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ABIOGENESIS - PREBIOTIC CHEMIOSMOSIS

The Alkaline Hydrothermal Vent Proton-Motive Engine

Natural Transmembrane Electrochemical Gradient (ApH = 4, Ap = 200 mV) Driving Ancient Carbon Fixation

GEOCHEMICAL ENGINE

Serpentinization Power:
AN SEAWATER ALKALINE HYDROTHERMAL FLUID

Rich in CO, & Fe** pH = 9.0 - 11.0 - Serpentinization (H, & CH, rich)

Proton Ir

ves direct CO, reduction.

Organic Monomer Efflux (Formate, Pyruvate)

5@ 5.5: dRF-CaE (ABA-CNTS Bfe 15+ | T R0 o6t (\text{pH } s\text{&#8211;}s5) 93R &f¥am @fes srwa (\text{pH }
¢.¢\text{&#8211;}v.0) SRTAFECA WifG1e3C54 (FeS) “ATeal o &b, Tl eiFfo @Hets ofbe-Kex (Ap ~ 200 mV) tef 7 S F1H
T el FCRRe |
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SeefoaiRreTm e 93 Setl [Rfewm e @2 oheE g W, @ wfbfer e wrgniiee wirve fe Wi sisisrarr (soo\text{&#8211;}
seoA\circ\text{C}) srwa sffe= s R s

(Mg, Fe)3Si04 + HyO + COy — Mg;Si»05(0H)4 + Mg(OH), + Fe3O4 + Hp

a3 efgea Se st 2N wrors W (\text{pH } s\text{&#8211;}55) @3 &pd Wk RTEITeT 2if9)ef 207 Aywete Grisife =7 | eI @few s «nf acafia
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(&3MRCHF (FeySq) SRMHOIT H19fl feuge wited Hers v a1 ol tefd 3 |
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The RNA World & Ribozyme Catalytic Center

Ribozymes Uniting Genotypic Replication and Phenotypic Enzymatic Catalysis via Mg?** Coordination

DUAL MOLECULE
Solving the Chicken-and-Egg:

notype (Information Storage):
Nucleotide sequence stores genetic
code with template replication.
- Phe \ ction): - The eng
3D tertiary folding creates active
catalytic pockets like protein enzymes
« The L] Smoking Gu
Modern ribosomes are 100%
ribozymes at their catalytic core!

RNA preceded DNA and protein.

NTP Monomers
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The Protocell & Fatty Acid Bilayer Vesicle

Self-assembly of prebiotic single-chain amphiphiles, semipermeable nutrient influx, and genotypic entrapment
o—0—e

SINGLE-CHAI
@ Nucleotide Influx (AMP/UMP) | Fatty Acid vs.
P

diffusion through transient lipi

Prebiotic

< X
REPLICATING RNA/CORE
Enclosgd Genotype & %a@alytic Phenotype

Internal Polymer Trapping
Polymers cannot bile

1 Hydrophobic Entropy Drive 2 Surface Growth & Pearling Fission 3 Origin of Da

Free amphiphilic fatty acids in water force water molecules into When micelles of fatty acids are added, vesicles incorporate tht In bulk solution, a su

Bilayer assembly releases caged water, creating a large positive ~ Surface-to-volume strain forces the sphere to elongate into|lon Membrane encapsuld

AG = AH - TAS < o (Spontaneous Vesicle) Gentle shear forces cause division without losing RNA Compartmentalij

o s.0: @AF-CaIT (RGO Q32 (NACICTH FOLS 2157 | FZCGCHP GAFH TR a5-RIhet b @pifoices a2 cefiee tofd 23 (\Delta G =
\Delta H &#8211; T\Delta S &lt; 0) | (IS &l 2w Tea 9if Somm et 0o SRS (TorF Cofd 26T W[4 #IfeTss S A, TR LT

15 MRABTTR 511 905 |
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2 T | SR, (I SR ARG COf 2 O e STy SRS FEBIIT AT T RBTHANS (o) TS A |
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ST |
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Ty @i e S 2 oI aal werpeeir f-wdl el A1 cofhiea fon o | @b a0 FRmre Twe-aa IR Al seE it ephices 2Ry
S SREATCH ST 1 (T T 2, T T G55 OIS 3 A (+A Ssovent ):

\Delta G_{\text{assembly}} = \Delta H &#8211; T \Delta S &It; 0

@8 S G wwifre Rifes @ [e taRiEs et @3 wes (39131 #ifoq FRe are TR Fw e cof 20e! | @2 fow Mea AR o9— @ FR0Ee 3641 8 RHebiRs
— RT3 (P (TS GO IS | [5G (IR (TSR ARG TU S G A W= A= (o w50 (M_w &gt; 1000\text{ Da}), SX WHIF IT €%
AONTSF TG 28T SR W 3R ([ 7S ARG 1 |

g, TR TG WG TG T& 20T CSBITAET e eifars 20 #7% T WFR LR IS | TG (B8 | (FNSF T, WSS G2 &7 7 NCo| FISI [oes
=0 7 ToTey (0T ifsere 2rel, (@I @b celfo grers!
ToIREIR: AT el

&Ry wbo (I IuT BT &F-CafE AT TS TAMAE Gfae qeafeet | FAT FRGRING (ST SN ER-sTered dfver Tk Koo w@ifee swafes, @by
anfrers iz *fes giafee, amama 2 e fom 8 arenzens oy Feafes 3k =i @nifsre (@b e T8 st o frcafe |

GO W2 oFS AR 2fRTT TS Ao Sftres e 957 T—a (LUCA)-F Off | & AT SR SICATSH F69 FreE e SRietemiNe ga| vee &
ST (OTCR &% PO WA (IS FIFCoT 8 WfFa—a3 72 o g Reoe a0 Bieafee |
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@ITIBF fof fger srmfife e
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iR, qe elfsfb ser it @k s scE afsfb fowl ererreis Sge arace: fof 2tem ST R <R Sete 2578 (LUCA: Last Universal Common
Ancestor) | f$f @I T& STeie @ G fRre 71; IR AU FR 2GRN (Srod A e s 5 71 9Fve S-S (@I TWiE, € g-amEfs =
(U (ot ReIsifoR Afewee wifbra feet |

