
' 
un-r1 2 

• 
Pl'l11-11 ih 1 "lLt.l n 1 T'!l1.f fnl!FVJfrnn n 71lrTI-I'Jl1 iM 11Ut.IUl'!l~'!l1 "u 1'1 '111-1 irlu :11t.IV11-l 

ih'iVl U1 t111u I ~Vl1 ::Yifl nil I 'l Pl'iVl U1 um.Jr.:-wiPI11'1111fllfl :::U'n1Jiil'l'll'llllft'lu'\"l (jl~-l'll'!l-l M1Vl 

11 'll11 fl'!li-II-I11UUI 'l A1U1U llfl'l uuijjt '!l mn d'lu1tl1!11~ 1'1'111-1 ;ji1lllfl:::l'l'l11-11'lh L"l'!l1 "l Luu1rlu' .. 
LI~I~U'lYITtliLU'li~U'liVhuu 1uu'hn1JiiP111'1111fiLfl:::tlr:::-wiP111'1111ffl'lUI-I1ni:Jmr~ni!I1U"l4'U 

Jt ~ ' 'l .I .J .J ~ ~ '" .!< ' ~ ~ ::. ~ .. ~- ' 1'1111Vlll'll111'i'!ll-lli1lU).j-l Un'lUVl LnU'lntJn~I'II-IILJU~IU'l1n-ll'll-li'II-IUUUVlLij.JU1YITtlll-l t'l11-111tl 

~Lij.JU110tl,"l1 n M1Vlll'l 111fltli-ILI11 LUUIYIPJ n111UUI'l'l11-1ni-I~Ufi T:::YI~1-lt'lll1Vlll 'll11fltli-IILfl:: 

n-li'11-1A'lUI-I1nLUUIIUUI'1-l~ (stable relationships) il.J~1M1Vlll'li1lfl'!ll-l,jU"l:::LUU'Jl1UVl:::lfl 
1JI'II1 L>~il'll-lrhu~u t'llfl,if1-lth n1r'iLI'171:::1-f!Jmuu'luztl~nl-l~ufinun,l'11-11-11.fl!l!l Llfl::: 

LUU n 1 r'i Ll'l n :::1-fiLUUUTI-I 1111 UtlUI'If~un~ n111UUI'l'l11-1 ni-J~ufir:::YI~1-l ~' LL 'l 111 fl'!ll-l LLfl::: 

,; '"'~ .''1 L ~ I U.J U .J'"' ' ~ . • ::, .J ~ n-ll-l'll'liiiLLJU u,u'll'!l-ln111 flUULL fl-lillfltli'IL'lfl1VlLTUn'l1 V'lfl'llll (dynamic) U'!lUI'lNVlUn 

tlr:::-wiPI1t'llllfYI"l'-'!lun1JiiP11t'llllf"l~i1lii't.lfl'll'!l-lfl-l1'11-11-1l.ji!IU~i:JuitJ natural community ~' 
tuu'l11'1u:::'lu1-JI-Infl'u l'i1tl11-1~~1mntl~uu"l1n'i''lLUU~1 'l1n~1LUUUV1TI'1Llll'!lfi:Jt-~fl'!l!.h-l 

. . 
LrrlU 1'1'111-l'fl 1111-1 t'll-llJ rru 'II tl-l ~U Y1 t'!li:J t.lfluitl~'illltl 1'11 LU1.h'llt.h-l Lr !J n ilJ fJ'!lUVlULUilh 71 

tl r:::~1'11t'llll f LLfl :::1Jiil'l1t'llllf ~"lr-l Ufl'ln1r~ nl!l11'11'll11Jii1'11t'llllflt.lui1~Ur::: LVI PI L'111L£1i 

wmu11-11'1'!ll'l LIV1Tn1'1'l11-1 ;j 111 LLuuun'iVJU11'11t'llllfl'lh 1tl1u>~fl' n~IIIMC\J CIJ11111 t111uu-1 fiu 'lii 

i1uu"i'D1~U:I1ULI'1i:J ~'l'iV1U1 Vl~nlf 1'11UIIII'I1t'llllf niiiii LLfl:::llrMVlmLIJ'!lth,LWU-lV'I'!l 1'111 

l!n LLu:::u1 'liiunill nl!l1 iTuun r:::u'lu'i'll1m~~'l"iV1U11-11 ti n~11'11111~u 1uun 1 r LLni1 CIJYI1 n 1r 

I-I 'Il-l tfln IL~ L~U'llii'-lnti1'l-lf1-lUlU 

'l 
.!; ' .. J' .J_, ,K ~ - .. ~ r 

UUV1U"l:::nfl1'l !N'IIU'lt.ln1TV'IU:I1UVll'i1riCIJV11-l'll'l'lV1U1 f'l'!l n'lfn' Ll'lr1:::YI Ul'll11-l 

LLfl :::Yifl nilL 'll'l'iVlml ~'!l LUU~u :11U'II'!l,f'l'l11-1 1 ih 1"l 'luuVJ 11i'll1tl 
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utl~ n1rli'~LI"l11::1iuAtll~i:iflflflhfi~flll (chlorophyll) ~~LUU pigment Mlu'lLUfii'I'Eih ' 

W1'11Avl (chloroplast) 'lW'IIfl~'IIL0Uthuihfi[1J'llfl~'liU'IUn1t iil'lli:i pigment ~'lf'lun1r 
A~Ltln::liuA~ 3 'llillll ;i'EI chlorophylls, carotenoids Ufl:: phycobilins illlf.lvf'11u~'ll~ 
n~Ltlf1::1iLLfl~j':jtlfltlimfllfLLfl::fi1imu~f.IJ.J1nn~11 'liUtll I'I'JUL~ifiufiull'nWULUA1llhf.l 

• 
ALL!Il~ (red algae) LLfl::t\11-!hf.IAth~wLnJ.IL~f.l'l (blue green algae) 

pigment ~WUJ.I1nLU~'liAL~f.l'l;ifl flfl'11it~flfl1~A1J.I1tCl~tllfuWft'~~1ULIMLWrl'l~ 
fi~UA LL!Il~ LLI'I::J1L~U fil'lfl imflftL0UA1~Arilll1ilf~1f.ILWt1::1'1::fl1f.ILULill'u (lipid soluble) 

iflNA11~t.Jt::n'!luili''lf.IW'!lflmu (porphyrin) n1uii11TL'\UL0uu::IJl'!lJ.IIIi'lnfl1~iil1lLrn::riu 

LUJnilL=i!uiJ1fl'11tlULifl::i:iMn'!lu (phyton) n'lulli'1Ln1::ili'1u~1~ (side chain) ~f.I1'1Wfli'I1Jtl'lt 
<zt.J 2.1) tlfluimfln'Jiu~iil'lli:i 4 'llillll ;i'!ll'll'lflimflri" Lfl u :n LLI'I::iii ri'llfiL;Ju'IVJn'lliltlli:il'lfl'!l 

" .. " ..J 
i tVlfllf Lfl (iil'll'ft'U~~ fl1llhf.lt'IIJl'i~W'InAih L~UUniJL;jf.l'l) iil'JIY!Oil'lf~Af1~ L'llfl Llfl::ri'IU 
• I 'l .,J .. .... _, ..J""' .... I " ... .,J... • 
wt::n'11U111f.l UL'IIflYII'IIJI,jtt'U (IJU'ILflflf.IAYIIJ~U~l-l'!ll.liJ ufl::IJ cell organelles) YILff.ln'l1 

~ t .... .. ... ..J ... .. • .oil It I 

eukaryote uu '\::IJtlfl'!limflfl'liUIIIYIA'EI-l'II-1'111'\JOu l'lfl'!li7Vlflfl u (w'lliu~~LLI'l::A1MT1f.l 
• 

fiL;iu'ILn'!IUVJn'llillll) 1-ltul'll'lflimfln=il (A1MT1f.IAU111111'1, diatoms, dinoflagellates) Mr'!l 

flfl'!liml'lft iii (fl1llf1f.ILLIII~) 

I'll'! f) i mflri"'!l~'luri'IUU r::ntJU'll'!l-1 L'llfl~ ~f.l n~1 flfl'!l i m 1'11AYI1~i:ipJ T1-l LLIJl n 11i1~ riu 

1ui1111J'llillll'll'!l~~'ll fl1"1L0u'lupjt'i'lf.IL'Jiu'lu Chlamydomonas llT'!lL0umJuni'IIJL'llu'lu 

Ulotrix llT'!lLllwnfiu'IL'llu'lu Spirogvra Mf'llL0upjlll1'1L'llu'lu Zygnema im~I'IT1~1'lfl'!lir 
• • ..I 

Wfl1rtvftlt::nuuili''lf.l~t!~iuuun 2 iu muiui:ir::uu~t!~YI~Uo!f'!lunu (folded membranes 

system) '!l~LU'llfl~Lllfl'l~~f.ln~1 stroma ntjiJ~U~~~Uo!ftlunuilt.Jn~1 grana (L'EIOW'\tJ 

'l ,.. ~.t'l.lf.r. r . ""' ~ ..!.If ~ ..I • w ..I 
granum) Uw 1962 W.Menke LVI Ll!rtWYI thylakotd Lff.IO~U~U1·m"DtlUOU Yl'\N~U~U1~YI 

4f'!lunudn'l!tl~~1~t::M~1~iu~o!ftlunwdtl~zU1-IU1ifflll"'::Lilufln1u~~u1~ 1 'lltl~~1~diron 
. ~1 thylakoid space Thylakold ~L~'!l1JI1itlriut::ll~1~ grana iron~1 stroma thylakoid(zU 

20 

' ... • .. ..I !< ... ' -'ri""' ... 2.3) LLIJlfl:: granum '!l1"11J'\1U'IU thylakoid IJ10Cl~llU~r'!lf.Jl-!ttliJ10n'11 LLVJ IJL'lll'ltl0llfl1f.l 
- ...~ ... 0 • .... 

'liUtllYIIJ'\1U'IU thylakoid U'ilf.l 

l'lfltlitw1'11Avli:ipJi1~Am:tru::l'ln1f.I1J.IiiJll'ltlUWlTf.l (mitochondria) llfl1f.ltlr::n1T 

( 1) i:i~u~~j:jPJNAIJt»if.I'111JL~A11U1~flth~c.l1u'lli' (selective permeability) ~IJri'IU 
• 

mu'lu1J1nn~1 1 iu 

(2) n DNA LLI'I:: ribosome LUUft'IUthif[1JY11~~U~f'l1fll11f 

(3) i:i~u~t.Jt::LllYI Lipoprotein membrane fl~fl1f.JLU~-30'JIU'IU01tft~tiLfll'liJltflU 
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(u) 

H,C=CH 

H,C /'' ' 

(bl 

H,CH, 

(0} 

H 0 

CH, • .-+-ll 
NH 

CH,,CHI=='---< 
'l 

CH,,r --.==,( 

HOOCCH,CH,.,--i=='-1' 

HOOCCH,.CH,.~-~ 

CH,·r ...IL-~ 

vJ 2.1 (a) fjlll1LfiNI'lr1~'ll'il~fl~'ilhv.l~tf L'il (b) i311l1LfiNI'lfi~ B-carotene 

(c)' fjlll1Lfl1~1'lr1~1vJYflti1tmuftu (Avers, 1976) 
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Ulo,Jrrix 

xw 2.2 xWLLUU11i'N 1 'IJ'tNI'1A'IIhllifl11'11'1 zl.it'hu'lw Chlamydomonas 

lW'l~nfliJ LLUW'Iw Ulothrix zl.iLn~m Spirogyra 

LLI'l::!;l.it111'l'lw Zygnema (Avers, 1976) 
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Granum. 

