue

Production emergy

Herbivores 4. 716E+24(sej/yr) 3:33E+12.(3.38 trillion) (Em%/yr)
Carnivores 4:.98E+24(sej/yr) 3.53E+12 (3.53 trillion) (Em%$/yr)
Detritivores 2.23E+24(sej/yr) 1.58E+12 (1.58 trillion) (Em%$/yr)
Terrestrial animals 6.99E+24(sej/yr) 4.96E+12 (4.96 trillion) (Em%/yr)

Storage emergy

Herbivores 1.62E+24(sej) 1.15E+12 (1.15 trillion) (Em$)
Carnivores 1.70E+24(sej) 1.21E+12 (1.21 trillion) (Em$)
Detritivores 1.07E+24(sej) 759E+11 (0.76 trillion) (Em$)
Terrestrial animals 2.75E+24(sej) 1.95E+12 (1.95 trillion) (Em$)
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g AT AF AET WA R AZFnY BHFAY 7HA Bt

A S F Ao omA Bl AGae] MEjA A% 7= Table 299
A Bo] AEZgAEo A7t 11% Em$/yre 7HXE 7|, =%
F7F 250001 Em$/yre] 7 E uEldo] & AT A=) A 11z
25009 Em$/yre] 7FA S 7]loets Ao w eyt

wo, AAG Age] AuAAA THAe AEEFFAEC 800° Em$,

A Z2F7F 20009 Em$el 7HAZ yEeElY F AT G AHES VA=
2,80091 Em$9] 7HXE 75k ASR2 YEN

Table 29. Ecological econemic value of marine plants; phytoplankton and
seaweeds

Item Solar Emergy Emvalue

Production emergy

Phytoplankton 1.55E+25(sej/yr)  1.10E+13 (11.00 trillion) (Em$/yr)
Seaweeds 3:34E+23(sej/yr)  2.45E+11 (. 0.25 trillion) (Em$/yr)
Marine plants T58E+25(sej/yr) | 1.I2E+13-(11.25 trillion) (Em$/yr)

Storage emergy

Phytoplankton 1.19E+23(sej) 844E+10 (0.08 trillion) (Em$)
Seaweeds 2.76E+23(sej) 1.96E+11 (0.20 trillion) (Em%$)
Marine plants 2.27TE+23(s€j) 2.80E+11 (0.28 trillion) (Em$)
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il AT AF T2 WA R AZFuY AHBAA 7HA H7}

AT dF e omA g AGae] A AA A 74X]= Table 30
M BEo]l BEEZYAE A7 3% 79002 Em$/yre] 7FAE 7olEkel L,
+ 6 AMEE 870021 Em$/yre] 7HAE veby
o] F AT Y FE 7HHE 52 93009 Em$/yrel 7HHE 7195k=

wm
S
S
12
o
N
3
S

A Agare] A4 7Hxe FEEZAEC] 1,900% Em$,

Fs 20l 9900° Em$, AME=0] 45009 Em$2| 7M1= e & A

Table 30. Ecological economic value of marine animals, zooplankton, nekton
and benthos

Item Solar. Emergy Emvalue

Production emergy

Zooplankton 5:34E+24(sej/yr) 3. 79E+12 (3.79 trillion) (Em$/yr)
Nekton 2.33E+24(sej/yr). | 1.65E+12-(1.65 trillion) (Em$/yr)
Benthos 1.22E+24(sej/yr)  8.65E+11 (0.87 trillion) (Em%$/yr)
Marine animals 8.36E+24(sej/yr)  5.93E+12 (5.93 trillion) (Em$/yr)

Storage emergy

Zooplankton 2.67E+23(s€j) 1.89E+11 (0.19 trillion) (Em$)
Nekton 1.40E+24(sej) 9.93E+11 (0.99 trillion) (Em$)
Benthos 6.38E+23(s€j) 452E+11 (0.45 trillion) (Em$)
Marine animals 1.92E+24(sej) 1.36E+12 (1.36 trillion) (Em$)

- 102 -



V. 1%

1. A7 A2Ae] AAA g A, M 28z
CREESRCE S
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Fig. 19. Energy flows of products in geobiosphere.
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Fig. 20. Emergy flows of products in geobiosphere.
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Fig. 21. Transformities of products in geobiosphere.
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Fig. 22. Energy flows-of terrestrial and marine organism in global ecosystem.
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3. A7 BEAL AZTEA BE oA

AA A E AT AEHY 7 AET g Zh7be] oK EES A
gate] B Fig. 233 2o A AFAoR F olwA] AL 15.83E+24
sej/yrdl®l, ol= Fig. 200014 AAIZE AAH A Wi Z} F8 oA
59 Akl o8] A7t g B 15.83E+24 sej/yré ol H

Ak mebA A7 A 2kl & A dmAr &4 A2z 8%

Eo] W= F WA= 747} 15683E+24 sej/yro] @rh olE V| xE
sto] B WA S5 S-S 4749 ERaEE AUt e 2
Ay A2 Eo] 1.28E+24 sej/yr, AR Eo] 1.95E+24 sej/yr, ¥ A2 & o]
11.50E+24 sej/yr, 1 ) 717k 1.10E+24 sej/yro= 2RI o]} o=
Al AN 54 FER A X = AHAI A4 Tl 24E
Eo] o]&slis o WA 7F ATEE+24 sej/yrolal 1 9% FAEo] 2 &9
AW A7} 11.07E+24 sej/yr7k Bt FAFES giF & FAEA4A YA
= A7) wjiof o]of] atz} o x| 7} 2.23E+24 sej/yrl ® UERA 224 F
B3 HAFES H2sh A= on 7274 A T76E+24 sej/yr, 0.22E+24
sej/yre] oA WA 7} AdEo] F 498E+24 sej/yr= YEMWTH Ao 4 5
F9o F A WA E 6.99E+24 sej/yr® UENSEZ 19 42 K
AW A7F 884E+24  sej/yr7b Hol TAl AFe AT F cAHA
15.83E+24 sej/yro.= # T}

qFel A= mRRHAR AE H=aol & AT AL olvA
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15.83E+24 sej/yroll 98] AEZHaEL 1550E+24 sej/yre] oW AE
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Adsed sld eE2 T12E+24 sej/yr7k A=Al s AA HA=(F
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A E)R 871E+24 sej/yre] AEHTh olF FEIZTAELS 534E+24 sej/yr
I F9E5E0] 1.80E+24 sej/yre] ow A= o] gt}
T3 FAEE0] TEZHAES 053E+24 sej/yre oW AE thA] o] &3}
o F 233E+24 sej/yrel WA 7} HArk AAMFES HAEZRE
L12E+24 sej/yre] oAMAE AEiA gol wel A g & F o
H 2= 836E+24 sej/yrol Fuf wrElA S F B2l EQ TATE+24 sej/yrt
MY =2 836E+24 sej/yrg WA et AE A F A olm Al
15.83E+24 sej/yro] @t}
Am AT F A A= AT AEH sEY ANE st B 7

4% SUAd AL BEES FAAA ek
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Fig. 23. Emergy flows of terrestrial and marine organisms in global ecosystem.
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Fig. 24. Transformities flows. of terrestrial and marine organism in global
ecosystem.
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Fig. 25. Energy transformation hierarchy of terrestrial plant and animal.
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Fig. 26. Energy transformation hierarchy of marine plant and animal.
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7} 54 4B
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L5 v, fHEst BW o33 2o WA appendix 21614 vERE A%
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4. 53 52