5. FIRCEATSHINS eigeg: G AATE (eeg A=sfo=

PR @I IR WOR (-0 SGROE @I ARE S S[EE A eoied | o wiyfie RIean GRiNeAR TR IE SAACTANG I90%
(Phylogenomic Archaeology) | Td 2IeTR WA FIFCORE @ SRR 5yl fercst [Reamer T =1l FFE5R s ey Siow TaRe femy 1
I 25j7e0aR fomere CafRes Srave <1 T8 2CaCR |

205 A RIS @577 MR S ANERITS eFifere Sferam NG @2 TSl STEer @ oI RN o, -84 B @ swafl wifdm aenfer G
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PHYLOGENOMIC ARCHAEOLOGY

LUCA's 355-Gene Minimal Genome & Acetogenesis

Reconstruction of the Last Universal Common Ancestor's metabolic core: the Wood-Ljungdahl pathway

REDUCTIVE ACETYL-CoA (WOOD-LJU

The ancient non-cyclic path fixates two molecules of

LUCA GENOME 1. CO, + H, - Formate (HCOO)

3 5 5 Enzyme: Formate Dehydrogenase

2. Formate + H,F = Formyl-H,F
Pterin cofactor (THF/H,MPT)

Universally Conserved Genes

et al. (Nature
3. Stepwise reduction (+ 4 H* + 4 e)

4. Methyl transferred to [CoFeSP]
Produces: CH_-[CoFeSP] pool

1 Thermophilic Chemolithoautotroph 2 Transition Metal & FeS Core

LUCA lived in warm hydrothermal settings (~60-80°C). It posse  Massively enriched in ferredoxin oxidoreductases containing inc Lacked complete bio

Strictly anaerobic: possessed zero genes for oxygen metabolisi  Depended on environmental nickel, tungsten, and molybdenum Lacked a modern cr:

Primary Carbon & Energy Source: H, + CO, Low-Potential Electron Donor: Ferredoxin (E*' = -450 mV) Pre-free-living:

5@ 2.5: FHR T3S fGCAINE 19 | SR 95 . (205%) TS bfers we e @ fRTa vereR KAy | aTe =918 (721 T T-5 1 ST-ARTITA F-
SR AINSTIS ey, Tl A1 2ol wie [4Fe-4S] GRiaefdn (E° ~ —8¢0 mV) & - (Rl Sk Swizs faargfcced *fescs |

a3 weefS e SRS AR T GER QR @ e 3R 06 8rs:

o GIFETTHIN TATST FCOIGN: 1 AT AAE SHCSCAR (O3) A FI e = | S (T2 BB | FECA 2T 1 I3 (77 SRS G0 F51ef wrsl
e |

o TH SIIGITAN (ATHHIZ): T I et enzcaer @3 B5-#1 celfom f&eT, T es @ (7 0° (AE b0° GTARTIN SN S (S5 AR A9 5o |

o TT-aIkEIEET A1NSTH (Wood-Ljungdahl Pathway): F3 SIiTR 1K 3-SR W% FHCS A2 I SG-ARTIH | fuiFe anfSbEa-ra v | [ el
@ fFa—SoT 41T e @53 GG FIT A7 212 T @bt 475 T e T @6 e Seomm FE |

To-ARuRe afer A aemfce [t Sl 2ea™ ol g @R 15T A =fe ere:

2C0, + 4H, + HS-CoA — CH;CO-S-CoA + 3H,0 (AG” = —0a.8kJ /mol)

GG FIR 2, TIR (02 S (e BN S1fsre @ FefrebiEs teofia sl amerex et 7 3k wngfas «fof Segom geffram cibe cenfbrme o fam |
97 I3 T, I S Y FIRTOI S FIBR o] T4 20 ST; (37 e I (S04 21 ATHIH I @F A ST, (T (&6 AR Oy (Srha Afver celba
(afSTeTrS @R ASTEE ST G2 SFOFFOI ST e |
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THE LIPID DIVIDE (ENANTIOMERISM)

The Great Enantiomeric Divergence: Bacteria vs. Archaea

Fundamental stereochemical and biochemical dichotomy between D-glycerol ester lipids and L-glycerol ether lipids

BaCcTERIA  sn-Glycerol-3-Phosphate (G3P) Esters ARCHAEA  sn-Glycerol-1-Phospha

sn-Glycerol sn-Glycerol
G-3-P (D) G-1-P (L)

via G3PDH via G1PDH

1t unbranched acyl fatty acid tails

« Stereochemistry: D-glycerol enantiomer ($sn\text{-3-phosphate}$ configuration) « Stereochemistry: L-glycerol enantiomer ($sn\tex{]
- Biosynthetic Enzyme: G3P dehydrogenase (NADH-dependent, TIM barrel) - Biosynthetic Enzyme: G1P dehydrogenase (NAI
« Physical Organization: Fluid lipid bilayer, susceptible to acid/thermal cleavage « Physical Organization: Monolayer tetraethers, i

+ Present In: All Bacteria and secondarily acquired in all Eukaryotes « Present In: Archaea (Methanogens, Halophiles, T

THE EVOLUTIONARY SIGNIFICANCE: INDEPENDENT CELLULAR EMERGENCE

Because G3PDH and G1PDH share zero sequence homology or structural architecture, and because enzymes cannot interconvert D and L stereoiso)
LUCA could not have possessed a fully crystallized modern membrane. Instead, LUCA lived enclosed in permeable prebiotic mineral/fatty acid walls
True autonomous cellularization occurred twice independently: Bacteria invented ester membranes, and Archaea invented ether membranes, esca

Koga et al. (1998) & Martin & Russell (2003): The Lipid Divide proves the non-free-living nature of LUCA

fo@ s.&: fofdirea @mfbemfis Rerem | eBia G3P w16 @nifite @it (G3PDH 7Rl teof) @t wfFwa G1P =iifys siscfemeTe 2 (G1PDH
BRI 0 N Clifere fNeT | 9% GeZNSTALR Mes (&Il e 71 AF e @R 52 [ FRwe 7k Suifie afe |

;. fafors fTerem: Giae 32 @i aicey [efes

| T TR G 9T T, 1< TeHIB T2 (IS (I I21 Aol G T (@ &4 76 LIrm—pieeoiaml @ wnfem—baew Ree aw oe?