BY 222 (BI 203) 

Outer m.,mb•ane _ 

Inner moonb•ano~ 

Stroma ::::::"<::-__::::'"""'::::::::-----~ 

~ 

xU 2.3 l'lA'IlhY-IA'lftvlLLI'l~~I-JU~1111.JU'!ln 1-JU~i"ULU 

LLA::n'luth::n'!lumu1u (Avers. 1976) 

23 



(electron transport) LLfi::'IIU'l\,ln11Ltl~fJ'I..I ADP LU'I..I ATP (ADP Phosphorylation) U'l..lt.Jw~d 
tlth~ lrll~n'lwtlr::nt~u'lltl~ L 'II ~~~-lftt~-ltT-li:il'l'l1~ LLI11 nuh-l~thl'i' ry;i'll ult~ ~ il1ll'ltltJL11iTfJ'II1!11 

"11nriwiluvit~u1 (fragment) "'::i:i'llu'lwmrn1fJL"' (aerobic respiration) ~nlli'ilLdt~i:it.Jil'-l 
.ffu i 1..1 tl ~iu n'l'l..l~~ 1 !11 Lilwvi 'il'l..l Lilli lf 11'1 A f) i m 111 ft '111 Cll LUWvitlW"' ::i:i'JJU'l'l..ln1Tt\'-l Ll'l11 ::l1 LL M 

'Uii' IIIIi 'il Ldt~i:i thy I ako i d t.JW-liw LU'll tl-ll'l fltl i m 111 fti'IUJ j:j n'l'l..l LflfJ 'li! tl-l riu 0171\'-l Ll'l11 ::l1 LLft-l 

'l..ltl0"11ndt.Jw-;t'll'!l-l thylakoid LLfJO"'10t.JW-liwiw'lltl-ll'lfi'!ILmfl1ftvl n'l'l..l christae ~-lLU'I..I 
n'l'I..I~'IIU'l'l..ln1TIIi1-l 1 iu~LI1ll'l'!IULCIITfJLiiCII~~LiJWn'lW'IItl-lt.Jil'-3.ft'uiu~wudhvhi\it.J!l-l.ft'w 
i ... ~ .J ~ 
UJ.JWU\'1~10'111..1 

LLIJ ~1 LT1"1:: LTfJW i1t~-lfi 111 LLt~::r::uuiiL'll'l ulll;; !11~1tT-l~1 LiJu~illt~-lYIT1U'IIU'lumr 
ft-l Ll'l11::MLLM'IIth~t~::L~fJCII iw'llu'lum TA-l Lm1::1.-f LLft-l LLft-l LLQICII ~ n~:~CIIfuWtCIIfJI'I n'!l i mnrf 

• 
LLft-l LL!11 111 Lilw11i''l1~ 'l If 1'11 fu flW111ltltl n 1'11111 u fl ::1.h Luw11i' 'l i\ffi Lfll'l1111'11W u fl:: '\n i111r L "11..1 iw'llu '1'1..1 

L~~ L o/h L"' riu~1'!1tl n;! L'IU~Lill"11 n 017ft-l Ll'lT1::M Llft-l~1"11 n !~ Lfl ~fll'l1fU'!IU1!11'!1'!10L'II~ 
11i'll~1i:imrit'J1~i:iM'IItl'ltl'lltl-ltl'!ln:0L"'U;i'il 18

o 

L ~ t1 Li1um nil'lt.J n i'.i LL llu'!IW~-ll~i:i m TYI 111 n'!l-l~ n l'lh il'l fJ it'm fu '!IWLCII t1 t1 n L'IICII'Vli:i 
1 8 

o 

LLn::'lifJ1~i:it~t~n:0L"'wtln~ ( 
16

0) U1-l t.JA~~;i'!l'!lfln:UL"'W~'llli"'1nmrn-lLI'lT1::1.-f LLft-lLtlu 
16 .Ill! .... .... I -1-. .: ~ / 

0 'Il-l Ltlwn1TfJWfJW'l1'!l'llnliL"'WI'ILn!11 iw'!IU'lWn1N~1"11nW1 

l'l1 fu tl'I..ILCII'!Itl n L 'IIPlLtlUIJi''lfuti Lftl'l111T'!I'I..I LLfl::'tl'JiCIITL"'U LL11ifl1in'l1..1~1nft1~1 TO iif 

LWL111TI'IIlTtl'!l1"1 ii!'ltJL!11TL"'WL'9'!1tlW (H +l LiJwlli''lfutiLfl1'1111TflUL~ Yl'll~ft1~1rnw n'll1w 

LlllTL"'W (nitrogen fixing plant) ft1J.J1Tnii!'lut111TL"'WL~Lft~ftLUUili''lfUtiLfll'llllT'IIWiw'!IU'lW 

n1 Tn-l Ll'l T1 ::J.1 LLft-l Ulf L rl tl-l"'1 n lli''l fu1iLfl1'1111T'!IWi111-lriULtJIIl1~'11iil'l'lltl-lfl'll ftl-J n1 Tft-l Ll'l11 ::1.-f 

LL ft-l~ 'l LU'i-l Ltl'l..l 

24 

H D+A 
2 

> H D + D 
2 
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V - _,j .J ..I V V Lf I ...,..J. 0 tv 'l 
nfltJ IJ1W"'1 Tr\J 1 nl.l fl ::1 '!l!J111Yl Lnl.l'l nu u ~~ 11111111 m.!liJU1~'l11J n'lU~ 11'1 t1J L1..!n1 r 

fl~LI'In::l-1 u~~'!lth~h 1111'~'!l1Villlu~ri'!l~IJ1ti'-!Lfln~~,.mnrl.ln~1 solar radiation fhV11.l-<ri'lu 

~ -r..l''l.J J ,~../ Iii' ... r 
,_.1..!~'JJ'!l~LL~~'!l1Ylllli.JYl'!ll,j LU-n'l~l'lfiU 400-700 nm 1Yl11..!1..!VIIT11J'!l~l,_.1..! 11~~"11nl11'l~'!l1VIIIli.J 

,.r'!l "11 n,. fl'!l 111LV'IIJ1 ii-1lli''ll n1uztl'll'!l-l IV'111lt!U (Photon) w fl-I-11U'll'!l-l I V'l P~'!lwru wh 
~ ~ 

quantum Wfl-1~11..!U~11J1ftlii~Cil~IU1..!~1Jn1r'll1fl11~i1~'!l E : he/A Max Planck LUU~ 

L~U'!l~IJmTd1uil 1900 E = wfl'~-111..1 h =Planck's constant ~-1iil'i11Vhnu 1.585 x 10-
34 

~ 10 ... 
C = l'l'l11JlT'l'JJ'!l~ IL~~ (3 x 10 em/sec) ILfl:: A = l'l'l11JU1'l'JJ'!l~l'lfi1..!LLM "11n~IJn1r-.:: 

L ilu ~1w fl'~~ 11..1 I V'l 111 '!lULUU~ 111ri'lun fl'u tltJI'I'l11JU1'll'l ~u u ~~ "11 n ~IJ m T"' LlAU~1W fl'~~ 11..1 

~ •• 1 ."l X .J. ~ ~ ..j ~ !; ..j 1 .. "' ~ ' 
L n 111 '!ll..!LlJ 1..! rt 111 rt'lUn fltJ ntJI'I'l11J U1'lfl flU LL~-1 111~1..!1..! LL~-11'1 fll..!rtl..!"'-IIJW fi-I-111..!1J1 n n'l1 LL ~-~ 

fl ~um 'l tl n iii u fl' 'lW fl-1-< 11..1 I V'l lll'!ludmr'!l~1uzt!~ ~11J1Trl Ut\lll-ll'l'l11J~IJ~ulf,. Ttl LtlTI.ltJ 

Liiiuu ntJ41U'l1..! Ll-J Lfl fJ fiL~ Vl1~,.ct~~~1L~~'!l LL!\111-ILUltl'JJ'!l, LLI'Ifl'!l~T'!lnLfl LLI'lfl'!lilli'!lL'!l 

~111111 (eistein) L'!lt\LIIlU,.IJ1Uii-l 1 mole of light ~-!Lvhnu 6.023 x 10
23 

quanta {I]'JLfi'JJ 

6.023 X 10
23 

n'!l41U'lUIIJLflfJfiL1..! 1 mole ~-ILUU Avogadro's number tlUL'!l-1 111-<tlu 1 

... • ~ 23 ~ :5 ~ 1 
mole 'JJ'!l' pigment "'::IJ"'11..!'l1..!LIJiflfJfl 6.023 x 10 LIJLfl~fl 11~~11J1TnliJI11TtJLL~-< 1 '!l 

~LPIU~'li'l-lfl~ULL~-!tlu n1fl~ULL!\-ILVhnu 600 nm 1 1'!J~LIIlU'JJ'!l-!IV'IIIlt!uiiwfl'~~1ULVhnu 
47.67 nLfiLLflfl'!ll ~1Jn1T'JJ'!l' Planck ~-~~11J1Tm;iuui,.l-JM!il-!d N he/ A (k cal/eistein) 

Av 

N Av n'!l Avogadro's number (liJ energy equivalent 'JJ'!l-l Ut\-ILLIIifl::'li'l'fl~UL1..!1111T1'~ 2.2) 
...; ,J, -· ...... ..I 1 - .... -a-

LIJ'!l LL~-1 rt '!l-IIJ1nT::VltJ'!l Lfll'llllT'!lU'll~ Lflfl'!lUVI'!ll,jT'!ltJU'l Ll'lfiU!\'JJ'!l-l'!l::PJ'!liJ '!! Lflfl 

~ - .1~ ~ • ..J... ~ ' ... 
lllT'!lU"'::QnUnT::I11tJ-.1n'l-IT'!ltJLI111JIJ1'!l'll Ll..!'l-IT'!ltJ (Orbit) L,_.IJVIIJWfl-l-111..!~-ln'l1 L1..!'!N"'1n 

'!l::PJ'!liJ!iJIIlTtJWfl"1ULL~~1-1 nli1'lL~~11iLflflPIT'!!UQnLtl~I.J1..!'\1n ground state IJ11UU 

~ .J.-~ ~-~~ J..J, 
excited state Ll..!rtmw excited state '!l::PJ'!liJ!\11J1Tlln~'!lLflfllllT'!l1..! LlJU~'!l::lll'!liJ'!lUVI'!ll,j 

lll1f14 2.1 Energy equivalent 'JJWIL!\,LLIIifl::'li'l,l'lfiU (Avers, 1976) 

WAVELENGHT SPECTRUM kcal 

(nm) COLOR per einstein 

400 Violet 71.5 

500 Blue 57.2 

600 Yellow 47.7 

675 Red 42.3 

700 Near-red 40.9 
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iutlm~ ground state 1!lf 1iLHI'llllftlU~~nl'l~tltJU1tJm"lLt.iruu1!li'~1'1l~1ul'lm~n'!lui:iu 
n~~fl~I'!J1 r::u::L'lft'l~Lnlll excitation '!J~~tl::Wui-J1-b'L'lft11rl!J~ 10-

15 
'lu1Vl tl!:llltli-J"l::tl~ 

~· . .. -8 -9~ ... u ..I .1' 1-1~ ¥. 
1UI'lll1~ exc1ted state mu~ 10 -10' 'lU1Vl ~ft'I~1UVI~nwfl'!l!J'll'!ln w IUT::U::I'lft1't1U 

iudLvhnu~fl'~~1u LLI'I~~'!l::llltli-.IIIJIIlfu 1 '1111-1 ~fl'~~1u~tJII'Eiu1tJOm"l1tJ1ultJ'!Jtl'll'l'l11-.1¥tJu 
... v ,. (l .. ~ ::1 ,.. ' .. • 1..1 1'1 v ... 