B =Rl AxtoA AArEARH AT S 52T ZH7e] oy x|t
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23 Add JdUAHEsEe] wa W ghS 355E+06 sej/JE LhERE

H
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I WH9= Ha 5.12E+07 sej/JHE HAA 1.24E+04 sej/J= YERHOl o
Ao A e AT §4 TET T50E+04 sej/Jol wls] i 632
wlol Al A 0.2w] zE]al Hrge 4738 Aol Aolz wlnA Z xolrt
Uetsth ol & 77t SAEE PFEeko] B Fig. 287 Zo] A A
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Table 31. Summary of ecological economic value of global organisms

Item

Emvalue(ecological economic value)

Production emergy

(trillion Em%/yr)

Terrestrial plants 11.25
Terrestrial animals 4.96
Terrestrial organisms 11.25
Marine plants 11.25
Marine animals 593
Marine organisms 11.25
Global plants 11.25
Global animals 5.46
(Global detritus) (5.79 )
Global organisms 11.25

Storage emergy

(trillion Em$9)

Terrestrial plants 125.35
Terrestrial animals 1.95
Terrestrial organisms 127.30
Marine plants 0.28
Marine animals 1.36
Marine organisms 1.64
Global storage plants 125.63
Global storage animals 3.31
Global storage organisms 128.94
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Table 32. Summary of average global value of annual ecosystem services

Annual value

Ecological services (billion of dollars)

Gas regulation 1,341
Climate regulation 684
Disturbance regulation 1,779
Water regulation 1,115
Water supply 1,692
Erosion control 576
Soil formation 53
Nutrient cycling 17,075
Waste treatment 2,277
Pollination 117
Biological control 417
Habitat / refugia 124
Food production 1,386
Raw materials 721
Genetic resources 79
Recreation 815
Cultural 3,015
Total 33,268

Costanza et al., 1997. The value of the world’s ecosystem services and
natural capital.
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VII. Appendix

Appendix 1. Emergy analysis of arctic tundra ecosystem(Footnote for
appendix 11, 13, 14)
1. Sunlight
Land area = 5.60E+12 m” (Table 6)
Insolation = 3.02E+09 J/m?/yr (Appendix 15)
Albedo = 041 (Appendix 16)
Energy(J) = (land area)(insolation)(1-albedo)
= 9.98E+21 J/yr
2. Wind, kinetic energy
Land area = 5.60E+12 m’ (Table 6)
Average gAQUAWIDA" 4.99 m/sec (Appendix 17)

velocity
Geostrophic wind

Drag  coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

(6/10*avg. wind v.)

= 2684 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= kg/m’

=..(land area)(geostrophic - wind)(seconds in a
year)(air density)(drag .. coefficient)

= 6.14E+18 J/yt

enhergy

= 5.60E+12 m” (Table 6)

= 0.2 mm/yr (Table 9)

= 012 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
3.32E+18 J/yr
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Appendix 2. Emergy analysis of boreal

appendix 11, 12, 14)

forest ecosystem(Footnote for

1. Sunlight
Land area
Insolation
Albedo
Energy(])

2. Wind, kinetic energy
Land area

Average annual wind
velocity
Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical“potential
(Evapotranspiration)
Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

= 1.38E+13 m’ (Table 6)
= 3.69E+09 J/m*/yr (Appendix 15)
= 031 (Appendix 16)

= (land area)(insolation)(1-albedo)
= 3.52E+22 J/yr

= 1.38E+13 m”

= 44 m/sec

(6/10%avg. wind v.)”

(Table 6)
(Appendix 17)

= 1840 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

=3 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

= 1.04E+19 J/yr

energy

=-1.388+13 m’ (Table 6)

= 06 mm/yr (Table 9)

= 0.36 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
2.46E+19 J/yr
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Appendix 3. Emergy analysis of temperate (deciduous) forest ecosystem

(Footnote for appendix 13,

1. Sunlight
Land area
Insolation
Albedo
Energy(])

2. Wind, kinetic energy

Land area

Average annual wind
velocity

Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

14)

= 6.12E+12 m” (Table 6)
= 4.99E+09 J/m*/yr (Appendix 15)
= 0.19 (Appendix 16)

= (land area)(insolation)(1-albedo)
= 247E+22 J/yr

= 6.12E+12 m”

= 514 m/sec

(6/10%avg. wind v.)°

(Table 6)
(Appendix 17)

= 2933 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

= 7.33E+18 J/yr

energy

=6.12E+12 m’ (Table 6)

= 065 mm/yr (Table 9)

= 0.39 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
1.18E+19 J/yr
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Appendix 4. Emergy analysis of temperate (coniferous) forest ecosystem

(Footnote for appendix 12, 14)
1. Sunlight
Land area = 5.46E+12 m” (Table 6)
Insolation = 4.99E+09 J/m*/yr (Appendix 15)
Albedo = 0.19 (Appendix 16)
Energy(J) = (land area)(insolation)(1-albedo)
= 2.21E+22 J/yr
2. Wind, kinetic energy
Land area = 546E+12 m’ (Table 6)
Average annual windg 5.14 m/sec (Appendix 17)

velocity
Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

(6/10*avg. wind v.)°

= 2933 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

= 6.54E+18 J/yr

energy

=5.46E+12 m’ (Table 6)

= 065 mm/yr (Table 9)

= 0.39 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
1.05E+19 J/yr
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Appendix 5. Emergy analysis of temperate grassland ecosystem (Footnote

for appendix 13, 14)

1. Sunlight
Land area
Insolation
Albedo
Energy(])

2. Wind, kinetic energy
Land area
Average annual wind
velocity
Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

= 1.50E+13 m” (Table 6)
= 5.63E+09 J/m*/yr (Appendix 15)
= 024 (Appendix 16)
= (land area)(insolation)(1-albedo)

= 6.42E+22 J/yr

= 150E+13 m” (Table 6)
= 493 m/sec (Appendix 17)

(6/10*avg. wind v.)°

= .25.88 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

=. 1.58E+19 J/yr

energy

="1.50E+13 m’ (Table 6)

= 1.3 mm/yr (Table 9)

= 0.78 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
5.78E+19 J/yr

- 152 -



Appendix 6. Emergy analysis

(Footnote for appendix 13,

of mediterranean

shrubland ecosystem

1. Sunlight
Land area
Insolation
Albedo
Energy(])

2. Wind, kinetic energy

Land area

Average annual wind
velocity

Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

14)

= 2.80E+12 m” (Table 6)
= 5.60E+09 J/m*/yr (Appendix 15)
= 0.18 (Appendix 16)

= (land area)(insolation)(1-albedo)
= 1.29E+22 J/yr

= 2.80E+12 m”

= 4.37 m/sec

(6/10%avg. wind v.)°

(Table 6)
(Appendix 17)

= 1803 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

= 2.06E+18 J/yr

energy

=2.80E+12 m’ (Table 6)

= 065 mm/yr (Table 9)

= 0.39 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
5.39E+18 J/yr
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Appendix 7. Emergy analysis of crops ecosystem (Footnote for appendix 13,

14)
1. Sunlight
Land area = 1.35E+13 m’ (Table 6)
Insolation = 5.44E+(09 J/m*/yr (Appendix 15)
Albedo = 0.30 (Appendix 16)
Energy(J) = (land area)(insolation)(1-albedo)
= b5.14E+22 J/yr
2. Wind, kinetic energy
Land area = 1.35E+13 m’ (Table 6)
Average annual windg 3.28 m/sec (Appendix 17)

velocity
Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

(6/10*avg. wind v.)°

= 1762 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

= 4.20E+18 J/yr

energy

=-1.35E+13 m’ (Table 6)