97 SCGCT 5NFEW ARG Ted = &% Ao (The Lipid Divide) | &fs GR® (@Itad SAMMSTALS 4@ ACe @R (ok-ofve [ed qomw q4te aFfo
siRtgCT Rifer A1 ores wieifaar | g 4 rechia g s ceafifa Rrass a1 23, ©247 St N0ey O TAea ITRE I (BI0Y 9IS:

1. faTeceTs CofReraiiiy: T [ifE tof 2 sn-faSTaet-0-T5w6 (G3P) few, 91 tofd wta G3PDH awensy | sis wifwa f[ifF sifde =1 o nofe
efefm sn-faSTIaet-5-T>B (G1P) facy, 1 Cefs wta 37~°f fo5 G1PDH 9=eiiss | 8 5f5 =rensesia S () fermiere st (38 |

2. ANE IF: FFORE S TRCGRRA AT [ARER A & F@ P 79 (-C(=0)-0-) e | [sifics, @i 5727 F@ 827 797 (-C-0-C-),
191 @ IS Farer (ete [ |

3. QGIFR Riwet: FFORTT @Terete (o 27 5 ot w0fs siftre e | s anfds @er toft 20 wiRefemers T =rifes «ee e | e st
21 e fife ufb stae e o sicews SR sfdere 2w, 9 $6% sifirese wwFs A |

=g G1P @3R G3P OTF W AMIFBed A1 efe, o2 aafb Giv S AHre SN Forse 20 A 711 (@9l @B @Wa. (sosb) 9% NG @ T (2000)
@l FEA (T FIR e @I Sy arenzeafts wicrfie [ie ke 711 @ 01 Fae HAW erbd ord wied ¢ Wi wnifie @b | srsite @l 4ib @3BR
fife Cofd ea qrieebieml Reiw w3k @o 4= 32w [ifer cof st enffm R one care J& it wferm Aref |

shakilmahmud.com &2 TeJfeTe ALFAT « BIFT 3 HISFYR + 2020 Page 13 of 103



.
%%@4%% SHAKIL MAHMUD * RESEARCH MONOGRAPH
[CIGK PIRIG]

(JNIVERSAL MOLECULAR CIPHEF%

The Triplet Genetic Code & Ribosomal Translation

64 triplet codons, tRNA anticodon wobble kinetics, and the absolute invariance of the universal genetic code

THE TRANSLATION & DECODING CO

tRNA adapter cloverleaf, anticodon loop matching, and

tRNA ADAPTER (CLOVERLEAF)
5' START
CODONS
64 Triplets

" Anticodon Loop

1 The "Frozen Accident" Hypothesis 2  Error-Minimizing Architecture 3 Irrefutable A

Francis Crick (1968) proposed that the allocation of codons to ¢  Statistical simulation of millions of random genetic codes revea An mRNA sequence {

Once thousands of proteins depended on this mapping, any sul  Point mutations or translation errors frequently replace an apuist ~ This universal molec

Code became permanently locked ("frozen") in LUCA "One in a Million" Code Optimization (Freeland & Hurst) Universal Com

o 2.0 ARG (SAGE (1T G2 M ifemw | v 85 Foted (ot e =i, G Waa~a (tRNA) SFEI96IE, FRRITSITR foni Al
@ (E, P, A Wi30) €% 03 @0 & @3e (orfae |

©. ARG (EAo (@e: Fia faxfre gwar

e o150 G 55 qiten oe 28 (@I (TO0E (SAba SR Hrosi @i oF T (o107 | FIFORE (AF ©F F0a WiE, N oM (F2@l Tga—aiRAda
afsfb et fBema ¢ aRama- vafb GoEs e wiiiea as 2ofb wmfie smivrets Mo s |

S5V A fear e fas i 77 @rew @aices (The Frozen Accident) 31 i yeb ata wifefze w5 | e wwe e @i e @ e s e
e Smices Mgfe ghl weq e B, 5@ 799 @ = w1 (@b (of W 20 (oF, ©4 (@I 96 (e S AN IACE (N2 =16 1o TF (elifor @
IR e 20 (T | e PR Lo IR (F (S oia| fffars zrafee, sl e oy e @1 g/ 20w oz |

g, fE-are 8 2ha AfAfes AaEeT mal coltg, TN (@b @eb @i @it Koy @ited s @b 17 T cvta M 0.0005% e | 9 9oe i
FABIH* TS TG (I A2 TR ST Spieess st et s wwiSes Fom w0, w5 @ifbee o seoe 78 =3

w:%<<1 (Prefaetss free=q)

s

93 FGATOR SRR NEd AR fom o ey pfiee e o a9z Neee 3 fan caifo tofs sare o s sfamiaseg [ong 56 218w
Sesfier St fieet aae wafh @Frerma oFl ez TR ABRA 502*°-9 M@ IFF! G2 (SADS (102 2(E AT TS AT 952 RIS 28T T 155
s et |

Sopeald: Y& RS ey

2 weo (b IZF AT FIFHRF 7o G2 HFF 7o TSR (S0 (VS & 20 [ TSR | FFCH 7T ICF (T Sorelq w @ siferwifs; s s siom
ey 3 e Fiee o St T 6% AN (el @ 5aw G3d) sifeae |

2RR! ¢o (@I Tz 0@ YR e wyE @3 TeRET SRR e | g AEF AR IR WEAR (S @Il ARTARBIFGRER O 76 @ @ [kes @ag
feNe TR e Face AivRe T o151 QTR (GRIRIR ICE (R: 2 (ST SFCS SLAWH | 03 9/ RN (747 (18 Teifiess 7=z |

YT GFITTRIT SIS

e Weiss, M. C., et al. (2016). The physiology and habitat of the last universal common ancestor. Nature Microbiology, 1(9), 16116.
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Woese, C. R., & Fox, G. E. (1977). Phylogenetic structure of the prokaryotic domain: the primary kingdoms. PNAS, 74(11), 5088-5090.

e Koga, Y., et al. (1998). Did the last common ancestor have a membrane of lipids with ether or ester linkages? Journal of Molecular
Evolution, 46(2), 125-134.

e Crick, F. H. (1968). The origin of the genetic code. Journal of Molecular Biology, 38(3), 367-379.
e Freeland, S.J., & Hurst, L. D. (1998). The genetic code is one in a million. Journal of Molecular Evolution, 47(3), 238-248.