l-11tlNn unrtu'!Jtl~l'lftthfnl'lfli11Jn'l1 fluorescence) !.1Ttltl1"l~nlwl'liJUiwU~I'l~'I1UII'II-J 

tJr::nVJilm~1Un1111Ji1lfu~fl''I·KlUYWIIl'!lU'!Jtl'llll'l'l'li'l'II'I~UIIi'N 1 ~Utl~rlU'IIUIIl'!Jtl~ pig men! 

uBM!J,fl.r.~m'iU.'il~ (Light Reaction) 

'!JU'lumrn-:JLI'In::.fLLI'l-:Jutl-:~1rli'Luur::u::1uqj 12 r::u:: ~tllight reaction 1111:: dali< 

reaction 111JI'l::I~IJI1l'!Jtl'l~'ll'l'!l.Jr::u::I~-:JVIT1Uri'u1ur>~mr~ 20 1uu 1937 Robert Hill 
.'1 ..I ~ , ' ~ .t ..I ~ , ."1 • ~~- ..I .!I 
lwUI'IU IITnVIVII1ll'ltl'l~~"lU'l1 light reaction lni1l'IJUVII'Ifltllffll'l11'lVI Ufl!:lwUw!)nTIJ1Vlvl'cl'l 

n 1 r 1111-J 1utJBli1u 10J1uulli'l1«h:rY111r1 'IUft'lUI'I1 fu'llULIIl'EI'!In 1'1111111-ltilf ~~u'l-li''!l'~ riu 
-- ' ~ -- .J ~ ~~·L """ ..J ': - J' :.. I U!Jnrmiur::u::u U!)nTIJ1VIU111-1w Yi111l'IUIII'l::I-J'!I'!In'D I'IUVII-J1'11 nu1Lni1l'IJUUIT!Jn'l1 Hill 

reaction iuu 1950 s .. Ochoa 1111:: R. Vishniac 1rli'Vli1ll'l'!I~Vl~'IU'h NADP +(nicotine amide 

dinucleotide phosphate) IUU!li'lfu't!:rYi1111'1Uiu Hill reaction iuu 1954 Daniel Armon 

1tli'fu 11'11~111~ tli'u~U'!JU'lumr phorophosphorylation I'!J1L!li'Vli111'l'!I'I~U~11'11'1'!l Y m l'l11'lvl'll'!l'l 

l'lU IIU'll (spinach) l'l11-J1Tnl'l~1'1 ATP (Adenosine triphosphate) "l1n ADP (Adeno~ine 

d isp hos p hate) tJBfi1u10Lnlll M 1dt1iJ ul'l-:~ 1umrVJI1ll'l'!lol01'!J1fi-:~ilufiu~ n~11'11TU'EIU 
111l'!l'!lnL'lllll11-l1tlf~ni-K1-11'1liJI'l'lUI~IJ'l-!i''!l-:~riutJBfi1u1iur::u::dlt~IJ ri11uu 1950 1~'!1riu~1 
n1TIIJI1lfUIII'l'l n1111illl'!l'!ln'ii'IU '!JU'lUn1T11lil'l.fU'!J'!I'I NADP+ Lll'l!:n1111il11 ATP '11n ADP 

11i111iu pathwaY. Wl!J'lriu !1l'!II.J1~-:~iJ~VJIIll'l'!I-:JVl~'IUili-:~nri1'l-li'1'1PlU YI.JIIIll'l'll'!l~ light reaction 

tJr::n'!IUtli''liJ photosystem I ILI'l:: photosystem II (XU 2.4) ~'ll'l'!I-:JT::uuO'Il1'11UIUUVli.J 
.- ..J -. .l' '1. ..J ..I ..,. .oil -'i' ~I r- ..I ~ 

ll-111jn1TCUIIfnVllni11'!JU 1UT!:UUVI\.1U'I\.1T'!I photosystem I l'l'!ll'll'l'!IITnl'lft I'll 'l!'I"Ji111UIII'l'l 

1rli'~'lqi1l~'li'l'll'l~U 683 nm "l!:IIJI1lfulll'l-:JL-1'111i~lfll'llllf'!IU'!J'!I'II'lft'!IYrwl'ln 111 '!l~iul'lrn~ 
excitation ~lfll'llllf'!IU"l::l-1fllll'11n'!l::lll'!li.J Ul'l::~nn-:~LtJ~ ferredoxin reducing substance 

llfl::n-:~11i'llLU~ ferredoxin "l1n ferredoxin ~Uil'llllT'!lU~nl'l-:~111'111tJ~ ferredoxin NADP 
~ ..I 1· I ..I + . + -~ 1' ."1 ~ .:; v reductase lll'l!: 1UV1q111 wVI NADP NADP "l!:~nTIIl'lnLwU NADPH 1Un1TU~fl'I'I1U 

U'iiJQm~u1-1L~'!lmrlhn-:~11'111::.f (biosyntheses) '!J'!loll'l!!'liu dark reaction 
~ J! ..I .J. 1· 1..J ~ ..I ..I -~ v v ~ :'>1 r 
'!llnl'llllT'!lUVI~hnol wVI ferredoxin 1Uf!:UUVI\.1U'II.JI'!In1!'lnl'lUI.J11Joll'll'l'!liTnl'll'l I'll 
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· ~ -" ."1 , ..I -" -lx v r 
1ti1U'!IU'lUn1T cyclic photophsphorylation 'll~luU'!JU'lUn1TU'!lU'll'll~T::UUVl\1U~Vlni-JYIU:C 

nur::uu~t'l'll~ LU'!IU'lUn1TU'!lUdtilftl'l!llT'!IU~nri~"l1n fe~edoxin 1tl~ plastoquinone 

~- ,-I ::, !I.'( ~-' "" ..I • .., 'l v ... v lll'l:: ~Vl cytochrome-559 '!IUIII'IlUUu~ ~J.~IuUVlUU·""' lV>lT1::n11Vlti11'l'll.J ur::u::MI'l.Jl.IMI'ln 

-I .. H" - ~ 1t.J..I . ' .l' .,. 1t.J..I . ' 31UYI'!lVl"l::l'll'll wJ'l1'!lll'l1'11111'1lU Vl cytochrome-559 n'ElUlln'l"l.J Vl plastoqUinone 'llU1~ 

1 ~ ~-I ' ."1 '"''\ - ~ ..1. ' 1tl.J .. ..J v '"' rn1111l.I~J.~'l1"l::luUnnu ti1'iHI'li'IIIIT'!lU"l::~nn.JIIl'll Vl cytochrome-553 MT'IlVlVlT1Unu'!ln 

~'llMil~~1 cytochrome f lll'l::1t.J~ plastocyanin n'!lUnli'U1U~I'II'l'll LTVJtlft l'll n1Tfl.J 

iilfll'llllT'!lu'lu cyclic photophosphorylation rl ATP liiti1iutti1mtl~uu"l1n ADP 

'l ..I .. - ~ ~-"' r -" v UT::UUVlt'l'll.JMT'Il photosystem II '!llfll'llllT'!lU"l::Mfjti1"l1nl'lfl'!lLml'll'l L'!l 'll--lc:Ji111U 

Ut'I.J'lh~I'I~U 672 nm 1"'l.l1~f!ti1 '!IIU::IPlU'lr'fuiilfll'llllT'IlUOl-11"l1nl'll'l'!lLml'lft U Ul'l:: 

.<1 ..! 1·$ -- ~ .l' ' ..1 ..1. ' ~ _., r - ~ !/ pigment 'llU l·"u mi'IUI'lULVJ lllll pigment 'llU"l::~nn.Jt.J1UI'lfl'!lLmflfll'!l '!lll'll'llllT'IlUW"l:: 

~nri~1tlif.J pl~stoquinone ~~lUU carbon-ring compound llfl'ltilftl'llllT'IlU"l::~n~hu1tl~ 
. v 1t.J.J ~-"" r L -I .,j cytochrome-559 cytochrome-553 plastocyanin llfl::nnu Vll'lfl'!lLml'll'll'll ur::UUVlMU~ 
~ 

mrMthfll'llllT'IlU'll'll.JT::uut'l'!l.JULTUn~1 noncyclic photoposphorylation ll'm::~1fhfll'l 
~- '1.l' - ."1 v 1t.J..J ~-"" r .J ' '"' -IIJT'IlULl-1 Vili1JUVl1-JluU'N"lTnflU Vll'lfl'!lLmflfl l'!l 'll'!l~T::UUVlt'l'll-l 1-J ATP lni1J"l1n ADP 

'lu'Ji'l.JmrMihfll'l1111'1lU"l1n cytochrome-559 'Wif--1 cytochrome-553 llfl::"l1n cytochrome-

5531tlif.J plastocyanin ~m'JiwP!u'lr'fu l'll'l'llirrll'lft L'll un:: pigment ~u'lur::uu~t'l'!l--11"' 
....... ""' ~ = ... ~ .... ~ 
TU'Ill fll'llll T'!lUl-J 1'11 ti1l 'llU"l1 n n1Tll tJn lll'l'll'!l.JU 1 '!I'll n·" l "lUln ti1'!JU"l1 n n1 1 llU n Ill 'lU 

tlijiil!1191\~fi'il4n1'iLL'Ioll (Dark Reaction) 

, r ~- ¥ r < 1 1 < t.J.J ll\1fl~'ll'll~l'l11U'IlU LU'liU'lUn11n.Jll'lT1::1.1llt'I.Jl-J1"l1nl'l1TU'!lU l'l'll'lln '111'1 n11l flUU 

r 1 i <'~t.J."' ~ ~- ::, '"' 0 !/- ,!t l'l11U'IlU ti1'1l'lln 'liP! L luUI'l1TLU Lllll'ITIIJU1-JI'lNlTUn'l1·Carbon fixation '!IU'lUn11Ulnti1'!1U 

Li11u11-illi'll.J'Il11'Tmlt'I.J~.JLTunnw~1 dark reaction Dr.Melvin Calvin 1"'ftHI'l1~11l'lumr;(u 
~ ~ 

YIUiUIII'IlUI111-J 1 'll'll.JI'l1Tu'llULU'!IU'lUn11fl.Jll'l11::1fllt'I.J n1r;(uYIUUli1LMl'lJ11"'fun.J<lfl 

YuLufl'luu 1961 LVll'liil'l~L'll1'lofl'iiln~;i'll'li't'!lt'lltVltl'!l'!l~l'l1fu'!lu 14c (14co
2

) 
~ . 

'lu'llu'lummntfmfu'!lui1rlVl1-Jliiiw'!l'!l.JI'l1fu'!lu'!l~ 2 Vl1~LMrU (two path-ways) 

~--~x~nnu'\U~'!l'll'll.J C LLfl:: C cycle Vl1-JLiiiU'll'll.JI'l1fU'!lUd~u'!l~rlU'llUi11'll'll.Jf1'11 V>lU~1 
' 3 4 

V1'll'lUL~U.JL~U'l L'liu ;J1'l ;;1'lt'11ft ;;1'lLYII'I oli'!lu iw llfl::V1'l!tlr::LilVl summer annuals 'lu 

Vl::LflVlT1UMfl1U'llUti1lUUW'llUT::lnVl C 
4 

ri'lUW'l!Li11U~'l1~LuUV1'lltlT::LilVl C 
3 

. 