= 0.85 mm/yr (Table 9)

= 051 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
3.40E+19 J/yr
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Appendix 8. Emergy analysis

(Footnote for appendix 13,

of tropical savanna and grassland ecosystem

1. Sunlight
Land area
Insolation
Albedo
Energy(])

2. Wind, kinetic energy

Land area

Average annual wind
velocity

Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(])

(Table 6)
(Appendix 15)
(Appendix 16)

(Table 6)

14)

= 276E+13 m”

= 7.15E+09 J/m?/yr

= 0.18

= (land area)(insolation)(1-albedo)
= 1.62E+23 J/yr

= 2.76E+13 m”

= 402 m/sec

= (6/10%avg. wind v.)°

(Appendix 17)

wind)(seconds in a

(Table 6)
(Table 9)

= 1403 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg /m’

= (land area)(geostrophic

year)(air density)(drag coefficient)

% 158E+10 Jyr
energy

=2.76E+13 m’

= 0.75 mm/yr

= 045 mm/yr

(est. as 60% of rain)
= 4.94E+03 J/kg
= 1,000 kg/m®

(Table 9)

= (land area)(transpiration)(density)(Gibbs.)

= 6.14E+19 J/yr
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Appendix 9. Emergy analysis of desert ecosystem (Footnote for appendix

13, 14)
1. Sunlight
Land area = 2.77E+13 m’ (Table 6)
Insolation = 7.01E+09 J/m*/yr (Appendix 15)
Albedo = 0.28 (Appendix 16)
Energy(J) = (land area)(insolation)(1-albedo)
= 1.40E+23 J/yr
2. Wind, kinetic energy
Land area = 2.77E+13 m’ (Table 6)
Average annual Jpadig 5.03 m/sec (Appendix 17)

velocity
Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)

Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(J)

(6/10%avg. wind v.)°

= 2749 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg/m’

= (land area)(geostrophic wind)(seconds in a
year)(air density)(drag coefficient)

= 3.11E+19 J/yr

energy

A m’ (Table 6)

= 0.25 mm/yr (Table 9)

= 015 mm/yr (Table 9)
(est. as 60% of rain)

= 4.94E+03 J/kg

= 1,000 kg/m’

(land area)(transpiration)(density)(Gibbs.)
2.05E+19 J/yr
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Appendix 10. Emergy analysis of tropical rain forest ecosystem (Footnote

for appendix 11, 13, 14)

1. Sunlight
Land area
Insolation
Albedo
Energy(])

2. Wind, kinetic energy
Land area

Average annual wind
velocity
Geostrophic wind

Drag coefficient
Seconds in a year
Air density
Energy(])

3. Rain, chemical “potential
(Evapotranspiration)
Land area

Rainfall

Evapotranspiration

Gibbs free energy
Density
Energy(])

(Table 6)
(Appendix 15)
(Appendix 16)

(Table 6)

= 1.75E+13 m”

= 6.42E+09 J/m?/yr

= 0.14

= (land area)(insolation)(1-albedo)
= 9.66E+22 J/yr

= 1.75E+13 m”

= 2.74 m/sec

= (6/10%avg. wind v.)°

(Appendix 17)

wind)(seconds in a

(Table 6)
(Table 9)

= 444 m/sec

= 1.00E-03

= 3.14E+07 sec/yr

= 13 kg /m’

= (land area)(geostrophic

year)(air density)(drag coefficient)

= 317E+18 Jyr
energy

= /5 m’

= 2 mm/yr

= 1.2 mm/yr

(est. as 60% of rain)
= 4.94E+03 J/kg
= 1,000 kg/m®

(Table 9)

= (land area)(transpiration)(density)(Gibbs.)

= 1.04E+20 J/yr
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Appendix 11.

Emergy analysis of bryophytes (Footnote for table 10)

Bryophytes
Sunlight = (Arctic tundra * covered area %) + (Boreal forest * use
unig sunlight %) + (Tropical rain forest * use sunlight %)
= (998E+21 * 0.3) + (3.52E+22 * 0.3) + (9.66E+22 * 0.1)
= 2.32E+22 J/yr
Wind, _ (Arctic tundra * covered area %) + Boreal forest + Tropical
kinetic rain forest
= (6.14E+18 = 0.3) + (1.04E+19) + (3.17E+18)
= 1.54E+19 J/yr
Rain, .
evapotrany = (Arctic tundra * covered area %) + (Boreal forest * use
potra evapo. %) + (Tropical rain forest * use evapo. %)
—piration
= (8.32E+18 % 0.3) + (246E+19 * 0.2) + (1.04E+20 * 0.2)
= 267E+19 J/yr
a) Didiuk & Ferguseon; 2005
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Appendix 12. Emergy analysis of gymnosperms (Footnote for table 10)

Gymnosperms

(Boreal forest * use sunlight %)Y + Temperate (coniferous)
forest

= (352E+22 * 0.7) + (2.21E+22)
= 467E+22 J/yr

Sunlight

k\zzi’ = Boreal forest + Temperate (coniferous) forest
= (1.04E+19) + (6.54E+18)
= 1.69E+19 J/yr
ova oizlr?s’ . (Boreal forest** use evapo. %)” + Temperate (coniferous)
p. . forest
—piration

= (246E+19 * 0.8) + (2.10E+19)
= A07E+19 J/yr

a) Messier et al,, 1998; b) Heijmans et al., 2004
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Appendix 13. Emergy analysis of angiosperms (Footnote for table 10)

Angiosperms

Sunlight =  (Arctic tundra * covered area %) + Temperate (deciduous)
forest + Temperate grassland + Mediterranean shrubland +
Crops ecosystem + Tropical savanna & grassland +
(Desert * covered area %)” + (Tropical rain forest * use
sunlight %)
= (998E+21 * 0.3) + (247E+22) + (6.42E+22) + (1.29E+22) +
(5.14E+22) + (1.62E+23) + (140E+23 = 0.1) + (9.66E+22 =
0.9

= 4.19E+23 J/yr

Wind, = (Arctic tundra * covered area %) + Temperate (deciduous)
kinetic forest + Temperate grassland + Mediterranean shrubland +
Crops ecosystem + Tropical savanna & grassland +
(Desert * covered area %). + Tropical rain forest
=  (6.14E+18 * 0.3) + (7.33E+18) + (1.58E+19) + (2.06E+18) +
(4.20E+18) + (1.58E+19) + (3.11E+19 * 0.1) + (3.17E+18)

=+ B.34EHIQ J/yr

Rain, "=  (Arctic tundra * use evapo. %) + Temperate (deciduous)
evapotrans forest. + Temperate grassland + Mediterranean shrubland +
—piration Crops«. ecosystem + Tropical ~savanna & grassland +
(Desert. * covered area %) -+ (Tropical rain forest * use

evapo:-%)
=  (3.32E+18 * 0.3)-+ (2.36E+19) + (2.89E+19) + (5.39E+18) +
(3.04E+19) + (6.14E+19) + (2.05E+19 = 0.1) + (1.04E+20 =

0.8)

= 239E+20 J/yr

a) Hadley & Szarek, 1981
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Appendix 14. Emergy analysis of terrestrial plants (Footnote for table 10)