&
SECG: MZ7, AT (2026) | "G (LUCA) 93¢ Gikea a4l w1 — -ech iz 371w @i | Restaa w2r@ia@l, 9@ &/ https://shakilmahmud.com/bn/evolutionary-odyssey-part-2-the-
luca-and-domain-divergence-bn/

shakilmahmud.com « £feY STeFfoTe STeFA « BIFT 3 F157Tefd « 2020 Page 15 of 103



.
m%ﬂ%@r SHAKIL MAHMUD * RESEARCH MONOGRAPH
O NI

qfEd Weyw NEIAT FRE - g9 49

cnie=ifess [T — SaAreweaTd, 21 Rerem vae Terasifes sifgte o

OIS R8T — ST, A [Rore 93¢ Narstsifod wfane [T

1,189 =%« November 1, 2026 + STII MREFAY

foq ©: foa AR SHAPTER QST SR TR GIIGITIRE T, I ST [OTSTADIN SFETETGII ML SISISTAL G 1T A 972 2.8 RIeTI T2 @I W2t SSISTA T
[T 5718 Fearzer|

o It Tma @er A7 8 Gl @5 o #Mfes-sPoa YA Wierales | sas wros wgel (95 61 @At afer oz 3 @i s &
ARFS A SN @ TRCYTS AAFIRCG AN G-I (sl W | 58 Trwa SRS 0 SE (O U SEIIRSIFORATE 4F 7el GF ST e
SRR ol T | ORI 96 FH IHINS- SN FHOR T2 S 2P0 TG I IMAIT FGTs T TaleT: 2NfFd SF I (ST ATG W2Fe IR Tofers
R wfeicem fes@e, 1 Haes o 3 ater ofwe e e |

5. Sfif¥ erea oreeifelmsl: Mn,Ca0, F5R

IS FCEAFHCEFIN FFCOAANSTA ARG ot Fae 71| ORI WG AAHRE (H,S) @ T GRRe (Fe?') (A ARG AZFS I | 22CTI0SH
SAIRCS ezl e I AR (B a2 —0.3¢ V) Bl (A ESG Ml 4 7o 267, 58 T2TLad J0F TR0GI0oH AAHRied (sl foe sers Hifs |

SR [Ty 2fS 20RO SR e fod avF @F 2EwgT vl 1 SfRSE THa ofew TR | (o we 8 f2e #if (H,0) | 5@ oiiffw =fe=ial ammfass 3w core
SARG ([ P A 4 R SI91STT B1ee | siifera et freq wrore Sp:

2H,0 — 0, +4H" + 4~ (E” = +0bd¢ V)

2N (AT DG BT TS 20T @ @ =GR T (ol T 20| TR T3] FaR ARFCOCT (58 &1 FCHIHEEN- (PSIN-a3 el v o1 (Fieaifeet P680
ST (B a2 (A 56 (772 Frab3 FCaf%e | 99 Srafore wot P680*-a3 Tt fied WIeht +5.2¢ V, T eigfeq Tl SResea “fesal tafis @i |
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[ OXYGENIC WATER OXIDATION ]

The Mn,Ca0; Oxygen-Evolving Complex & Kok Cycle

The catalytic-manganese cubane cluster in Photosystem Il that unlocked an infinite electron reservoir: H,O

THE DISTORTED CHAIR CUBANE (PSII) THE KOK S-STATE 4-STEP PHOTOC

Atomic architecture of the Mn,CaOs core with bridging oxo ligands (u-O) Ste e accumulation of 4 oxidizing equivalents up

®

Nzo @
‘ 5 HO

",
Ya, 72\
* o AN

2H20 > 02+4H"+4e (E” =+0.815VatpH?) Bessel Kok (1970): Period-four oscillatiol

1 Breaking the Sulfur Barrier 2 The Oceanic Iron Buffer (BIFs) 3 Huronian Sn|

Primitive anoxygenic phototrophs depended on scarce H.S (E°' Archean oceans held trillions of tons of dissolved green ferrous Once iron rusted, O,
By developing a redox potential of +1.25 V (P680*), Cyanobacte¢ = Oxygen immediately oxidized Fe?* into insoluble hematite and nj ~ The collapse of the

Biosphere Energy Flux Increased >100-Fold Oxygen was soaked up for 800 million years 2.4 Ga: Plan|

5@ ©.5: ARFCSIE ACATALTETCNT SEORT (FH | FCOIINION-2-9 TA(ES Mny CaOs FIOIER 9= RA5T | (@0 I 8-4Io @F-(65 F 50 (
Sy — Sy) T 85 GHIB (he) CoIRe FCF 1Tt 4105t 815 SCAFE Ol T @F & AR (O,) FNeo1a 905 |

a3 5RG ATH AR FGG JolFed ARbE T AfFrem-goates TN (OEC), T 5rf syEifier, @t symtmm gz v afsitem sy i sifde:
Mn,CaOs |

$590 A @O 3 AREF FCE (T G2 T FHORG 90 AiFfod FAMEER Tl FI I, AE PPT G7-(O05 b 97 T | GFF 2CADGH A (FICIF el
RIS Hlowd 2Ry A (ofd 2o o119 | ©i3 OEC d3(b 0 GHI5 &% Sy (UF S, So, S5 (AT Sy 7o ¢oTew | 5% S 915fs Cofx a3 ¢of iifaa
95 T WIS I SIHA TS FE IF & & A (0, ) I 5RfG o=y (H) (20w M @ S, weime =6t @it |
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BIOPHYSICAL BIOENERGETICS

The Z-Scheme Dual Photosystem Electron Cascade

Thermodynamic redox potential ladder coupling Photosystem Il (P680) and Photosystem | (P700) to synthesize ATP and NADPH

Photon (700 nm)

Photon (680 nm)