'l - .. ~- - .!( r 1 1 r..l UVl1-JLi11UMT'Il'l.J"lT'll'!l.J C LU dark reaction LTIJvJU"l1nl'l1TU'IlU ti1'1l'lln 'llti1VlQn 
3 ' 

c:Jl'IL;;11J1LULUV1'lll-l1T'li-JrlU ribulose1. 5-diphosphate carbonxylase (RuDP) :n~LUUt'\11 
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...!... ~ Ll~~ . .!i .¥. ~ ~...!.: v ... 
YllJI'l11U!!U 5 ti::l1l!llJ !Jnro1U'Il1nfJL!!U l'lllJYirt1rlt\j flti ribulose 1,5 -diphosphate 

• " ..I ."1 .¥. . ~ ~ ~ ~.!1... oli V ~ ..I 
carboxylase YI1\-TU1YIIuU~I'lfl::VI1MYI 1!11..1 l'lllJUlJti'll 1..1 stroma 'll!l~flfl!!Ll'Wfl1fll'l ~fiYI 

'lilffi!lfl1nJ1::ntiu~iJrl1 ru!!U 6 !!::11l!llJ~~"t:: 11111 n~'l dluf11 rvliJmfu'llU 3 !! ::11ltilJ~ LTtJn 

~1 3 phosphoglycerate 2 Ll-llfl~fl fl1l'VliJmfu!lu 3 ti::l1ltilJd"t::fuvltifllvlYI"t1n ATP 

t11lMfl1l-11Tnfutilflfli11T!!UIIfi::LI:JLPlTI"t1..1"11n NADPH 'till ~~~~'lillfi'!l 3 

..I '"' ~ ' ~ -I i ,.!/ -~ 1: ."1 phosphoglyceraldehyde 'll~l-lrl1TU'Il1..1 3 'll::l1l'lllJIYI11PllJ fl1•ut::n'!lu \-TlJU"'::~nTPl'lnluU 
~ ...~...., .. ' 

1..1111l1fiYil-lrl1TU'IlU 6. fl::lll'!ll-1 (hexose sugar) Dr. Calvin WU'l1 C
3 

cycle "11nn1TYII1lflfl~ 

t::\-1~1~U 1940-1950 fl'lUI'!IUL'IIl-IYh~m~fl~'lu'l~"ttO E.Racker ufl:: B.Horecker IUU~wu 
'lu'l~"'T c "t::iJ RuDP liilll~U\'jn 1 1 Ll-llfl~fl'llfl~fl1ruflu'li1lfl'!lni'lll1l'Vl1Jnrlnft' n111iiPl 

3 ~ 

RuDP 'lm.J~iWn~1 RuDP regeneration i11Xfl~'!l1~tll'llUL'!IlJ'U.l~'lltJn~1 12 'JIUPl ~~~~~IIi 
"t1nn1Tfl::I'I::Lflfl'll'll~I!!UL'IIliu11iA::'Jiill1liUUfl1ruT::nfiU~iJ<j1U'lU1'11fu'!lU 3, 4, 5, 6 Ufl:: 

7 'll::llltll-llln'llll1it::tJ::'IIti~n1Tfl::YI::Lflft 'lu~~lll"'::'lili RuDP '!ltlnl-111~1'l~"tf C 1ilfl1itJiLI 
' 3 

(p.J2.5) 

..I ~ ..I~ .1"1 'l .II ... t ...!"' ~ 
IUti~"t1nU11111flYIIP111..1'l~"t1 C 1..111ltl1..1~1UiuUU11111flYII-lfl1TU'IlU 3 fl::llltll-1 (!raise 
• ..I Ll..l ."1 ~ 1... ~ ..I 

sugar) ntlUYI"'::IJm fltJUiuUU11111fiYIIJI'l1TU'!lU 6 tl::l1ltliJ (hexose sugar) llfi::IU'!l..J"'1n 
..I. . .. , 

'lu'l~"'u~-tu~ r'llu'l f fl1 fu !!uil1ltlfl n '1'11111 1 tiJ 111 ~fl ~ .. nru .. ::!XtJ~ liil1l'l~"'ul'lluuii-.l~-tnr'!lu . . . 
!XtJ~'l{mfutiu'llllti'llnL'll~ 6 LIJifl~fl'i~"'::'lillu11111flni3LI'lfl 1 Y1J1n~n un::"t::IX'Il~'lfu1ii~ 

LUU1966 M.D. Hatch llfl:: C.R.Siack 'lilllfiUfl'l~"'T C ~~IUUtJfl"'1nn1Tii(umr . 4 

n~lfl71::1.-fllfl~iuolftJu YI1~1~U'IItl~mfu'!lu'lu'l~"'t0~"t1nmfutlu'llll'll'lln'l'll~t'll-111i'lri'u 
fi1TLir::n'!lUfl1fUfiUfl1l-lfi::I11!!1J~iJ~tl~1 phosphoenolpyruvate Ll1ltlfl1~fJL!!UL'IIli 

.JL.l'... , - I .J"' ~ .J"' ' phosphoenolpyruvate carboxylase tJflYI ll'lfl'!lfl17uf::n!!UYI~o~fl1TU'!lU 4 '!l::lll!!IJYIIttln'l1 
.: .. .: 

oxaloacetate fl1tLit::n!!UU"'::UI1ln~'liUU malate un:: aspartate ~~fl!l~~'lUIUU 

dicarboxylic acids ~'>lilfl1Tu'!lU 4 fl::lli!!IJ1vl11~1J ntl1l~~flfl~11i'ldfln1tJ~'l'lM' pyruvate 

llfl::mfufiULI1ltltlnL'II~ pyruvate "'::'lili'YlfltUvlYII'11n ATP un::IU~t!ULUIUU phosphoenol 

pyruvate l~'!lf'liJnurnfu!!u'llll'll!!n'l'll~"'1nfl1n11'111ifliLI~n (zU 2.6) ri'lumfu'!lULPl 

ti'!lnL'IIut'Vlili'"t1nn1tflfl1tJI1i'l11~rlfllll1i"'nri1'l"'::dh~ Calvin c cycle llfl'l'lili'J11111flni3LI'll1 
.J 3 

LUYI~PI 
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E; 

-0.6 

-0.4 

-0.2 

0 

+0.2 

+0.4 

+0.6 

+0.8 

+1.0 

Cyc:lic 
photophosphorylation 

~2e- ' 
Ferredollin 

_./~:;. 
~-- NADp- '- 2e-

reductase ~ _'__.Ji<j¥ot,..., cytochrome 

•• 
/ADP 

(]] ..,._2e· ~c~ P, 

plastoquinone / ATP 
...,._,.. I 

cytochrome-559 / . 
ADP~e-
+ P1 ~~~ochromc-Hl 

2e· ATP ADP::YP1 2e· Light 

I plastocyamn / 

ATP '1 Phot~yslem I 2h" 

Noncychc I . 
photophosphorylation 

NADP'- ml!m+H' 
+ 2H+ 

zu 2.4 'liU'l\..!n1rt\'~LI'ln::lXLLI'N~I'lUhl photosystem I LU~:: photosystem II 

L\..1 light reaction (Avers, 1976) 
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H,c-a-® 
HO-lH 

tooH 
3-pflosphoglycerate 

+ Triose pho~phale 

CCXO, Hr~:--A-T-P:;>~ dehydrogena•e 

RuDP H,t-0--® 
carboxyl 

H,O ~ NADP• H,C-0~ 

H 2C-0-{V HO-lH 3-phGSphoglyceraldchyde 

t=O • t 
Ribulose I / ' 
1.5- HC-OH H 0 

d;ph.,phate I ) 
HC-OH 

i-l,t-a-{V 

Phosphopcnto­
kinase 

ADP 

Ribulose 
5-phosphate 

H,C-OH 

t=O 
Ht-OH 

Ht-OH 

H,Lo-® 

Cydc involving 

C8• C4 , C~, C 6• C.7 
compounds 

Hexoses and other 
carbohydrates 

2.5 mfu'fiUL~'!I'IlnL'II~QnLtl~mnth.!mtlu1!lL~r!ll'tt.t dark reaction 
r ~ ..J~J! ~ .-..1 ..J Y. 

'll'!l-.1 n1 T~-.llf'l 11::~ LLI'hl pjt.t LLI'l~-.lt-lflVl LVI Llfl::L '!it.! L'II~Vl LnfJ'lll'!l-.1 

'tt.t C
3 

cycle (Avers, 1976) 
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CH, 

CO,+ ~-Q-P032- ___ PE_P_cu~>o __ •_yt ... ___ _ 

tooH 
Phosphoenol 

pyruvate Oxaloacetate 

COOH) COOH 

HO-lH NH,-lH 
t==O tH, and tH, 
tooH ~ tooH tooH 
Pyruvate I Malate Aspartate 

CH, 

co, 

\ Calvin C, Cycle RuDP~ 

2.6 'lllJ'l1.!n11TPi'f'liumfum.i'li11'!1'!ln1'1111l"lu C 
4 

cycle (Avers, 1976) 
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..ol ~. .. a ' _. ::1 J ' ~ ~ '-' J' _. J. 
Ll-J'Il~"11TN1~'1! C 

4 
"':::Litt\.l'l1l-J'lJU'lUn1 Tn Onrl11U'Il\.11Pitl'll0 I'IIPIL~I-J'll\.l'llO\ol\.1~ 

'liU'lU011 'lltu:::L~U'lnu/ii:h~"'T C T'll~TUL~'IlWOflrl1Tu'!l\.ILPitJ'IlOL'II~u'~Wih"'ufll'll'hJ~o 
U"'"!Uw~uYi'll~il'l~"'r c tlr:::l-11~ 1 oo 'llilPI (species) ~~'!l~'lwm:::Qfll?h~nw U1~'1!ilPI 