Terrestrial plants

Sunlight = (Arctic tundra * covered area %) + Boreal forest + Temperate
(deciduous) forest + Temperate (coniferous) forest +
Temperate grassland + Mediterranean shrubland + Crops
ecosystem + Tropical savanna & grassland + (Desert =*
covered area %) + Tropical rain forest
= (998E+21 =* 0.6) + (352E+22) + (247E+22) + (2.21E+22) +
(6.42E+22) + (1.29E+22) + (5.14E+22) + (1.62E+23) + (1.40E+23
* 0.1) + (9.66E+22)

= 4.89E+23 J/yr

Wind, = (Arctic'tundra * covered arca %) + Boreal forest + Temperate
kinetic (deciduous) forest + Temperate (coniferous) forest +
Temperate grassland + Mediterranean shrubland + Crops
ecosystem + Tropical savanna & grassland "+ (Desert =*
covered area %) + Tropical rain forest
= (6.14E+18 /% 06) + (1.04B+19) + (7.33E+18) + (6.54E+18) +
(L58E+19) + (2.06E+18) + (420E+18) + (1.58E+19) + (3.11E+18
*0.1) + (3.17E+18)

= 7.21E+19 J/yr

Rain, = (Arctic tundra * covered area %) + Boreal forest + Temperate
evapotran (deciduous) forest + Temperate » '(coniferous) forest +
S Temperate grassland + Mediterranean shrubland + Crops
piration ecosystem + “Tropical ‘savanna & grassland + (Desert =

covered area %) + Tropical rain forest

= (3.32E+18 = 0.6) + (246E+19) + (2.36E+19) + (2.10E+19) +
(2.89E+19) + (5.39E+18) + (3.04E+19) + (6.14E+19) + (2.06E+18
x* 0.1) + (1.04E+20)

= 3.07E+20 J/yr
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Appendix 15. Insolation of each biome(k Wh/m?*/day) (Footnote for table 9)

Tropical Tropical Temperate Temperate
No. lat lon rain lat lon savanna, lat lon  Desert lat lon lat lon
forest grassland forest grassland
1 -2 -65 4.50 14 -5 6:09 =23 ——H7—6:05 46 =87 3.52 -35 =71 479
2 -8 -57 4.61 14 17 6.52 =33 119 479 Rid F 3.91 50 -122 3.37
3 -16  -62 4.66 9 38 5.93 24 130 wub.54 49 21 291 36 -120 5.14
4 3 14 4.94 -1 30 4.88 Fozi 140 59 31 %-90 4.38 42 -107 3.99
5 2 22 5.01 -17 20 5.64 -33 141 513 48 - 3.04 47 -93 3.42
6 -9 16 5.26 =25 30 5.20 24 -106 5.21 50 47 3.57 31 -93 4.31
7 13 104 5.27 26 75 5.10 16 0 586 36 115 4.32 38 39 4.24
8 4 103 4.75 21 34 5.00 19 -104 526 38 127 3.86 26 66 5.38
9 -2 103 4.65 23 103 4.34 30 250 5.67 43 143 3.32 45 69 4.04
10 1 115 4.85 -16 134 6.18 35 T =27 151 5.19 39 93 4.23
11 -4 137 4.84 21 -103 5.45 11  -14 568 40 116 4.28
12 -19 47 5.38 9 -73 5.12 23 46 578
13 -6 41 5.52 38 42 1 114.25
14 -14  -49 513 33 53518
Mean 4.89 5.44 5.34 3.80 4.29
Insolation ~ 6.42E+09 J/m?/yr 7.15E+09 J/m”/yr 7.01E+09 J/m?/yr 499E+09 J/m”/yr 5.63E+09 J/m’/yr
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continue

. Medite—
No. lat lon Boreal lat lon Arctic lat lon rranean
forest tundra
shrublands
1 56 35 297 63 -47 291 40 =4 3.94
2 55 158 2.87 64 173 2.48 455 85 3.69
3 57 132 2.85 61 59 2.40 40 15 5.35
4 59 91 273 67 104 2.37 415 225 3.7
5 51 32 3.41 61 102 2.65 385  30.5 5.09
6 62 39 2.39 68 ' =163 2.29 35.5 2.5 443
7 66 16 2.09 76 103 1.88
8 52 -B9 2.80 65 ~-115 2.54
9 56  -107 3.02 82 -74 1.83
10 64 -138 2.36 63 126 2.17
11 50 136 3.29 75 102 1.82
12 62 117 2177 69 =71 2:23
13 55 -96 3.01 71  -110 2.31
14
Mean 2.81 2.30 4.26
Insolation ~ 3.69E+09 J/m®/yr 3.02E+09 J/m”/yr 5.60E+09 J/m®/yr

lat: latitude; lon: longitude
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Appendix 16. Albedo of each biome (Footnote for table 9)

Biome Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. mean
016 016 015 015 015 017 017 = 047 014 015 0.15 0.16 0.16

. 014 015 014 014~ 014 - 016 014 - 016 = 014 015 0.13 0.15 0.15
r;rrlo?é‘;zls . 014 014 015 014 016 015 015 019 018 0I5 0.15 0.13 0.15
016 017 015 /016 014 013 _01l 012 = 015 014 0.14 0.16 0.14

012 012 011 / 010 0098 012 01k 012 . 010 009 0.10 0.10 0.11

0.12-0.14 (Roy et al., 2001) 0.14

018 019 019 . 022 023 025 018 018 022 | 021 0.20 0.19 0.20

Tropical 015 017 016 * 014 017 015 pw0l4 016 018 | 017 0.15 0.15 0.16
savanna & 016 016 015, 015 0I5 006 . 016 015 015 | 014 0.14 0.15 0.14
grassland 020 021 022\ 021" 021, 024 | 025 025 . 024/ 023 0.22 0.20 0.22
017 017 019 % 017 ~ 018 018 = 008 019 019 018 0.18 0.17 0.17

0.07-0.40 ARoy et al., 2001) 0.18

041 043 043 044, »0M4 — 044 = 044 . 042043 043 0.41 0.42 0.43

030 031 033 038 0362032 BI03L5 0307 032 04 0.33 0.30 0.33

Desert 019 019 019 017 019021 — 022— 021 021 0.21 0.20 0.19 0.20
022 025 022 024 025 02 025 025 027 025 0.22 0.20 0.24

023 022 023 022 022 021 020 02 022 022 0.22 0.22 0.22

0.20-0.40 (Roy et al., 2001) 0.28
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continue

Biome Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. mean
0.11 0.08 0.08 0.08 0.08 0.09 0.08 0.08 0.10 0.09 0.08 0.09 0.09
0.13 0.14 0.13 0.15 0K 0.19 0.19 0.17 0.18 0.15 0.12 0.12 0.15