Cyt b f

H* Pump — ATP e
P700
_— P680 PSI (+0.45 V)

PSII (+1.25 V)

z
G
=
i
s
t
2
°
o
x
o
B
@
[

THERMODYNAMIC SYNERGY: WHY TWO PHOTOSYSTEMS ARE ESSENTIAL

A single visible photon (~1.8 eV) lacks the thermodynamic energy to bridge the vast +1.25 V to —1.2 V gap between extracting electrons from
water ($E~\circ = +0.82\text{ V}$) and reducing $\text{NADP}*+$ to $\text{NADPH}$ ($E~\circ = -0.32\text{ V}$, requiring high-energy electrons at|
Cyanobacteria solved this by connecting two distinct photosystems in series: PSIl generates high oxidation potential, while PSI boosts electron ene

Overall Balance: 2 H,0 + 2 NADP* + 3 ADP + 3 Pi + 8 hv = O, + 2 NADPH + 3 ATP + 2 H*

fod ©.&: GiR-smtIeE = 2w | 76 FHINEHNE dRRIRFSR & T A (ATF 2EFET RAE 9 (40,52 V) © IR TI&HEE Soaill NADPH
BF (—0.93 V) TF© 91 2 | ARCBICGE b f CSITB AT NI *fes 1207 F7 @b zeamer Fffve w1

%. Z-7%%: 9ib G 2fgta e

N SR QTG (FHEe *f&re 2N (WS AAFE (@9 FCE G2 MY I TR-AHRG [OR0ed T wers 8w =lfes=m NADPH &9 tofs 721 smrffReeicTa
o ST 2 |

STRICAIRFIBCE A 98 SEIACE T8I FERE OInd &3 Z-Fw fFEH6IEa N | ol FCOIEoN-2 (PSIT) @92 SIS (PSI)—a2 46 TR SO
g GO o1 GG SIS T& T

1. A WIS &gl (PSII): P680 AT (HIIFe I STGIOTS A EFGACE SRLS YU O (— 0.5 V) | (5T (AT ICASG 20PN 8 SECHICHIN by f FACATHA
ey e fiese Tt &ifas =271 @3 Gieg 21t AR s fofs =ifests calib onf=1 705, =1 afbfr (ATP) siRTems 3 |

2. YIRS ARRIRE: SNFS ATHEEI (PC) it (373 SERGAE 2 B0 W0 T FHIHIES-5 (P700)-4< M-I |
3. 58 witalss &gl (PSI): P700 Tl CAIIgel S0 (513 ARG qolaia «rasl Few vt ifesiiadl —o.3 V e 3T ot | @3 wfwi =@ o steage

CRESfRCR MG FNR @-ST30 (g @32 (i 0 FI FRIFCa @41 bifere=ifes: NADPH |
97 S et foe ogfoq SRSt Rereas - Tee s 3fg:

2H,0 + 2NADP™ + 3ADP + 3P; + 8hv — Oy + 2NADPH + 3ATP + 2H™

I @ SNF SFS (A (T TGTH FCAIRTIFCH N TrHEIE @ CORAB A *[0@el ([T (916 | WIS TG S (O SNIYTR PG SGAICBIAIRS 1T
e WG RR PR G Wi B qre |
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PLANETARY CHEMISTRY

Banded Iron Formations & The Huronian Glaciation

The 800-million-year oceanic iron buffer, atmospheric methane purge, and planetary deep freeze (2.4-2.1 Ga)

BANDED IRON FORMATION STRATIGRAPHY THE HURONIAN SNOWBALL EARTH

Alternating seasonal deposition of oxidized iron (Fe,Os) and microcry: ne silica (SiO,) Atmospheric methane oxidation collapse driving runa|

OXIDIZED HEMATITE / MAGNETITE (Fe,0, / Fe,0))
Jasper Silica Chert (SiO)) 80% Albedo Refle

Heavy Cyanobacterial Bloom Pulse (Fe? + O, - Fe* ppt)

Silica Deposition Interlude

Ferrous Iron Depletion Front

Pelagic Background Chert

« Precipitation Reaction: 4 Fe? + O, + 10 HO - 4 Fe(OH),(s) + 8 H"
« Geological Scale: Over 90% of global commercial iron ore was deposited during this era
- Key Formations: Hamersley Basin (Australia) & Dwyka Basin (South Africa)

THE GEOCHEMICAL SMOKING GUN: MASS-INDEPENDENT SULFUR FRACTIONATION (MIF-S)

In an anoxic atmosphere, solar UV radiation photolyzes volcanic SO,, inducing Mass-Independent Fractionation ($\Delta”{33}\text{S} \ne 0%).
At exactly $2.33\text{ billion years ago}$, the MIF-S signal abruptly collapses to zero worldwide ($\Delta”{33}\text{S} = 0$), proving that an ozone (
had formed and atmospheric oxygen had permanently exceeded the critical threshold of $107{-5}$ Present Atmospheric Level (PAL).

Farquhar et al. (Science 2000): A33S = - 1000[(1 + 34S/1000)°-515 — 1] — 0 (Definitive Proof of GOE]

f5d v.0: aETeTel g-aPTEfAE Ko | 0 TYEF warge @Rl Afcetad ey [ e ol 297 0TS ARER IR A @5120 @ Hifas v |
TICA: AT A fAT=res 40257 20a RAers (e Sl e C1Re ref (280-%50 (It I=7 9fTd) |

o. TEreifes Tfgras [T aae Figet sy

SRted Gftd GRER o SIfitem SMkm wee S s RS sheERs sERes o b foe 3 w=iemess ! I afsitem a3 ok R -
TS B TIFCORR (0d GTenan @ f6awa-(F it Sfes 78 F0a Grers a9 |

OE &1 b0 (FI I7F 4TF (wz0\text{&#8211;}s80\text{ (FIT =7 WM2}) 46 [ aiFfes =g AT T Feaem: dibH Asra Gferwm Gierm 57 wdge sg@
R @ (Fe™) ST SR 26 | ARRSIFGRE (7 Qe (off 9, O ATY AT @3 (@R A R w03 06 I Tue Qe SHss 208 TY@ele ol
20Ol