• 4 . ' 
Li~wl'l1~ttr1u ~'1!-Dw~~il'l~"'r c 

4 
~~~~1"1:::llh.JIIlr:::Qttnwtfllilft'ol!tmL~ttiltJwnw;i'll 

( 1) lUT1-J \Lfl::n11'i'Piiffi.J"''l'll'!l.JL'IIfl L\.ILULU\.IftOI!ttu::L~U'l nw <ttl 2. 7) 

(2) l'l11-J 1 rn L "'TflJ LUiu tP~ii1!Pi'lwt'lm~~ill'l1 fu'!lwLPi'll'll o L'II111L\.I'!l1 01I'IU'!lU o~1Ll oUi. 

LloUil'l'l1l-IL~l-I~U'll'!l.JI'I1fU'IlULPI'Il'llOL.'li111L\.I'!l1n11'1iJtlr:::l-11tu 300 ppm Yi'll C
3 

lttfJPI 

ft.JLI'I11:::vlLLI'l.JL0'!li'I1TutJULPI'IltlnL'IIPIL\.I'Il1011'1fl111fi.JL1ttft'll 50 ppm thww'l! C t'l11-J1rn 
4 

ft'~Ltln:::vf Ut'l~flltJ 1Ll1i11 ~~~1"1::ill'l1fu'!lwLPi'll'llOL'II111L\.ItJ1n11'1LWU~ 1-2 ppm 01TLLttmLl~uw 
• • 

unt'l'lltJ~Vj'l!~~t'l'!l~tlr:::Lfl'Vlii!T~I'I~tJ1~Ul'lu (stomata) 

'lw 'll ~~~~iJ l'l'l1 1-1 L~I-J'll'il~ LLM~.J fl NWJi1~-J LLfl ::J1utJm'llw'lw'Vl :::Lfi'Vl11U l 'lu'lltJ~~'I! 
C

3 
"':::U111L~'Ilnwmr~tylftUJ1fi11Un11 diffusion LLflllLU'll'il.JW'I! C 

4 
"'::LU111LflOU'IlUt!X 

1'11 fu 'll\.ILPI tJ 'll o L'll ~~1\.1\ ~1 'W1!11 1d'!l Lih iLl'lw'lurnfutJwiP~'IltJ n L'll~ Q mLl ~uwtlw malic 

\Lfl::: aspartic acids LW'N"'T c 4 vh'llXI'I'l1l-JL~l-J~\.I'llti.JI'I1Tu'll\.ILPI'Il'!lnL'IIIilL\.ILUUtltJ0~1 

l'l'l 11-1 L if 1-J~\.I'll '!l~rl1 fu 'll\.ILI1l'll'll n L'lllilL\.1'111 011'1 rtlu'lu 1'11 futJwLiil'll'll n L'lllil"'i~ Q O".Jiil:Ul-1 1~1 

iLl'lu'luM(ltJu 1 ri'l\.1~'1! c RuDP caboxylase iJLlr:::n'Vlfitn~'lwn1rVlnnl'l1futJw 
' 3 .J 

LliltJ'Il n i'11~11i1vi1 ~!Xilll-11 tul'l1fu'llwiP~'Il'll n i'IIPIVI 'lu"Jlll Lii1iuilm11-J L~I-J~w~~ n~ 11'1'l1l-l Liil-1 

~\.l'll'll~ 1'11fU'Il\.IL111 '!I'll nl'IIPi'wtl o 'lu L0tll'l'l11-J L~I-JifW'll'll~I'I1Tu'!l\.ILPI'Il'll n L'IIIIIL\.1'111 n 11'1fllll ~1 
fi.J ii.J 50 ppm l'l'l1l-l LL!Il nllh~ r:::~tt~ 1.JI'I 'l 11-1 L~I-J~\.111tl~1'11 fu'll\.ILPitltJ n L'lllll"lw'lu~'l! LLfl::: 'lw 

'111 n11'1n1U\.I'il niJI-J1 n"'wLIJ!'l11-111nvi1 'ltX Liilil diffusion gradient 1'11Tuti\.ILUI'!l'lln L'lllilL\.1 

'111 mi'I~~:Uw L~1 'lulli'!lLUtl n LIJM 'liU'l\.ln1Tfl.J Ll'l11:::vf LLM~~IttfJ Ill 
v .J.,. .. .It • v .. v rJ' .. ~ !< 
flnl!ttu:::'VlUI'll'll~~'D C Cl1t'l1l-J110\.11l-J1f'll-lnlJ~'I! C ~\.1~~\.1\l-J'Il~ 1\.IL'll!llr'll\.1 \Lfl::: 

. 4 ~ 3 
u IX~ Uft~ "':::Ltlwn 1M'lU LViWt.~flt.l iii 111 'l!X1-11 n;iw 'LLlr un mt.~t'li-Jww1f~-n'l!X1!11ft' nl!ttu:::w-n uuu 

c 
4 
~~ LllwLltJ~~t.i11'lw'l"'I-J1n 1~r1:::n1vi1 ii1i'thlr"'W'w1f~-n~Uii'"':::l'l11-J1rntl~ n 'l!Xt.~ttt.~fllll~ 

'lw~tl~~ utX~ LLfl.J L'liw fl11'1~t'l1\.l'll'!l~U1\.IL11 w'lln"'1ndmrti'l1lww1f c 
4 

~iJ'!l~ LLft'lL~'Il '\IX 
M l'l1 u ww1f~iJt.l fl 1.1 ft Ill~~ li LU\.1 LU1Lln1l-J ~ 1A' ty~ rhvi1 'ltXLlr:::ml'lvlrhfl'.JW~\.11 

winiiL'll'lli't1!11 (Ecological Principles) 

ri'll\.IVJ"':::Ofl1'l~lttflOUL'll'l"i'VlU1~~11'ity 'lltJL\Xwn~nl!t11-J1Vi"'11tu1ftOI!ttu::~1ti'ty 
• I J I .... ~ .. ,... . .. 0 .... "' ..J ~ I .... ~ ..1.... I 

ur::mr~tt\.I.J'll 'll.J n~ 1-J"D'l!ll l'l'll flnl!ttu:::n11"11ilfl111llJitt\.11'Vl'lltl~'!l~ I'IUT::ntJlJ n~l-I"D'llil'Vl LTU n'l1 
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(b) 
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Stomatal 
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Bundle-sheath 

"'" 

air space 

leo, I 
Air 

\ 

Epidennis 

~ lnt~rcellular 

- R-uDP A-TP } ouspa« 

PGA C3 Carbohydrate, Mesophyll cell 
cycle 

leo, I 
Epidermis 

I Intercellular 
I air $pace 

c =Jm . 4 _oxaloacetic -PEP....L---Py~v1c 
aads acid ac1d 

} Mesophyll ; I 
cell 

C, addo ~•ic add-
~ 

Transport 
C02 RuDP 

c, Car~hydrate ~ •• ,.~~heath 
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I II If I 

organization levels ~~jj~~ Kl1lr::liiu'!l::l11'!11-i~W1tl~wii~r::uuilL'll'l mr4'~LTI-I"l1m::liiu 

'!1::111'!11-1 LI-IL!'l~t'l L'!lt'l Ld'!IL~'!I ~1'1J'l::~~jj:ti111i~~'l organism,population,community r::uu 

ilL'll'l LL!'l::~'lll1~ {biosphere) r::liiu~ii'!l~'lLUW>n.hmiln~ ~~m~ilL'll'li'ivtm i'i'!l individual 

organism 

i:i~wv\2 f"h~1tlfnfi1'lii~'lwuvt~ 1 i'i'll population LL!'l:: community population ~1'1~ 
:_ 1tl 11 'l v .. tl ,! .. • 'l " ..l'l .\' ..I .. ''l Vl'l L1J1 "'nWI'I'!l T::'Jl1nT"li~>I1-111J!l~"'1W'lWI'IW WVI'!I~VI ~YI'Il~VI>IW~ Ul11 Wfl'l11-Jl-41-111J 

'li'!I~UnUL'll'li'ivt!J1>11-111Jii~41W'lW~~jj:pjlll U!1l!'l::'llil~ (species) ~~'!l'l"'LUW I'IW nwf fi'Jl 

1-ltrJ"'fl~1'wri1Ui l!nilL'll'li'ivtmm~~~mfll1"1~~ii~ population 'll'!l~lli'wnn tlr::~ l.l1~ '1!'l'1 
• 

ri'lWVI1~nwfrim~i:imrnfi1'lii~ population 'll'!l~n'l1~ U!'l11-ll-l'!l '-i~>IT~ '1!'l'1 community 
.. • .... ~ ~ '\ ..... ..J~ "'....... .... .... 

1-11-111J!l~ft~I-J·n'llllVI~>II-I~ WVI'!I~VI1-IW~ 1 community 'lwl'lW11-11-I'lJ11-IW1U1WL11'!11~::1-ift~l-l 
• 

ili'i111 LUW<i1W'lW>I!'l11.lrl'W>IT'!11-11nn~1~~ LLI11 LLUI'IYJLTI.l'lwPiw 1t\'L~'!lw 1tl"'wii~lli'w>~rU1 U!'l:: 

1 ..,.. .J! ..J ... 'l ~ :; 
1-ii.J'WVI'WVII-I WUTL'l!l.IWW , 

"'"' L..l ..I 1! v - - L • v .. n!JVI1~ I'H'tnnvt Ln!J'l1J'!I~ nUWL'll'l'li'IIJ1 WLWJI'!I~'!I11-111LL!'l::W !'l~~1WI'I'!I Laws of 

thennodynamics ~~jj'!l~ 2 ii'll n!Jil'!l LLTnnfl1'l1-1~1Wft~~1w'WI'l11-111!ll'lT1~~~'lmJ >IT'll 

vh'l~~'lJ>111J1tlf ul1ll'l11-111!1LU~IJWXU1tlf J11Jw rhwilw LL!il'l >~ffiuiful1lflw~'lif11~ilfi-ILUW 
w ft~~ 1W~1Ul"'1 n LLI'l~'ll1Vi 111 ui~iw Wft~~1W LL l'l~'!11Villlu Q n~'ll LU~IJWLUWWft~~1WLI'Ii:iH'lw 
li-1 L!'l ~!'l'll'!l~ L'llt'l~'lll~IJ'liU'l'Wn11n~ Ll'l11 ::1-1 LLI'l~ rh L~.nrlww ft~~1WLfli:i Q n LU~I.J'Wi-11 LUWW ~~~ 
~ 1W'1 '111-iT'!lW fh Lt-11 thWMWWft~~1WLI'IiJ'lwrhwi:lw~~ Lii~~1 n'll1 nW'II~~U !11-1 riWLUWL 'l 1'11 

ii1w 1 i1 riQ mtl~l.lWi-11 LUWWft~~1WI'l'l11-1T'!IWL'liwP'lmriw t'h 'liffl'l'li-IT'!Iw01111-1J1 L~'!l 'l~ 
1'EIJ11U>II-jWL1'1i'!l~4'nr Wft~~1WI'l'l11-Jl'tlWriQnLtl~IJW1tlLUW~ft~~1Wn!'l t'11~ft~~1Wn!'l0'\if 
1-11-jW L"' w L w '!If L TLI11'!1 fL ~'ll t-1 fi 111 n r:: LL n1 rh'h ~ ft~~ 1wn !'l ri Q n Ltl~uw1tl LUW w ft~'l 1 wlrJVl1 

t'11 L T1 Li:J 1111rJw ft~~1w1rJVJ1 ri Q n Ltl~!.lw1tl LUW~~~~~1w LLI'l~ ~'ltlth~~ nti1'l1-110'liftlr:: n '!IU 
- Jf .I ~ L - .J'I.J! .~ .1 '"' 1! ..I • , ..I v n1 T'!l!iU11J n!J1l '!11-I'W~'ll'!l~ LVI '!17 ~I-I WI'W11-11'11'l ~VI LLJ'W'!l tJ1~1'1 n!J1l'!IVII'l'!l~ n!'l1'l'l1 LI-I'!IW !'l"~'l'W 

xt!.,d~ !J n Ltl~!.lw1tl LUW~~~~~1w:n nxt!>~O~ ~::il n1 r~ 'lJ Lfl!JWft"~1w-i1w'lw1-1d~ 1tl'lwxtl'll'!l~ 