Temperate
forest 0.44 0.45 0.31 0.16 0.17 0.15 0.16 0.16 0.18 0.16 0.18 0.21 0.23
0.82 0.76 0.61 0.13 0.16 0.17 0.17 0.17 0.18 0.14 0.22 0.64 0.35
0.14 0.14 0.10 0.15 0.14 0.14 0.13 0.14 0.13 0.14 0.14 0.14 0.14
0.1-0.18 (Roy et al., 2001) 0.19
0.27 0.21 0.13 0.10 0.08 0.08 0.09 0.10 0.10 0.09 0.09 0.15 0.12
Temperate 0.54 0.61 0.47 0.21 0.26 0.20 0.21 0.21 0.23 0.21 0.34 0.40 0.32
grassland 0.62 0.56 0.42 0.22 0.23 0.22 0.21 0.20 0.21 0.19 0.30 0.51 0.32
0.28 0.26 0.18 0.17 0.10 0.19 0.20 0.19 0.20 0.17 0.14 0.22 0.19
0.46 0.45 0.27 0.12 0.13 0.14 0.14 0.13 0.14 0.11 0.14 0.32 0.21
0.15-0.25 «(Roy et al., 2001) 0.24
0.56 0.54 0.40 0.32 0.20 0.13 0.13 0.11 0.13 0.10 0.45 0.43 0.29
0.71 0.66 0.57 0.11 0.13 0.16 0.14 0.14 0.14 0.11 0.70 0.62 0.35
Boreal foest  0.60 0.52 0.56 0.35 0.12 0.11 0.11 0.11 0.12 0.10 0.32 0.56 0.30
0.65 0.57 0.56 0.11 0.12 0.14 0.16 0.14 0.15 0.11 0.65 0.54 0.33
0.52 0.51 0.45 0.43 0.13 0.13 0.16 0.15 0.14 0.12 0.44 0.45 0.30
0.10-0.30 (Roy et al., 2001) 0.31
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continue

Biome Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Mean
0.59 0.56 0.53 0.51 0.25 0.13 0.13 0.12 0.13 0.19 0.57 0.51 0.35

Arctic 0.72 0.79 0.75 0.76 0.76 0.54 0.28 0.27 0.38 0.67 0.77 - 0.61
tundra 0.66 0.63 0.63 0.:65 0.50 0.15 0.16 0.15 0.14 0.48 0.57 0.64 0.45
0.72 0.66 0.69 0.28 0.11 0.11 0.12 0.12 0.13 0.09 0.35 0.45 0.32

0.60 0.53 0.53 0.38 0.18 0.13 0.13 0.13 0.13 0.12 0.60 0.52 0.33

0.20-0.80 (Roy et al., 2001) 0.41

0.15 0.17 0.18 0.19 0.20 0.21 0.21 0.21 0.20 0.17 0.15 0.14 0.18

Mediterr— 0.21 0.23 0.20 0.19 0.18 0.80 0.80 0.17 0.16 0.16 0.18 0.20 0.18
Zn;;r 0.12 0.12 0.13 0.14 0.16 0.16 0.16 0.14 0.12 0.12 0.10 0.10 0.13
shrublands 0.24 0.22 0.17 0.14 0.19 0.20 0.19 0.18 0.16 0.15 0.16 0.22 0.18
0.24 0.25 0.20 0.16 0.19 0.20 0.20 0.19 0.18 0.19 0.17 0.21 0.19

0.20 0.22 0.23 0.24 0:24 0.24 0.26 0.26 0.24 0.22 0.22 0.20 0.23

0.12-0.20 (Roy et.al.,-2001) 0.18
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Appendix 17.

Wind velocity of each biome(m/s) (Footnote for table 9)

Tropical

No. lat  lon f{)?(ier; . lat lon ”S[‘;\?gril%a; lat lon  Desert lat  lon Tegfeesr?te lat lon gig@%ﬁ?
1 -2 -65 1.60 14 -5 3.39 —23 1 Wl Y W56 46.. -87 6.25 -3 71 5.20
2 -8 -57 191 14 17 5.31 -33 119 6.72 38 =7 5.46 50 -122 3.94
3 -16  -62 4.71 9 38 3.81 -24 130 5.81 49 21 5.40 36 -120 5.08
4 3 14 0.93 -1 30 2.98 -22 1407 820 31 N <94 414 42 -107 6.04
5 2 22 2.25 -17 20 5.75 =33 141 | 4.83 43 -l 5.99 47 -93 447
6 -9 16 4.21 =25 30 4.27 24 -106  4.08 50 47 5.35 31  -93 3.62
7 13 104 3.31 26 75 3.28 16 0 528 36 115 3.19 38 39 4.38
8 4 103 3.39 21 34 3.33 19 -104 3.56 38 127 4.03 26 66 4.80
9 -2 103 2.46 23 103 2.83 30 o101 43 143 6.72 45 69 547
10 1 115 1.70 -16 134 5:37 35 7 465 O 151 491 39 93 6.70
11 -4 137 2.63 21 -103 4.33 iy s~dp 3N 40 116 4.52
12 -19 47 3.79 9 -73 3.38 23 46 5.28
13 -6 41 4.27 33 42 4.80
14 -14  -49 3.96 33 53  6.26

mean 2.74 4.02 5.03 5.14 493
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Boreal Arctic Mediterr-
No. lat lon lat lon lat lon anean

forest tundra shrublands

1 56 85 4.04 63 -47 7.16 40 =4 3.94

2 55 158 5.28 64 173 446 455 35 3.69

3 57 132 412 61 59 4.08 40 15 5.35

4 59 91 3.98 67 104 4.07 415 225 3.07

5 51 32 4.88 61 102 3.93 385 305 5.09

6 62 39 3.82 68 =163 546 355 25 4.43

7 66 16 592 76 103 5.31

8 52 -59 5.62 65 . -115 4.02

9 5 -107 3.87 32 v ) 6.20

10 64 -138 3.92 63 126 452

11 50 136 3.93 75 102 5.20

12 62 117 3.87 69 =71 522

13 5  -96 3.96 71 -110 517

14

mean 4.40 4,99 4.26
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Appendix 18. Emergy analysis of phytoplankton (Footnote for table 20)

1. Sunlight
Ocean area

Insolation

3.62E+14 m’

Solar constant = 2 cal/cm®/min

Solar constant at the ocean surface = 1.3 cal/cm®/min

Albedo
Energy(])

2. Wind, kinetic energy
Ocean area

Average annual wind
velocity

Geostrophic wind
Drag coefficient

Seconds in a“year
Air density

Energy(])

3. Tidal energy

4. Current

(solar constant at the ocean surface)(4.2]/cal)
(10,000cm’/m®) (5.26E+05min/yr)

2.87E+10 J/m?/yr

0.95 (Appendix 20)
(ocean area)(insolation)(1-albedo)

9.87E+24 J/yr

3.62E+14 m”

398 . W (Archer &

Jacobson, 2005)
(6/10*avg. wind v.)*

7.26 m/sec
1.00E-03

3.14E+07 sec/yr
13 kg/m’

(ocean area)(geostrophic ~wind)(seconds in a
year)(air density)(drag™ coefficient)

1. 13E+20 J/yr

global tidal energy
5.20E+19 I/yr (Odum et al., 2000)

(global current energy)#*(phytoplankton area)
8.60E+17 * 0.98 (Odum et al., 2000)
843E+17 J/yr
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Appendix 19. Emergy analysis of seaweeds (Footnote for table 20)

1. Sunlight

Seaweed area

Insolation

(Copper, 1994)

2
2.10E+12 m (Whittaker, 1975)

Solar constant = 2 cal/cm®/min

Solar constant at the ocean surface = 1.3 cal/cm®/min

Albedo
Energy(])

2. Wind, Kinetic energy

Seaweed area

Average annual wind

velocity

(solar constant at the ocean surface)(4.2]/cal)
(10,000cm’/m®) (5.26E+05min/yr)

2.87E+10 J/m?/yr
0.95 (Appendix 20)
(ocean area)(insolation)(1-albedo)
5. 73E+22 J/yr

9 (Copper, 1994)
Ok o (Whittaker, 1975)
3.98m/sec (Archer &

Jacobson, 2005)

Geostrophic wind=(6/10%avg. wind v.)?