4Fe*" + 0y + 10H,0 — 4Fe(OH),(s) + 8H'

2 RIGFTE T TCET ST o 2l NEE 97 T2 KPS HITST Sas T (BIF)— SO @ FICE! (=ABGIRCGT Foil B, T (ACF Ser [egd $0%
=R AR STl 4 = |

TR AT 80 (I = AT AN TS A=) PR (91 | 924 WG WS IO @ AFHGTH TIATH TS W e, AT G-0G Al I (a6 ST 30S B
(GOE) |

2000 N (T TRGT FATH WRCACGIAT [Cawe) T2 @7 [N6w emey o 280 (I IR W A ATHIER TFOIE S-—ComF ST (A33S # 0)
AAnew T, T ARG AFCE 7 AR @ | 5g 55 w00 @I q2w Wear @2 Siewels 28518 FE #ATAT GO W (ABS = 0), Sl AP FHA €re w7 oifde
2R |

ST ST LTI HCe 9T SRR Gy Ko 06 | 04 0d (o0 et e (5T ARl 20-2¢% 0 | HRAKNE T A4 Ageeter ez si11 (CHy) | i
I SFCE @3 WA Tnifere 0 e ST TIR-S;IB0T FART I CFefa:

CH,4 + 205 — CO9 + 2H,0

TRCST W& AT fET=Ies e fRUw (o1 | (M SIomal NEA ¢o ff& Gl (e Qe | (N6 WRTER 96 Tamd 200 20O [P0l 9 (Mg | @ 2te o1
Arefon qagel—auRImI (Iket s (280\text{&#8211; }avo\text{ (b 2 9IC}) | Bl wo (Ift 721 4ta (151 92 R NBI=-2/zs =0z M (BT 9347 |
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(b SRATTH o5 = 217 Sfenoom g2 7R sificaisrs Reorfy @z @it Sfeitemzn SRR SR I 2191fEG(@ | S (e AT IF90@1 ARl TH0 (06 A
TGIRE G2 T SACSHCE I#1 TICS 414 | Sl SYIRA T TSNS [GHANGCHST G3R FIBCAST iz |

TG @zel TR MTH SACRIAC T 20 9 Tgosid =Ifea (S | I W YIRS (ST FROICHA (T W 6 @bt = o, wfecenma sy 99w oree
o 0y @A obs @b —ob @t @R e @2 ReF «feq eor wa T2 T2 2o ol Tt ¢ Sxe owfiele @R 8% A wal o4 o1 SefeTE
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YT AFITCHIT ST

Kok, B., Forbush, B., & McGloin, M. (1970). Cooperation of charges in photosynthetic O2 evolution-I. A linear four step mechanism.
Photochemistry and Photobiology, 11(6), 457-475.

Barber, J. (2006). Photosystem II: an enzyme of global significance. Biochemical Society Transactions, 34(5), 619-625.
Farquhar, J., Bao, H., & Thiemens, M. (2000). Atmospheric influence of Earth’s earliest sulfur cycle. Science, 289(5480), 756-758.

Lyons, T. W., Reinhard, C. T., & Planavsky, N. J. (2014). The rise of oxygen in Earth’s early ocean and atmosphere. Nature, 506(7488), 307-
315.

Fischer, W. W., Hemp, J., & Johnson, J. E. (2016). Evolution of oxygenic photosynthesis. Annual Review of Earth and Planetary Sciences,
44, 647-672.

G M, T (2026) | "G [Ra7 — TAmerama), o1 [Ferem «7c szremsifes afare e | [faera v2r@ral, ¥& o | https://shakilmahmud.com/bn/evolutionary-odyssey-
part-3-the-solar-energy-revolution-bn/
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THE EUKARYOTIC GENESIS

The Asgard Archaea & Syntrophic Endosymbiosis

Actin-driven membrane entangling ap sbacterium: how complex life emerged from a two-domain tree

EUKARYOTIC SIGNAT

HabEormate Proteins previously thought unio
Syntrophic Fuel

e O, Scavenging + ATP

Actin Cytoskeleton & R

Profilin lin homologue]

ASGARD HOST

ESCRT-IIl Membrane-R¢
Loki / Heimdallarchéeum ~

hinery f e budding
Anaerobic H,-prodeGing Syntroph

Small Ras/Rab-Family

Ubiquitin Modification

Prot: me degradation sigr

1 The Two-Domain Paradigm Shift 2 The Hydrogen Hypothesis 3 Prometheoa

Woese's classic 3-Domain tree placed Eukaryota as a separate Endosymbiosis was not violent phagotrophy, but an intimate me In 2020, Japanese m
Asgard phylogenomics demonstrates Eukaryota is nested deep An autotrophic archaeon requiring H, fused with a facultatively Electron microscopy

Spang et al. (Nature 2015): Archaea gave birth to us Martin & Miiller (1998): Syntrophic Entanglement Imachi et al. (Natur]

fow 8.5: RSifaatba il wige | SyieIG wifswl (5 Prometheoarchaeum syntrophicum) SiifE=-ms A1 ar a1 cagem Afeey a=f5
eI eFE i s Facg | @S et (o Faged cenffam, ceermifan, am-fafbbiere ga ereas Fageal ESCRT-IIT
cenforaea Rewaese SIS (et |

TG S foam (ree Reerial Bfee 20w 99 | (o fom qofne wy s sieel wifte 28ifef6s (It sinedl (7 (Eukaryotic Signature Proteins — ESPs),
I &l W3 WIS WRFE (T 2 f2e ! TR (TR AN (o TSTRIER SHIE MRG0, Fafifer Jeewasidl ESCRT-II ceifom @z (Fitad (wotd fafmisig
S-SR (=6 (7l fefbfiee (GTPase) 325 |

e % ofsfon a5 2exl o1tz (T TSRS (I ST A T3 &Iva) ez GHf5 =114, TR SIS SiFwe @ (A o Az |

20%0 JAE G KGR AAE @ AT o% IR0EE TS SARTETH SN [ega eww Qe @i @ifew Prometheoarchaeum syntrophicum 1€ TS T
o | BTG NBCEICHCH (2l [, 491 Rl BIte Aewi e worg o e *1l-emirdl 91 9= Cofd S0 T=C FIFBREE S 40 10 | @ N0 Wit 8
AR FRGITS gy 2N T @3 few @I St et 71, 392 TRCgem-ca SfFw @R 2Rgtem-Feiee FFoREe o [iTw s frade
f2eT |
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BIOENERGETIC SCALING LAW