m11-1 r'!lw LLI'l~tJ1Vi111!.1vi ri'!l~J.J'lu~ t l'l rii:i Lrl!.l~ 1 LtltJfL 'llw1•iivi1Jw~vM-If k~ Lm1::1-f LLI'I~ LLI'l:: 
.. 1 " . -J...: \ ... 
~'Jlu~ 1Jn11-11nl'lifLLI'l~ 1 Lu'llfL'IIwl'fiJ1ur,~-~~ r!ll'l'l~uw!lww'l-lf~fl~~1w"'1ml11l'WLw!.l" 25 

LU'!ITL'IIWML~'!lliiw~n~u LL!'l::l-l!.jWLWI'l~'llXrll~~ ri'lwJ11Jw~ Ll-lfl'!l:nn 75 LU'!lTL'!Iwi11~'lJ Lfl!.l 

1tl'lwxtl'll'!l~fl'l11-1T'Ilwt~!.I11Ji:itlr::Y!.I'I!U 'lwV11~ilL'll'li'i1'1!.11n1rti1!.ll'l'!l~wll"~1w'lw'!111-l1T 

LllltJmrnw LL!'l::Qn nwllwl'l'!l~ LUWlll'!IWLT!.In~1f3nL'Ii'!111-l17 (food chain) n1701!.1VI'!I~ 

W ft~'l 1 W 'lw ~ n l 'litl11-l1 rri LUW1tl 11111-1 n{)if'!l~l'ltl~'ll'!l~ LVI'!! fti-J1~w1i:il'l tf;itli:JW ft'I"1W~ 'lJ L fll.l 
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LULWn1 rti-1 ti 1 Ul'lft-1-11\J LLlll fl :;~ f-1 m11.JUJiJtJ r::~VIii fl1l'lLWn1TLU~ UWl'l ft-1-1 1W lW'tl1VI1 1 

LUWLvtl1)~1fi'cy~vhii(f'jnl'li'tl1vt1Tkw LLfl::!T~LUWLvt11jii( ecological pyramid 'W~~ eco -

logical pyramid Vll.J1U0-1 LLf.JWfl1l'l~ LLflfMn11tl1UVJ'tl(lll'lft•N1WLWf,l n l 'li'll1vt1T iJr::iJJI10iJ 

3 tJr::U"JVI~'lUflW i'i'tl pyramid of energy, pyramid of numbers LLfl::: pyramid of biomass 

t'f1 LLt.JWfl1l'l LLfl(ll~n1Ttl1UVltl(lll'lfl~~1WLWlU'il'tl-1 LL~fl'tlinf(llLUW pyramid of energy t'f1 

LLfl(ll-1~1W'lW~-1ii=titJ~n LUW pyramid of numbers n1 LLfl(ll~n1Ttl1tJVI'tl(lll'lft-1~1WlWXU'il'tl~ 
" ' ... ' " 
thvtwn~~i:J'i!:jtJ~fi LUW pyramid of biomass biomass vtl.J1Uli~ W1vtWn~~iJ'i!'itJ~Vl-1v'i'l 

n1LUW~'llnLuwJ1vtwnnl.J'iltl-1~~~hwuwiiiuLLfl:::l'hwnn~tl~~iiiw Ld'tlnli1'lii~ biomass 
%...-..,J..J J:r ..-J _.o J.. o.! .. ~ ..... 4i.J 
nl'lVIVJLnU'llJ'tl~nWVJI'1'lTVIT11J'tlnfi1VI\.I~~tl standing crop mWvtl.J1tltNW1VIWn'll'tl~l'l'IIVI 

n11.J1n1 Lnu L~m1~WL'lfl1L(Il L'lfl1vtd, J1vtwnd'Wr'll.JA'lW'il'tl-1~'ll~'tl~1diiiiw Ml'lVI1 nrh 

..J1~,~.- t.< ...,Y ... V -. I J' ..J o .!f'lt.ov "1. 
VI (llUWI')W\J~'il yeild Vll.J1UCI~'tltJIT1'il'tl~f.Jflf.Jfltlltll'tll'lWVI mW l'lln\.ll-.J1n L\.ln1Tlnl!ltJIT LT1 

11n1riffiwfll.J'tl~1 t.Jflt.JijtJ~ii1'l 80 n~l'l!!il t.Jflt.JijtJI~'ilU 5 ~wllf'tlLT '1fl'1 

Lvtl1)~ n!Jii'tl~ fl'tl~'il'tN LVI'tlfll.JL(IlW1il~ri'tif'tliiU1u LLt.JWl1l'lilr:::iJ(Il M LdM'nnm r 

tl1UVI'tl(lll'lfl~~1UUJi:JtJr::~VIiifl1l'l i:Jn1T~f\JLflUl'lfl-1-11W'h'LJ'lWvtrl~LUlWLLlllfl:::~f~'ll'tl~n11 
... .... "' " 

tl1UVI'!l(ll :J1UU r::;ij(ll~~ n•'i1~~1vtfu-B'Wfi1~ ~ (11 LLfl:; LL~IJ L ii1 iu-B'Wf,\~ tl(ll'JiULU LLlll fl ::iW'll 'tl~ 

iJr:::iJ(Il-{(11 LUWT::filul'lfl~~1Wvtd~iJ LTU nnw~1 trophic level lW!'jn l'li'il1VI11111'tlWdiwvt1'1l31W 

iuli1~t'j(ll'll'tl~iJr:::il(llL~ LLri~'lliMm~vhvtih~ LU'L.I~t.Jfl111 (producer) 'il1W'Ir L(lltJLU~uw 
• .J • 

wft'~~1WLLn~ LL(11111l.J1 LUWVlft'~~1WLI'li1iudiww'll ti'1111.J1 iuf',l n t 'limvt1rvtT'il iwiwVI~~'liwl.J1'll'il~ 

uwuml'ltl r:::il 111 LU).l~-1i:J'il:j 111~'W n 1l.J1rn n r1~ 'il1vt1 n 'il~ 1t11 ili'll~ iiww'llvt r'il iiwn wf~'lu nw 

L~'tl 'l«lt1il'l 6~~1Wl.J1 iifn1rPhN'ill'l l'l'lnd4'111LUW~u1'in~ (consumer) l'l'ln~iiwfi'll Lrun 
I • ...l- X. r...,j 0 ..I- ~ ..,. ..t': ...... I 

'l1 herb1vore W'lnVlnW"111'lLTUn'l1 camivore W'lnVJnWVI~l'l'll LLfl::.,111'lLTUn'l1 omnivore 'l~'lr . ' 
li111j'll1vt1rn fl!Jl.J1~W'lll111Ul'l'l n decomposers rl'l nwu'ilU'll1 nw'l! '111 nn111'l"li(Lt11Lu'ilu 

n fl1 u n fl1 u LUW'ililWVIfe n1 r~-1 LUW'l111 Q iiiu~ 1vtfu n1 rt\'~ Ll'l r1 ::lf LL·fl~'ll'il~W'lllll'ilLU 
de com posers ri'lWI.J1nLUUL~'ilr1 LLfl:: uu~iihru 

l\.lfiTrl.J'll1iii f',l n l 'li'il11-!11 LLlll fl::f'j n l 'li L~U'lWWrlW Lrl'il~"l1 nflWlLLlllfl :::'llil(ll hJL~f\W 
'il11-!1T'llil(llLUltl'l L~'il'il1"liiwn'l1~ di~ fl~ l'lW wnnr::fl1'il1'lnwufl1 nu 1-!'ilU ~ <l'lhi1~w 

• - .... ~ ."1 "' .!1 ~-' .. .J ~ ~ .. " l-lf\J1'11W111 L(llU'l nWLuW'il11-!11 Vl'lULI-!11jWf',l n L"•'il11-!11'l~ LnU'l LU~nWLI-!).J'll\.ILU LLI.Jfl~l-jl.J 
• 

~~ LrUn~1f',ln l'li'il11-!1TUT::LllVIU~1 food web 

\,lflnilL'll'l:jVItJ1~~1flf\J LLfl:::mrVJnu~nii'tll-lrl~i'i'il Principle of limiting factors 

Liiil.JlfnnWLW~'il'll'tN Law of minimum Wn'il'lLI'liJ'!I1'lLU'ilTlJ\.I~'tl Justus Liebig ujw~LflW'il 
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Tertiary 
consumer 

Secondary 
consumer 

Primary 
consumer 

Producer 

Carnivore 

Carnivore 

Fourth 

Third 

Second 
trophic 
level 

First 
trophic 
level 

t..l v .J~ o - 'v ~ v .I ~t..Jd.,. v .I 
X 2.8 rHN-!1UVI ~MfHJ1ur:::uuUL'lPI ~~~""1U~Mfl~11:::!1luMu-! ~ ·~'!lnr:::!IIUMU--1 

t..lr:::~.mu 90% 'll'!l-I~A-I-11UM1£JLt..l (Enger, et.al., 1988) 
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pJ 2.9 ilr::i1~41W'lW (Enger, et. al., 1988) 
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~ 

p.J 2.10 Llr.:ilPJth-ttln (Enger, et. al., 1988) 
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n::JO'luu 1840 L'll1YlU~1W'IIUJL"lTC\J Wiuttll LLI'l~ LLI'l111~1l1 n11LUULTI'Hl1'111111li1ll)'tl1U1T~~1 
LUU li1ll)'fl1U1~~1 LUUU1~li1ll)W'llili''ll~n111Uti1lJ1llJ~U'ilUIJ1 LL~'ll1111 'W1Pi ~'illJ1 Victor 

Shel ford 11nilL'll'17iVlll1ltJJinLUn'll'll~i'lt-!flflLJ.JTn1 (tir~li1UflULLTn'll'll~ Ecological Society 

of America) 1Piwu~1a~i:it<itl1Ll-.i~1"l::Ltlumu1flfl'tll<l"l~'WL"lTClJL~ULI'I LLI'l::LUULrflt'h1Mu 
..1 • ."1 .... ... .... ~ J! ..1 • ."1 - ~tl J! ~.. ..., .. ... 

li1llj'll1U11Vl"l1 LuUUT'illJu"l"lUI'lf11Yl LL'lllln'lllJVl"l1 LuUIJ1n LnU L Vl'lULUll)Un~lJ"ll'll'l"l~lJ 

~111~1ri111~1~111'll'il~n1TL"lTClJL~ULtll~i'l::'llU'lUn1r~1~ 1 mu'lur1~mu~i1un~11ower limit 

LL!dU'JlllJ~L~U'l nufii:i~111~1rl111~~~111~LrUn~1 upper limit 'li'l~T~U~1~1J111~1~111 LLI'l~~~~111 
~a~i:i~tll LL~i'l:::~l'ltn1N'il~1tlfi1un~1 tolerance range mu'lu tolerance range -,::il'li'l~ ~ 
~LUIJ1~i'll-l (optimum range) ~1ufun11tn1Nt<itll~~"l~WU~1U'lua~i:i~l'l'llilllltiu 11J1n 
..1 .J ..1 ' .... . J .J ..1 ."1 .J ...~... ~ J! ~-! 
Vl~111 11'l~Vl'll~ LUU'il LLI'l~1'11"l1 f111'NVl LUIJ1~i'llJ LuUll'l~Vlu"l"lUI'lfl1l'l LL'lllln'lllJ Ll-llUIJ1~i'llJ 

nu mrl1i1N~w LUULUll)'llX Lii111fl 'l11J n111"'UVl1~i'lrr~'li'l~diru n~1 zone of physiol5gi¢al 
' ' . 

stress 'li~"l~i:i~-!i:i~tll'llil11111u 1 'll~LUU~1U'lUU'ilU (lti 2.11) 
..1 ' .>' ..1 ~ ~.J ~ .. .. tl.ol . ·~ J! 
VlU1rt~Lntl1LnU'lnUf3n L11'1l1U11 LUU-IUT'ilVl~LI'li'l1 'D~ communities 'il~ LWT~U~VIU 

'11'11~ succession ii'!l f3nL'Ii'll1U1TLl-i1tlfLwflth~~L1i11"lnui'lLtiLLUUW'll fltll'lnuw'll fl't11-l 