Drag coefficient=1.00E-03

Seconds- in a'year
Air density=1.3kg/m"

3. Tidal energy

4. Current

Energy(J)

7.26m/sec
3.14E+07 Sec/vr

(ocean area)(geostrophic wind)(seconds in a
year)(air-density)(drag coefficient)

6.53E+17 J/yr

(global tidal energy) = (seaweed area /
continental area)

5.20E+19 = 0.09 (Odum et al., 2000)

(global current energy)*(seaweed area)
8.60E+17 * 0.02 (Odum et al., 2000)
1.28E+16 J/yr
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Appendix 20. Albedo of ocean surface

Loc atilgi[lonth Jan. Feb. Mar. Apr. May Jun. Jul. Aug:. Sep. Oct. Nov. Dec. Mean
Lat = 405 06 006 006 006 005 005 005 005 005 006 007 006 0.05
Lon -395 ‘ : ‘ : : : : : . . . . .
pat -z 006 005 005 - 005 005 005 005 . 005 005 | 005 005 006 0.05
Lat -33

bat =88 005 005 005, 006 006 007 007 006 006 | 006 006 005 006
Lat 21

bat =2l 006 005 005 005 4005 005 005 005, 006 005 005 005 005
pat 19 005 005 005 005 005 — 006 006 005 005 005 005 005 0.05
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Appendix 21. Comparison of transformities of terrestrial plants and
ecosystems(Footnote for Fig. 27)

Plants and forest Transformity Reference
Terrestrial plants 7.43E+03 this study
Bryophytes 1.78E+04 this study
Gymnosperms 8.55E+03 this study
Angiosperms 6.28E+03 this study
Wood 1.10E+04 Odum et al., 2000
Boreal silviculture(Spruce and pine) 4 93E+03 Brown & Bardi, 2001
Slashpine silviculture 5.83E+03 Brown & Bardi, 2001
Temperate forest(oak), NPP 4. 70E+03 Brown & Bardi, 2001

; 9.96E+03 Pardo—Jutar & Brown,

Savanna vegetation, NPP (1.67E-04°) 199%
Subtropical mixed hardwood forest 5.50E+03
(Oka, gum, magnolia, pine), biomass (9.24E+03") Orrsii=
Subtropical mixed hardwood forest, 1.54E+03
NPP, FL B Ol

. 1.69E+03
Subtropical forest, NPP, FL (2.84F+03") Orrell, 1998

. ’ 1.07E+04
Subtropical forest, biomass, FL (1.79E+04°) Orrell, 1998
Floodplain forest(Cypress) 5.46E+03 Brown & Bardi, 2001
Subtropical herbaceous wetland; GPP, 4 .32E+03 .
FL (7.96E+03") Bardi & Brown, 1999
S.ubtroplcal herbaceous wetland, 7 3UE+04 Brown & Bardi, 2001
biomass, FL
Subtropical shrub-scrub wetland 4.26E+03 .
(titi and willow), GPP, FL (7.16E+03)  Drown & Bardi, 2001
Subtropical depressional forest 4.20E+03 .
(Cypress), GPP, FL (706E+03)  Dardi & Brown, 1999
Subtropical shrub-scrub wetland, .
NPP, FL 4.05E+04 Brown & Bardi, 2001
S}lbtroplcal shrub—scrub wetland, 6.91E+04 Brown & Bardi, 2001
biomass, FL
Subtropical depressional forested 5.99F+04 Brown & Bardi, 2001

wetland, FL
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Subtropical depressional forested
wetland, biomass, FL

Subtropical herbaceous wetland, FL

Temperate forest, NPP
Temperate forest (Quercus spp.)
Wood biomass(USA)

Pine flatwood forest, NPP, FL

Utricularia spp.

Epiphytes

Hardwood Wood

Periphyton

Macrophytes

Macrophytes

Floating vegetation

Floating vegetation
Macroalgae

Cypress wood

Grass production

Wornwood production

Reed production

Mangrove production
Macroalgae

NPP of Pharagmites and Aeluropus
NPP of Spartina and Suaeda

Global plant biomass

Tropical dry savanna, GPP,
Venezuela

1.32E+04

6.19E+04

4.70E+03
(7.90E+03")
1.60E+04
(2.68E+04")
3.49E+04
(5.86E+04")
1.69E+03
(2.84E+03")

151E+04°
LOIE+04™
7.27TE+04T
3.56E+03°
2.08E+04°
1.93E+04™
1.25E+04°
2.21E+04T
3.55E+047T
7.23E+04T
4.70E+03
470E+03
470E+03
470E+03
470E+03
8.00E+03

1.50E+04

1.00E+04
(1.68E+04")

1.88E+03
(3.15E+03")

Brown
Brown

Tilley,
Tilley,
Odum,

Orrell,

Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Zuo et
Zuo et
Zuo et
Zuo et

Zuo et

& Bardi, 2001

& Bardi, 2001

1999
1999
1996

1998

et al.,
et al.,
et al.,
et al.,
et al.,
et al.,
et al.,
et al.,
et al.,

et al.,

2005
2005
2005
2005
2005
2005
2005
2005
2005
2005

al., 2004

al., 2004

al., 2004

al., 2004

al., 2004

Lu et al., 2007

Lu et al., 2007

Brown & Ulgiati, 1999
Prado—Jutar & Brown,

1996
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Tropical dry savanna, biomass,
Venezuela

Salt marsh, GPP, FL

Salt marsh, biomass, FL

Tropical mangrove, biomass,
Ecuador

Floodplain forest, GPP, FL

Boreal silviculture, Sweden
(Picea aibes, Pinus silvestris)
Subtropical silviculture

(Pinus elliotti), FL

Subtropical plantation, FL
(Eucalyptus and-Malaleuca spp.)
Primary producer

Forest biomass(Acacia mangium)
Forest biomass(orange tree)
Forest biomass

Subtropical ‘forest

Temperate forest, NPP
Subtropical forest, NPP.

Luquillo forest NPP

Elfin cloud forest, NPP
Colorado forest, NPP

Palm forest, NPP
NPP, total live biomass

1.05E+04
(1.77E+04")
2.12E+03
(3.56E+03")
6.96E+03
(1.17E+04")
1.47E+04
(24TE+047)
5.45E+03
(9.16E+03")
4.92E+03
(827E+03")
5:82E+03
(9.78E+03")
1.60E+04
(2.68E+04")
3.39E+04

5.44E+03
9.22E+04
4.56E+04
1.82E+04
4.53E+03
7.91E+03
6.64E+03

1:29E+04
7.05E+03

2.78E+03
4.70E+03

Prado-Jutar & Brown,
19%

Odum, 1996

Odum, 1996

Odum & Arding, 1991
Weber, 1996
Doherty, 1995
Doherty, 1995

Doherty, 1995

Brown & Ulgiati, 2004
Cohen, 2003

Cohen, 2003
Cohen, 2003
Scatena et al., 2002
Scatena et al., 2002
Scatena et al., 2002
Scatena et al., 2002

Scatena et al., 2002
Scatena et al., 2002

Scatena et al., 2002
Tilley & Swank, 2003

*: Based on 15.83 sej/yr

§: Computed transformity values for graminoid marsh (Cohen et al., 2005)
F:Computed transformity values for Cypress swamp (Cohen et al., 2005)
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Appendix 22. Comparison of transformities of terrestrial animals(Footnote for
Fig. 28)