Mitochondriogenesis & The Bioenergetic Expansion of Genomes

Nick Lane & Bill Martin's law: why internalizing membrane-bound power plants expanded genomic energy by 100,000-fold

THE PROKARYOTIC SURFACE-AREA TRAP THE MITOCHONDRIAL ENGINE & mt

External plasma membrane ATP generation creates an insurmountable scaling barrier Inner cristae convolutions and the Co-location for Reg

Giant Bacterium

EUKARYOTE: 100,000x Energy / Gene

- Massive Surface Area: Inner cristae folding packs {|
+ Gene Transfer to Nucleus: 99% of mitochondrial g4
Power per Gene = (P_ATP / N_genes) « (A_membrane / V_cytoplasm) - (1 / N_copies) « CoRR Hypothesis (John Allen): mtDNA retained Io

1 Dissolving the Energetic Ceiling 2 Endosymbiotic Gene Transfer (EGT)

Bacteria have thousands of genes but cannot expand their gen¢  Over hundreds of millions of years, the bacterial endosymbiont Eyes evolved dozens|
Mitochondria bestowed $200,000\text{ times}$ more energy pe  Over 1,000 genes migrated into the host nucleus, creating speg  Yet in four billion yea|

Lane & Martin (Nature 2010): The Energetics of Genome Size Endosymbiont evolved into an obligate cellular slave All complex plants, fu

5@ 8.%: toR-ifera T2l Tre 9w | < (@71 @ et fbea aca-ames b @@ 1@ | e s sione afRsfRifece *ifes tofs wam wmrew arete
Formalfs = 2Ty (0 T | SR 2 IO Tera 2rens ferers S a1 fmalfs =ifests @Il e 20 1| I = *1e ARG (T Fiec
ETHIREs @ omafs =& s Are @ IS @ |

L. MECHIIGH 932 (ee-*Ifesa & Ia

PR (I 2R FFORA @ FUC I 8 Gifve] I 1) 200 AR F? (& SR [GACK AR 6 Tt A&7 TS AH 7207?

2050 I AT (TR ANMERITS < (@7 «3% TN WG 97 s smtaeafie Teq ¢7m: AC-GTTG oS Fiee Taze! |

effsfb arrebia o @it qRwe Rifaibrs @it 91 = Sesivm e | oo 1 ToeTa SIFfod (@I T4 A IS T, R FESTEH (Fazre] AT IR 0o TS (
A x r?), (5 (TSR SRS AT T SFATS (V oc r3) | 0ot @5 FIFCEH TU7R I 209 b, ©fF A13caa [ coota o sizchiareress o @4ig sl e
TR AT SN Al:

Pyrp x Amembrane ) 1
Ngenes  Vegtoplasm  NRsmm st

Power per Gene =

epfers (3 e 328 IIFOGRASTE ¢l T (= Epulopiscium 1 Thiomargarita), S (&5 UE &F 539 Y00 OIS G0 (@I 751 fmicr e ared
TSR S AT 2 | 0T J2& FFCHRT TSR 2T s AF 5Tege &S foreaa ooy Sotera =Ifesa oifaster 96 Fezer SR E. coli-a T3 5!

TROGHGR Sogfe 0t «feq = fbrer core frafes | FRGRARE TH@ Frem (s (o It 907 ins @R =& Seomes efewilbee f-wfass a2@w oo
QA fa-wfas (Torza Trite rsite w4 | 2ol TRGRGIR (TorE (Wi Sier 20 2o 21 &6 (cristae) tofd T2, [ (FICIF IREH CRADEd @9 (Il
519t =11 (e (@I IS @fbft g cuba awieT= ermen s e |

e, @ @I 28 4t MGG o7 WATEET 708 & (e Qe e «1fde i o o afs-ww tor abiies siftere s | T 936
eiRelbs i afsl fomma corerm sMamer IFERER G o Y AITF & AN @ @R @S olte ww T @3 R =fex @s e 2eafee Tg7 Tg fom tefy,
g =212 @3 (14, Tl @ W¥TER woel @i @i @iae 32 afoe e 52 |
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CE[LLULAR COMPARTMENTALIZATIbN

The Nuclear Envelope, Spliceosome & Endomembrane Genesis

The Intron Defense Hypothesis: why spatial segregation of transcription and translation was essential to survive selfish mobile DNA

THE INTRON DEFENSE PARADOX KARYOTHECA & NUCLEAR PORE CO|

Martin & Koonin (2006): Why bacteria cannot tolerate spliceosomal introns Double membrane architecture directly continuous v

WITHOUT NUCLEAR ENVELOPE (COUPLED TRANSCRIPTION / TRANSLATION):

1. Ribosomes attach to nascent mRNA while it is still being transcribed ($v_{\text{trans}} \approx 20\text{ aa/s}4
2. Group Il introns are slow to splice ($t_{\text{splice}} \approx \text{minutes}$).

RESULT: Ribosomes translate unspliced introns — Toxic truncated proteins + CELL DEATH

WITH NUCLEAR ENVELOPE (SPATIAL SEPARATION):

« Inside Nucleus: Transcription produces pre-mRNA riddled with introns.