... " ... ..J "' 

iiu fl' t11-l '11-1iiL w r1 ~w'11u1 rl 'l UIJ 1 n LUlU L '!IW1 ::w'l nVl rl'lWU'Il 111'11~ LUU'IlU1 LL l'l::rl'lu r1 n 'il~'lu 

~u'ltli'J1~Lrun~1 emergent macrophyte i:ili1ll)'ll1U1TW'ln1utl'lrL"lULLI'l::l'J'!li'll'J'Ilfl'l~1 i:i 
tltllT11'l'lw'll'!l~fl1fu'iluriu1uttllrL"lU~~ (C:N ratio) 1.11nn~1 90 Lti'!lfL'liWf1i"'ll'll-l biomass 

'll'il~W'liW'ln01lJ;hu herbivore LL~nllu~1UtlllutllNLti!T~w'ln decomposer'li'uVI~rl'lW'll'il~ . 
.ooll ..J ~ ..J t' '1 11. I .,. ~ .... t ,l' 
W'l1Vltl11UHIJI'l~ LL'!IU1 li1!1J'Il1U11Vli'l~i'l1UU1 ul(-,~l'l::i'l1U LUf1UU1Ln'llUUIJIII tll'lliJ1W'lnL'll'il 

........ ~ ' • .. 'l"""' ."1 ~ • ..1.- ' T1 LLI'l~LLUflVlLTU"l-llli1U'ilUVl1i'l1U'D1nW'll ULU'ilULLtllni'li'l1UlulJ·DULI'ln 1 Vl LTUn'l1 detritus 

detritus d n !lui:i li1ll)'!l1U1TW'l n 1u LtllTL "lU LLI'l ::l'J'!li'll'J'!lfi'l ~~~u1u r~u~\olft-1'11'!1~ mrLU1 Lrl'!lu 

~~LUUWI'l"l1n biomass '11'!1~ decomposers ~'ll1~U'Il~UU detritus W'lm{tll.JJ·uiln 1 ~iiu 
• • 
1url'lW'll'll~'ll1nw'll"l~1tlf'il1\oi1T"l1n biomass '11'11-1 decomposers 'W'l'li"l1nw'll !l'tll<lW'lnil 

• 
irun~1 detritivores LLIJI'l-IU1LLI'l~til'l1LHn 1 "l~iiu detritivores 13nt'li'!l1\oi1T~~Ltluuuu 

• 
detritus food chain Ll-i~1U herbivores "'~1!umr<\'111n11VlfwU1nrur::LilVlU'Il U~ Vl::Li'l 

.. ..~ ~ 
n1~~ ~'LIL'UI 'LI'21'i1U1 '!'il1~17'rho1 f'l'lJ (Nutrient Cycles) 

Mnli1'lLWtll'llWili'ULLH'l~1a~i:i~tlltlr~LnVl decomposers LUUW'ln~Ltl~uwi'lfl1W 
iiwVlTUI'l1r'l!Xnli'wtlu'!lilWVlTUI'l11Vh '\IX LLTli1ll)'!l1\oi1T~1-I 1 \oi~UL~uuLtlw'l~"lr mm~u 
'"' .J..! ~ .J .... L ~ r "' • .1 •• 1 ~ 
L'lUU'll'll~li1ll)'il1U11Vlrt1flClJVlfl'lTVlr1Ufl'll ULtllTL"lU fl1TU'ilU '!l'lln11L"lU LLI'l~n'lli'ln'llTI'l 
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c 

J 

Low 

40 

Lower limit 
of tolerance 

Organisms 
infrequent 

Greatest 
abundance 

Upper limit 
of tolerance 

Organiiii'I'W 
infrequent · 

High 

XU 2.11 LLMl-lflfltJ "'l1~'Vlt.ll'l'lt.I'JJ'!l-l~-lljfi111 (tolerance range) (Smith, 1977) 
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tlniihntJ!LUL111TI"lUdtl~'lu'Ltlr'Li11WR1~i'l-J (protoplasm) tlr:::J..nru 3 LtitlfL'IIUul ~1r 

tlr::ntJu~th'lcu L'liu I'IHtJLmnfl" iltJJtnniiu tiwiJtil.l un:: DNA dii111JLULi111L"lWLuutJ~f'i' 
tl r::ntlU n 1 l'VII-.j u L'l tJU'll tl~ iu Li111 L "ll.I~J.J"'1 nun~ iu Li11TL "lU iu Li111L'Il.\~~Otl~LUt11 n1f'l 

tlr:::1-.nru 78 LtitJfL'IIulli' LLn~iu'Li11TL'11.1Qnii.JiuuJJ1LUULWL111m'Li11mLUI'IVlLTtJ ~TL-lT1tJU~ 
.... .... .. ..... :, ~ ... - - .... r-..1!"'! 

nru LLR:::LLUI'IVIL1tJ'lunnW"Jli11T::QRO'l (zt] 2.12) iw111m'lui11ut11'1Lni11"l1n~11tlUVITtJVII-I 

iu'L111rL"lu (lJHfl'111'f '111nvi-n LLn::fl'i11.f 'lltJ:::I;jnt.ltJu) ~mtiiluuLuuu'!li.JLl-JLuu 'IIU'lun1rO 

iTun~1 ammonification Cll'!li.J1LULi11rvlUUI'IVlLTu (nitrite bacteria) 'I:::LtiiluwL'!li.JLI.JLUtJl-.11 

Luuiui111m LLn::iw111rV1 LLUI'IVlLTtJ"l:::Ltl~uuiuii11rvfl-.11LuuiuL111m ~1rur:::n'!luiwi11rVId 
W'l! ~ i1l L '!l1it1Hir!l 'IIU'lUn11LU iuwL '!li.JLI.J Lilmuuiw111m iTu n~1 nitrification 'II ru:: LPltl'l 

nud'lJU'lUn11 denitrifica;ion Ltiiluu~1ruT:::ntlU LL'!li.JLl-JLUtJ iuii11rvfufl::LULi11l'VInAULU 
."l 1 <;' Q ... ... -l • ~ -l.!r ~· .!< v 'l • LuU ULi111L"lULLn~ LLUI'IVI1LftJVIVI11A1.11VIU (denitrifying bacteria) L111Wfl~~1U Un11i111N 

~W"l1 n n 11 LLi11 n~ fl1tJ'll tl~ ~ 1 rur:::ntluli'l~ mh'l 'iiU'lUn 1m n ftlu Li111L'IU '!11 "l L ii 111 Li11 tJ'!l1l'ltJ 

n r::: u ~ iwVl1 'lu'll ru:: Lii l1l w 1~ Vl11'1:::Ut1~ un:::'l1 n mrr::uj 11l'll'!l~IJ L'li1LW LLlliurn1 ruiw111m 
-li"" .J ... v • ~ -lik "' .I: ... ... ' ... VI 111U'!ltJl-J1 n LI.Jtl LVItJU nUufiJ111JVI 1'1"11fin1Tnnn'll'!l~ LLUI'IVI Lftl LLR:::~1\-If1tJU~nTU 

turnover rate 'II '!I~ LLn~LUL111TL"'U'luurrmmf'I-H1iiWL'lfl1LUUTtltJ 1 il '!lth~iriiP!mr'lt' 

iu Li11f L "lU'll '!l~ ~~i:l~"i 11111-lir!i'YI11i1i' Yl1 'l~ LUtl fL 'iiUul LL n ~ iu Li111L"'U 'luurrm n11'1fl 111ft~ 
n1l'VIj..jUL'JtJU'll'!l~'!l'!ln;L'IUCI11~iti"l1nLuLi111L"'l.l tl'!ln;L"'ULUl.ILLn~~L'llli'!ltiBmm 

Ll'l o~~ LUUL'L-IIIj 'l~tltln;L"'U!Jnr'li.Jtl~r'luii1Pj~U 1 'luzt]'ll'!l~tltln L'llul uli ~'!l'!l non L"lULU 

m ml'l LL fl:: 'lu J 1~~~d~'i 111 'l-H'lumr1A1tJ'l "'IJ 1"11 n n1rfl'~ Ll'l11:::1X u~~'lltl~W'l! w'l! ii'l-H LLn~ 
tl'!l n; L"'ULUn1f'L-11tlL"' L'liULPltJ'l nu~~o~i11~U 1 ulli'!ltl n; L"'U~ LUUf,.JflVifltltJLi11"11nn1r 

fl~LI'I11:::1X LL~~l-.11 nn~1tl'!l non L "'U~'l-H'lumrn1U 'l 'I Ldtlw'l! LLfl :::fl'i11-fi111tl ii"' :::u .• h Lrl'!lu Li11U n1r 

'!l'!ln;Li11oKU (oxidation) Ulli'il1nW'J! LLfl:::fl111'fVl1111uti'UfliJftnfl~LtJ'lu~l.lii-JQ fitl'!l noni111'1f L\'111:: 

'!l~'luM1Vi~'ll111lt11n11'1 ~1udhiinn1muurhu~u J11JU~L111Ji11~1.11J1'l-HLLluwft'~~1U Luu 

~1 . .h"i111nnu~1t'i11Ji11 fossil fuel IJ1 'lfnul-.11n n1rLI-l1 1 .. ~ L~'!lLWfi~LMthdrlltJ~'l-H'!l'!ln;L"'U'lu 
mmf'll-11n"'ULtitJfL'!Iuui''!l'!lnonL"'U'lu'!l1n1f'IHI1lfl~ LLCII'lur::u:::~iiuil~t.i11.11J1U11n!J~1tl'!ln 
; L"'ULUUfrtJ1 mii-JHI1lfl~ LLR::ii-Jd LLU'l t~IJ~"':::fli11fl~'!l!h~~L111A~WLnNfi"U 

li1fll ft 1 Pi' f\J~ Luu ri'lut.l r::: n '!lU'll '!l~ tiu VITU ~ 11vT~ 1Al-J i1l ;i tll'l1 fu '!l u 1'11 fu tlU 'lu . . 
U11tl1 n1f'l'!l~'luzt]'llt1~1'11 tu'!lUiUltltl n L'iltil un~illli1~1ti"11 nLLO~tltl n; L "11.1 L\'1 n:::O f1U~1U 

-v '"'.1 • !'\ ~,! ."l i " ' ..j lJi~ n11'l"'tJ'l1l-JLu'!lfL'II1.1111 LUUTftJ1n1f'II3~'11U"IJ~LuUI-lfl"'1nn1TLI-l1 'L-IIJ fOSSil fuels VILT1 :nnU 

1-11 n~U'VJn'lU (Wong, 1978) l'l1fUt1ULi11tltlnL'i1tilduVIU1VIft1Plf\JL~tJ'lfi"U'!ln.I'L-11Jii'lltl~ 
• .J • 

urm1mf'l L\'111:: LIJ Lfl ~fl'lltl~ LLn~ilutJIJ'l~f~ ni'IRUflU£.hut-fi11J1fi~ t:i'l 'L fl n irll LLlli n A'u ru n'lu 
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No3 bv 
nhrtte bacteria 

Soli (decompo•lng) 
blcttrla nltrlflc.tlon 

~­
----~-; .. ' 

~ ; 

I 
Oanitrifving 

becterie 

zU 2.12 'N"'T11.<LliiTL"l1.lh.m:uuiiL'll'l (Smith, 1977) 
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.... .J ..1 - ' 1.1 ~..,.j I .... !:. 
N~flfl'UtJ1'lVl'!ltln"nntJ'lLflnL'UIU1ltNfl'111-l~'ll'U tJfl'lltl'ULTUn'l1 green house effect IM'U'U 

Ji" 'i i'.J.:.Ji'l .. ''l" -f'l 'l11J L 111J'll W'lltl-.1 fl1 TU '!l '\..! i11tl tl n 'II i11V1WII-J11'U 'UU T1U1 n 11'1"1-.l tl1"1V11 1-l'ij Nl-lt;jiJ'lltl -.1 