Terrestrial animals Transformity Reference
Herbivores 9.02E+04 this study
Carnivores 8.50E+05 this study
Detritivores 6.46E+04 this study
Terrestrial animals 750E+04 this study

‘Beet 630E+05  Campbell et al, 2005
All other livestock 7.92E+05 Campbell et al., 2005
live animals and live fish 4.39E+05 Campbell et al., 2005
Flagfish 1.24E+04° Coherr-et al., 2005
Macroinvertabrates 1.91E+04° Cohen et “al., 2005

) 1.97E+04° Cohen et al;, 2005

Apple snail 377E+05" Cohen et al., 2005
Poecilids 2.23E+04% Cohen et al., 2005
) 2 67E+048 Cohen et al., 2005
Lizards 275E+06 Cohen et al., 2005
2 91E+04} CGohen et al., 2005

Hadpoles 1.90E+05" Cohen et al., 2005

] 3 04E+04 Cohen et al., 2005

Craviish BTIE+057 Cohen et al., 2005
3.87E+04 Cohen et al., 2005
Freshwater prawn 357R405F Cohen et al., 2005
Bluefin killifish 4.14E+04° Cohen et al., 2005
Chubsuckers 4.26E+04% Cohen et al., 2005
Mospuitofishes 4.35E+04° Cohen et al., 2005
4.37E+04 Cohen et al., 2005
Small fishes 1.22E+05(herb.) T Cohen et al., 2005
1.22E+06(carn.)’ Cohen et al., 2005
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Shiners and Minnows
Killifishes

Large aquatic insects

Terrestrial invertebrates

Topminnows
Bluespotted sunfish
Pigmy sunfish

Opossum

Dollar sunfish

Redear sunfish

Snakes

Ducks

Centrarchids

Small frogs

Muskrats

Medium frogs

White tailed deer

Salamander larvae

Catfish

Gruiformes

Large frogs

5.35E+04°
5.68E+04°
6.37E+04°

6.74E+04°
5.09E+05T

751E+04°
8.38E+04°
8 42F+04°

8.63E+04°
3.82E+06T

S871E+04°
8.83E+04°

9.62E+04°
6.21E+06T

1.01E+05'
1.03E+05"

1.07E+05"
1.25E+06"

1.08E+05"

1.098+05"
1.25E+06T

1.10E+05°
1.99E+05T

1.11E+05°
1.17E+06T

1.18E+05°
1.28E+05°

1.30E+05°
1.46E+06T

Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen

et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et

et

al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,

al.,

2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
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Alligators

Spotted sunfish
Cichlids
Warmouth

Rabbits

Large fishes

Turtles

Largemouth bass

Snailkites

Raccoons

Grebes

Salamanders

Cape sable seaside ‘sparrow
Squirrels

Fishing spider

Passerines

Gar
Rats and Mice

Bitterns
Aquatic invertebrates

Anseriformes

Otter

1.34E+05°
4.34E+06T

1.36E+05°
1.36E+05°
1.38E+05"

1.41E+05°
1.96E+05T

1.45E+05°
1.71E+06T

151E+05"
2.07E+06T

1.52E+05°
1.62E+05"

1.63E+05"
2.30E+06T

1.76E+05"

1.79E+05"
2.82E+06T

1.85E+05'
1.95E+05™
1.99E+05°
2.13E+05'

2.17E+05°

2.28E+05"
1.30E+06T

2.40E+05"
3.00E+05T
391E+05T

4.00E+05"
476E+06T

Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen

Cohen

Cohen
Cohen

Cohen
Cohen
Cohen
Cohen
Cohen

et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et

et

et
et

et
et
et
et

et

al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,

al.,

al.,
al.,

al.,
al.,
al.,
al.,

al.,

2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005

2005

2005
2005

2005
2005
2005
2005
2005
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Mink

Nighthawks

Galliformes

Passeriformes

Panthers
Woodpeckers
Hogs

Black Bear
Hummingbirds
Great blue heron
Other herons
Egrets
Vertebrate det
Wood stock

Bobcat

Armadillo

Gray fox
Caprimulgiformes
Bats

White ibis

Kites and Hawks
Owls

Shrews
Pelecaniformes

Vultures

4.38E+05"
4 84E+06T

5.39E+05"

1.03E+06°
715E+06T

1.23E+06(omni.) T
2.79E+06(pred.) T

1.35E+06°

1.64E+06™T
1.73E+067T
L77E+06™T
1.90E+06™
1.98E+06™
2.08E+06T
2.08E+06T
2.46E+06T
2.52E+06T

271E+06T
3.30E+06"

32154067
4.80E+06T
5.02E+06T
5.69E+06T
6.61E+06T
7.13E+06T
7.14E+06T
7.28E+06T
7.90E+06T
1.29E+07T

Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen
Cohen

et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et
et

et

al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,
al.,

al.,

2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
2005
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Florida panther
Waterfowls
Crabs and snails

waterfowls

Bald eagles

Aanimal biomass

Invertebrates
Fishes
Amphibians
Mammals
Reptiles
Birds
Herbivores
Carnivores

Top carnivores

1.48E+07T
3.00E+07
1.50E+06
5.12E+07

2.50E+07
(4.20E+07")

1.00E+06
(1.68E+06")

3.24E+05
9.87E+05
1.16E+06
3.35E+06
3.42E+06
3.76E+06
1.27E+05
4.09E+06
4.06E+07

Cohen et al., 2005
Zuo et al., 2004
Zuo et al., 2004
Lu et al., 2007

Brown et al., 1993

Brown & Ulgiati,

Brown & Ulgiati,
Brown & Ulgiati,
Brown & Ulgiati,
Brown& Ulgiati,
Brown & ‘Ulgiati,
Brown & Ulgiati,
Brown & Ulgiati,
Brown & Ulgiati,
Brown & Ulgiati,

1999

2004
2004
2004
2004
2004
2004
2004
2004
2004

*: Based on 15.83 sej/yr

§: Computed transformity values for graminoid marsh (Cohen et al., 2005)
F:Computed transformity- values for Cypress swamp (Cohen et al., 2005)
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Appendix 23. Comparison of transformities of marine plants

Marine plants Transformity Reference
Phytoplankton 5.27E+03 this study
Seaweeds 1.38E+04 this study
Marine plants 5.34E+03 this study
‘Seaweeds LIOE04  Leectal, 2000
NPP of phytoplankton 1.04E+04 Lu et al., 2007
Primary producers (1154(1)]};::8;) Brown et al., 1993
Phytoplankton (1155?]5]?:(());) Brown et al., 1993
Intertidal algae (llélg]];:gﬁﬂ) Brown' et al., 1993

*: Based on 15.83/ sej/yr
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Appendix 24. Comparison of transformities of marine animals(Footnote for

Fig. 29)
Marine animals Transformity Reference
Zooplankton 9.13E+04 this study
Nekton 1.19E+05 this study
Benthos 1.09E+05 this study
Marine animals 9.35E+04 this study
Shellfishes 8.10E+05 Lee et al., 2001
Fishes 1.60E+06 Lee et al., 2001
Benthos 2.90E+05 Lee-et al., 2001
Gilthead sea bream(Sparus 1.32E+06 Vassallo et al., 2007
aurata) 2.45E+07 Bastianoni, 2002
Salmon(Salmo salar) 9.70E+06 Odum, 2001
. - . 5.61E+05
Tilapia(Tilapia mariae) (9.42E+05") Brown et al., 1992
2.41E+05 Lu et al., 2007
. 2.713E+05 Lu et al., 2007
Benthic fauna
3.81E+05 Lu et al;, 2007
8.39E+05 Lu et al., 2007
1.00E+05
Zooplankton (1.68E+05") Brown et al., 1993
6.10E+07
Harbor seals (1.02E+08%) Brown et al., 1993
9.20E+07
Sea otters (1.55E+08%) Brown et al., 1993
. 1.70E+08
Killer whales (2.86E+08") Brown et al., 1993
. . 1.10E+05
Intertidal herbivores (18AE+05") Brown et al, 1993
. . 2.90E+05
Intertidal mieofauna (487E+057) Brown et al., 1993
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Intertidal macrofauna

lower consumers

Apex predators

Small nekton (molluskans,
artropods, small fishes)

Small nekton predators (fish)

Mammals(seal, porpoise,
belukha whale)

Fishes, crabs, shrimp
Fishes, crabs, shrimp
Game fish

Blue crabs

8.10E+05
(1.36E+06")

1.10E+05
(1.84E+05")

1.00E+06
(1.68E+06")

1.10E+06
(1.84E+06")
9.70E+06
(1.63E+07")
3.82E+07
(6.42E+07")
2.70E+08
(454E+08")
1.38E+07
(2.32E+07")
3.00E+07
(5.04E+07")
4.00E+06
(6.72E+06")

Brown

Brown

Brown

Brown

Brown

Brown

Odum & Hornbeck, 1997

Odum & Hornbeck, 1997

Odum & Hornbeck, 1997

Odum & Hornbeck, 1997

et al., 1993

et al., 1993

et al., 1993

et al., 1993
et al., 1993

et al., 1993

*: Based on 15.83 sej/yr
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Appendix 25. Emergy analysis of global processes (Footnote for table 26)

1. Sunlight
solar constant
albedo
earth cross section facing the
sun
energy

2. Deep earth heat

heat released by crustal
radioactivity

heat flowng up from the
mantle

energy

3. Tidal energy
energy received by. the earth

energy

4. Oil production

world oil production

energy

2 cal/cm®/min
0.3

1.286+14 m°

(solar constant)(1-albedo)(earth gross
section facing the sun)(10000cm*/m®)
(5.26E+05min/yr)

394E+24 J/yr

1.98E+20 J/yr

474E+20 J/yr

(heat released by crustal
radioactivity) + (heat flowng up from
the mantle)

6.72E+20 ]/yr

1.65E+19 erg/sec

(energy received by the earth)

(3.15E+07sec/yr)(1.00E+07erg/])
5.20E+19 J/yr

391E+09 TOE/yr (KNSO, 2008)

(world oil production)(1.00E+07kcal
/1TOE)(4186]/kcal)

1.63E+20 J/yr
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5. Natural gas

world natural gas production

6. Coal

energy

world coal(thard) production

coal(hard) energy

world coal(soft) production

coal(soft) energy

world coal production energy

7. Neuclear'energy
world neuclear energy

8. Wood

production

energy

annual net forest area loss

9. Soil erosion

top

biomass

moisture

energy

soil erosion

2.65E+09 TOE/yr (KNSO, 2008)

(world (;natural gas producti,;on)
(1150m”/1TOE) (gas10500m™/kcal)
(4186]/kcal)

1.34E+20 J/yr

3.14E+09 TOE/yr (KNSO, 2008)

(world coal(hard)  production)(6.60
E+06kcal/1TOE)(4186]/kcal)

8.66E+19 J/yr
1.30E+09-. TOE/yr (KNSO, 2008)

(world- coal(soft) production)(3.31E+06
keal/1TOE)(4186]/kcal)

1.80E+19 J/yr
1.05E+20 J/yr

6.22E+08 TOE/yr (KNSO, 2008)

(world - neuclear - energy production)
(11630kwh/1TOE)(3.60E+06]/kwh)

2.60E+19" J/yr

(Brown & Ulgiati, 1999)
1.46. E+07 ha/yr
40  kg/m’
0.7

(annual net forest2 area loss)(biomass)
(moisture)(10000m~/ha)(1.30E+07]/kg)

531.E+19 J/yr

(Brown & Ulgiati, 1999)
6.10E+10 t/yr
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assume soil loss estimate
agricultural land
assume organic matter

organic matter kcal

energy

10. Phosphate
total global production

gibbs free energy phosphate
rock

energy

11. Limestone
total global production
gibbs free energy phosphate
roek

energy

12. Mineral
metallic minerals
bauxite
bismuth
cadmium
chromium
cobalt
copper
gold

iron ore

1l

10 t/ha/yr

6.10E+16 g/yr
0.01 [1%]
54 kcal/g
(top soil erosion)(assume soil loss
estimate)(agricultural land)(assume

organic matter)(organic matter Kkcal)
(4186]/kcal)

1.38E+19  J/yr

(Brown & Ulgiati, 1999)
1.37E+08~.t/yr

348E+02 J/g

(total global production)(gibbs free
energy phosphate rock)(1.00E+06g/t)

477E+16 J/yr

(Brown & Ulgiati, 1999)
6.57E+08 = t/yr

348E+02 J/g

(total global~"production)(gibbs free
energy phosphaterock)(1.00E+06g/t)

2.29E+17 _J/yr

(Brown et al., 2009)
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr

2.13.E+14
5.30.E+09
1.83.E+10
2.40.E+13
6.10.E+10
1.55.E+13
2.34.E+09
2.04E+15
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lead
lithium
magnesium
manganese
mercury
molybdenum
nickel
platinum
potash
silver
strontium
tantalum
titanium
tungsten
uranium
vanadium
zinc
nonmetallic minerals
antimony
arsenic
asbestos
barytes
bentonite
fullers earth
beryl
borates
bromine
diamond
diatomite
feldspar
fluorspar
germanium
graphite
gypsum
iodine

=  3.60.E+12
= 2.00.E+10
= 250.E+10
= 338E+13
= 1.40.E+09
= 193E+11
= 1.63.E+12
= 4.98E+08
= 335E+13
= 210.E+10
S S0 11
= 9.00.E+08
=  6.60.E+12
= 568.E+10
=  4I4.E+10
= 6.90.E+10
= 1.10.E+13

= | 174E+11
= | 1.50.E+09
= [ 2.30.E+12
= | 810.E+12
FI-pboArNS
= 400.E+12
= 3.04.E+09
=  6.67.E+12
= 461.E+11
= 340.E+07
= 2.02E+12
=  2.25E+13
= 570.E+12
= 1.06.E+08
= 210E+12
= 150.E+14
=  2.64E+10

g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr

g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr

(Brown et al., 2009)
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kaolin

magnesite

mica

nepheline syenite
perlite

rare earth
selenium
sillimanite
sodium carbonate
pyrites

sulphur ore

talc

tellurium

tin

vermiculite
wollastonite
zZirconium

total

= 255E+13
=  235E+13
= 310E+11
= 2.00.E+12
= 3.00.E+12
= 1.22E+11
= 1.60.E+09
= 330E+11
= 111.E+13
= 480.E+12
S 30 F 12
& 3 SIO0E 2
= 1.13E+08
= 3.03E+11
= SlE L
= ORIRER] |
= LY
= P2

g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
g/yr
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