UTrU1n11'1U1-.l~'l'Ur'!l'U~'ULLfl::U1-.l~'l'U\U'Ufl-ln~1L~IJ mfU'Ilui111'!l'!lnL'Jir;)LlJ'ULLn~~Wl"'1n 
' . 

n1TI-l1UL"''lltl-.l~-!i:Jmlll "11nn1TLtJ1'tmi'UVlnJ~1TUfl:: fossil fuel 'JIN::L~U'lrl'UYl'llioDLLn~W 
• 

L'Un1Tt\'-!Lflr1::l-f U~-.l LLfl::tl.'i'tJ'!ln:0 L"''U"'1n-JJU'lWn1TU (zU 2.13) 

'l-.1"1 T'll tl-.1 !i 1 CIJYl tl ~yJ '!l TMJ~ 1 tJ n ~ 1'1,"1 T'll tl-.1 iu Llll TL "''U ih L Viuu nu iu t CJI r L "''U LL 1\''1 

Yl '!l ~Yl'!l i"~ LU'U!i1 fll~i:1'lu!irr1J'll1 ~u'llu n~11J1 n LL mi>~YltJ ~yJ '!l f~~ ri1 F1 C\J~'!liiu~' 'll.'i' 
Yl'!l~LYllllLdtl~nni'!l'U (weathering) LLfl::u:l'llQn'll::!\'1-.1 (leaching) Yl'll~Yl'!lf~Qmt.l~U'ULU'U 
:auVJru~1TLi11uvhL'Jlw~mtru!i1fll~'U 1 "11nYl'liYl'!l~Yl'llf~Qm.huit.lu' trophic levels lli1-.11 

.J ... ~ ..j ... .J .l' '"' ... ... ."l ~ t.l.J i • ~ ."l - ... ' ... 
L·u'ULi11U'l nU!i1CIJtl'U'!lnV1Vitl-.ltl1r1U UUflVl LTULu'\..!111 'I L fltJ'U 1-l n f1UIJ1 Lu'U'Il'U'UVlftJ ~11 IJU1' 

... .J .Ji ..j ... .. '"' ' 'l·" - ... '··' •. 1 ~ i ' " '"' ... ... ."l nTNVlL'UtlLUtlYI'lll-lT'!ll"tCJI'l LLIIln~fl1tJ 1-1'!l'U'UVlftJI'ltl~ Ll'lllll'!l-.1 LllltJ IJIIl'!l-l'll1ntJLLUf'IV1LTU Lu'U 

it.li 
o-.J .Ji ..j .. .. '"' '""' ... ."l ~ ~ -.! ."l 

i11Vl L 'U'!l LU'!l'll'll'YI'll\-l T'!l1"tlll'IUn'll11111-l1tl Lu'U LLtJfl Li11UntJ!iTTIJ'li1111'D-l Lu'U mechanical 

breakdown iunnih'Jlu~1d orthophosphate LLfl: dissolved organic phosphorus Qn'll:: 
• 

li'1-.lfl::fi1Uit.l'WI LLUf'!VlLhiLLfi:LLYifi'CJI'!l'U~11J1Tn'lif orthophosphate iili~uVI 'luu1 turnover 

time 'lltl,VJ'!l~Yl'!lf~U1,f'lf-IL~.hnu 5 'U1Vl 'I-I"'T'll'!l-.ll'l'!l~VJ'Ilf~'luJ1L~U'lLU'rlU'I-.l"'T 
Yl'!l ~yJ '!l f~U'UlJ n Li11U 13 n t '11'1111-111 n 1 ~ f'I'U LLfl ::un nut.l fl1 LLfl:t\'1111"J1 LU'Un1 rU1Yl tl ~Yl'll f~ 

~ ~ ,1..!. .Ji - ' l ~ ""' .. 1 •• 1 .Jl ' ~ ..!. ,1 J< "11 nu 1 n flUIJ 1,~ l'i 'I'UYI'\..!111'\..! 'll U1-l 1nCJ111JIJI'l'll~ L l'lillVl l-lfl::fi1U'U1U1-.ll"t'l'U"'IJ IN \l r1'U 

1-11-11 ~ 1-jVIT yJ '!l ~yJ '!l f~ ~ 'l'U0'JI1 1'\ ~ C\J "11 n'l'"' T LUL111 tJ a,i:Jmlll 'hJiilfiif n111-ll-j'UL~U'U'll'll' 
Yl'!l~YltlT~LL~i11,L-lluzt.l2.14 

'~'"' T!i1 f11 ri1f'i rv~u niJ 1 n ~ 1'1 LuutJI'ltJ!h>~O L~'!l~1'll'luil.'i'un;1 nl!t1 dh 'l"'LI C\JI-l1 
• • 

VlTYIU1nT Ufl::J.Jfln1'1:: (pollution) i'UUVll-lft'L~~;iw ~-IU-.l'li'IUtl¥LL'U'l;\I'\V11~n1TVli11fl'!l-.l 

'i~U!i1[!j~'U 1 ~i:JUVJU1Vlri1MCIJri11-lfUa-!i:Jmlll n1r;1nl!t1'l,"'TI-lT'!l<!!J~nT!i1[!jLfli:Jn1ft-.l 
Luu~ ~u 'l "''ll '!l-!UnilL 'll'l'iVl u1 'lull"' ,uu u U'lm' 'lumr;1 nl!t1uhu0vh 'll.'lunil L 'I f'!'iYim L ih 
i • .J - ... .r ' - - .J" .J ~ "11-l'U1Vl (function) 'll'!l,T:UlJW'II'Ifl:l'!lUI'l'll'U ~1'll1tJ'!ltJ'll'!l-l'UL'II'I'IV1U1Vlnnl!t1 LnU'l nu 

'1-.l"' T!i1[!j tJfltJfllll (productivity) zt.l LLlJU\-lT'Il LIJ Li11fl'll'!l-lT::lJUUL'll'l n1rnl-j'UL~UW'll'il-!Yift-l 

-.11u mfiLfl11::l-fr:uu (system analysis) LLfl:t.loiirmr'IIJrl'UT::I-l~1'rl'll- 1\'lll'f (plant-animal 

interactions) irun~1 system ecology 
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c ,... . . . . 

' 

Diff ion 

Bicarbonates 

organisms 

F011il fuels 

pJ 2.13 'N"11fl'1Tu'!IULU1::UUUL'll'l (Smith, 1977) 
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p .. particulate 
o -organic 

=inorganic 
A =phytoplankton 
8 ... bacteria 
Z =zooplankton 
B =excreted 
d = decomposed 

• • zU 2.14 'l~"lm'!lt'lrJ'!lTII1UT::UUUL'li'IVl-lUl.!UnLLI'l::1uu1 (Smith, 1977) 
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, 

'luuhu~'l"iVltJ1'liU'ltm1l'Yl~1f'i ry~~ 111~l'i1'l~~i:J:t-illiVJ n'llill1l M 11 n i:J:t-iwil~1PI fi ~ 
'liU'lUn1 r~~ U'l n:;;l LIA~ l'ltl'll L ri'J nff~'ll~LUI'l ft'll L n'lft1AvllUUA17ft l~tJ'l~~'llLflUn1 f 
~~ll'l11:::MUA~ 'liU'lUn1T~~ll'ln:::;lllA~llU~LPlllju 2 r:::u:::'l,qj 1 fi'll t.JBrnu1~ilf'll~LifllA~ 
LLft ::tJBrnu 1~ 11i rn 'lu~i:lrn t.JBiii'u1~ 1ii111 LPlu11-J'lif uft~ LUU'JJU'lumrw n llmfu'llu-,1 n . ' 
mfu'llULPl'll'llnL'Ili111ut.JBrntJ1u~nfutJu-,:::~1U'l~-,r c Lift::: c t.lniii~'D~'l1t.li:J'l~-,r c 

... - .J .1! .. ~ • - 3 .. 4 - ...... j 
llllll'l'DU1~'DU(;l L·ni.J 'ti'lltJ Vl"ll LI.Jilll':::Qft,CIJ1U1~"JJU(;l llft:::~'DVl:::lftV111tJU1~'DU(;lluU~'DVl 

""" .....: .J1 ... ~ 'l ;, ..: .... ...J- .... .J ... 
1-J'l~-,r C l~I-Jl·n11-J1'1ln'l~_,f,U~ U·ui.Jill'llUU ftnl!tiU:::Vli1l'lltl~~'DVl'l~-,r C l'l'llft11-J1Tn 

4 • .J . .J 4 • 
~~ll'ln:;;lllft~Lilf~~ 1 Vluri-J11UI'l1fu'llu1rntJ'IlnL'Drnw'll1n11'1i:Ji!'lltJ 11-JtllUUL'liuutJfttJfllll 

.. G .l' t.Jv t.J v ,,. ~ .... .. ... ::1 ..J • d 

'lltl~~"lln"l:::f3~'JJU mr ru t~~u~~'D L,I-J'l~-,r C 
4 

"t~luUn~Vll'l'lfl'l1U~ 
-- ... r..J.-..l' .jv v<v v 
U l 'll'\'lVltJ 1 LuUI'\1 A Ill l'VlluUV'lU31Urt11'1 CIJ'll'll~ n1ftl1.~Tnl!tVl n'ltJ1 nT r:::i1lUVl1~ 

... - ..~ ... _ - ..1 P. ~ :.. ~t.l ... v ::1 ... ,;, .. v .l ~t.l .. v 
'!l'l'lVltJ1Vli-JUI'll'l'lVltJ1lntJ'l'll'll~ LPltJVl'l L luUf:::PlUrt~I-J"D'llli,U~Ill'l'JJU L "ti.JO~T:::i11Ul':;Uu 

WI 'll'\ ,~ n~~1f'i rym~il1 'll'l"iVlf11~1'l'lTL-ii 1 'l-, fi 'll,~ n'll'll~U"t {u•h n111 (princ i pies of limiting 

facto ~s) ~~~'hX 1 MU~ 1 ~~i:J:t-illii'J n"llilCili:Ji!-,'i' tJ~~1 n111m 11 "t 1ry 1iiiu Llllllft::: ~~i:J:t-iULVJ n'Dill1l 

-,:;i:J'li'l~r:::rA"ul'l'l11-JV1UV11U~LWnrh tolerance range ~~i:J:t-iw-,:::'ll~l''li-JrlUIUU community . 

~~"l::Lt.l~uuut.ln~1t.lw11-Jn1ftl'lft1 t.lr1 n!J n1rruvi community ,ct~l-ii1llVlU~iln community 

.,ct~ l1uun~1 succession ~w.f~'ll~'luu!1ift::: community '1Ji'V'lfl"~~1UI-J1 Li1ltJmriiwuul1i'll 
' . ' 

1 ,T'IlVl'lli1l 1 ;l~l1un~1 ~nL'li'll1,1l' 'lun1riiuri"ulUU~nt'li'll1W'lru ~~~~1U~'lU,W~"t::: . ' 

13 ry 1tJ'lupj'll'll~l'l'l11-J~tlu ~~ 11-JA11-J1 rn 1 'lli nfl"u1-J1'lM n l'l'l11-J_, N-ii'lluLLiu 1t.l UL11-J n!J'll 'll~ 
lVl'll rLI-J Li11U 1 n 1'1 II n !J~ Atl~ fi1 IIJ'Il1,1 TVl ~ w1iiudi11t.l li'ltll .. qJ'1Ji'I-J1'\1 nvhl fi111J'Il1,1T 

' ... v ... ..1..1 v .. ~ ~ • 
lll1~ 1 -,:::,l,.jUI'ltJUnUluU'l~-,r 'l~"tl'fi111J'Il1,1l'Vlrt11'1CIJI'l'll LULUll'l"tU 1'11fU'IlU lift::: 

w'll Aw'll fft 1'1 'l11-J 1-ii1 'l "~ cj'll~ 'l~., rfi1 IIJ'Il1,1r 11ft :::13 n t 'li'll1,1rl'i 1'l1Xunil1 'll'l"iVltJ1 A11-J1rn 

· iiii11UL11-J A1rVl~ 1-ii 11-J1t.l:::t.lu'll~'lu r:::uuil1 'li'ILPf ~~IT~ LUU llU'lV11~ 'lu mr"i'i'u ;1 n1:t1u ry,1 

11-Jfti-JCijt~U'll'll~~~ Ll'li1lft'lli-J~'U 1 iln 
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