- Spliceosome Machinery: Introns are excised; exons ligated; 5' cap & poly-A tail added. NUCLEOPLASM (CHROMOSOM|

* Nuclear Pore Complex (NPC): Strictly filters and bl unspliced pre-mRNA

- Cytoplasm: Only perfectly mature mRNA s ribo: for translation! * Nuclear Pore Complex: 120 MDa megacomplex of
* ER Continuity: Outer nuclear membrane is continud

N - N . . . i ioti H g S reco
Nuclear Barrier Allowed Eukaryotes to Harbor >95% Non-Coding Intronic DNA snventienloicionciSoxl oelogolEliscombinat

1 The Spliceosomal Megacomplex 2 The Origin of Sex & Meiosis 3 LECA:The

Eukaryotes evolved 5 small nuclear RNAs (U1, U2, U4, U5, U6) ¢  Asexual lineages inexorably accumulate deleterious mutations t By 1.6 Ga, the Last E
Transformed dangerous retrotransposon scars into a powerhou Eukaryotes invented meiotic diploidy and crossover recombinat Nucleus, mitochondr

Alternative splicing enables 20,000 genes — 100,000 proteins Sex: Escaping Muller’s Ratchet Koonin (2010

foq 8.0: FefEFaIGT 571 @3 3G afsw a5 | B 8 FHT (2000) 3TF efw ©g | AR TSI 6 WS 4 TSI T A<
(IR TG (TR FCes 2fSrs s | fa-wdl (NSfEae aarees e EfEae (o Fweas (NPC) SRItnd 5ifS (A afefaforaets wem w1 @
T PR |

©. FefEaee o Qe 35+ (At 1519 oie
TROF G TFHS *I& AMCES GFCS (O CINF (FIEF G 93 TR (TTF QTATRE: FFGH<| (RIZ ererar Siraewe! |

s Serricel B eTRB R R Xt ZIoTe Fad aFol-g CTeTe-~Y13fe EFA—aF S0 FILoia Tifsie & | (Iire (Tote T4 (T FIFCBIEI 75 Wl (TS,
I 9 fATT (ot & (GRITITSITT FIF Oieels] [T Tald NIRRT 576 (o 397 |

IFCERET (T (I (I A 1l (TN e (ol €T I LR ARG @07 (il o s e (20 W @i/ oes) | g wimamg @ @3
THOPT TG (O AW TS T FAIC S f5 | T TG IR T3 RIS S5yt @ {11t canfom tofs v (s [Raes wid (e (wero!

93 SIOTS] TG TF FAC3 e WA 2SHIRGT (IR & eSier: Frefgan aweste! (FHRTEtTs) q @ =ems e |

@I (worad Rifd Sror 20w fBuaa-a srasiiee @it -8 (e 93 oire @i witam R el cofte Fsees (NPC) I e | 93 B wimaa tofie Fie
Q3R =Ef1R-97 Feifex et NSfFem (Tota MR s/rm 20 219e | o5 7l WG4 (AF Foda = (&6 Im e 4 ¢ 2o Goige wkeTa (mRNA)
i 7o, ol NOfFRIeR (ofb MG (@Il Saana A3 (@9 20O Ao T |

RRSITS G 3 [RAMT2 9F TGS AP FERE | I3 TFASTH IO Gy Cofx e FRIRISTGIT T ARIFe7 W g | 93 T @6 4 o fom
femeIt (el wfaea (Alternative Splicing) e Go fon (&b o 1 T8 2e—a @i 20 Fred fom e © s @f#* Cafoar canfbw cefaa fefe!

Tormeria: @7l (LECA)-3 Sgiaiait

o S0 &I =g W @3 TN (el sAfvadT asfae 2w o frcfea +fRS s @b Gikeas saEe 257 : @7l (LECA - Last Eukaryotic Common
Ancestor) | @3 (&I ST TG o ;7 ot @(6 oot g seaifaebe @, w7 oree feet:
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o S oy Fofde Fefm;
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Spang, A, et al. (2015). Complex archaea that bridge the gap between prokaryotes and eukaryotes. Nature, 521(7551), 173-179.
Imachi, H., et al. (2020). Isolation of an archaeon at the interface of the prokaryote-eukaryote divide. Nature, 577(7791), 519-525.
Lane, N., & Martin, W. (2010). The energetics of genome complexity. Nature, 467(7318), 929-934.

Martin, W., & Miiller, M. (1998). The hydrogen hypothesis for the first eukaryote. Nature, 392(6671), 37-41.

Martin, W., & Koonin, E. V. (2006). Introns and the origin of nucleus-cytosol compartmentalization. Nature, 440(7080), 41-45.

Allen, J. F. (2003). Why chloroplasts and mitochondria contain genomes. Comparative and Functional Genomics, 4(1), 31-36.

v

G A, AT (2026) | 2GRS 5F RIS — SANE @R, QrSiiR e 43¢ efoet (<wwe Gg” | [aea szl 46 8 | https.//shakilmahmud.com/bn/evolutionary-
odyssey-part-4-the-eukaryotic-leap-bn/
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CBITET (Metazoa)-3 Sl STRe (FICSd g1 Cofed (50a S Q¥ &b fat |
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MOLECULAR CELL ADHESION

Cadherins, Integrins & The Architecture of Multicellularity

Calcium-dependent homophilic zipper bonding, extracellular matrix anchoring, and the genetic toolkit of animals

CADHERIN INTERCELLULAR ZIPPER INTEGRINS & EXTRACELLULAR MA

Ca?-dependent EC domain dimerization linking adjacent cell membranes Bidirectional mechanotransduction between internal §

Ca? Rigidified Domains (EC1-EC5)
-loe BSOSO
cooee
() () ()

Homophilic N-Terminal Binding

5
=
3
=
3
o

Collagen / Fibronectin ECM|
« Bidirectional Signaling: "Inside-Out" and "Outside-|
- Cell Motility: Coordinates crawling during embryonig

Without Cadherins, Epithelial Cell Sheets Spontaneously Disintegrate ° [Dtzerp @I [Fresent W Cniezl Uy eieenelibeRlEs

1 Choanoflagellate Ancestry 2 Collagen: The Animal Scaffold 3 The Inventio

Nicole King (2008) sequenced the unicellular choanoflagellate | True Metazoa are defined by the invention of type IV collagen b Polarized epithelial s
Astonishingly, it already possessed cadherins, C-type lectins, a Collagen synthesis requires molecular oxygen as an essential c¢  Created regulated in

Adhesion tools pre-dated animal multicellularity High Oxygen was Mandatory for Animal Bodies Epithelia: The

B ¢.5: BT SE To < | 0T ST W (Ca? ') SRy wreife cafbre frste-smpr sieearst, 71 K51 @ sl Sesfe me
(SICTT AT SHIFA STRCGICHACCT S &5 A | T 3BT (RUBTRAGIZNG Tl 2G| (I (SN FH (FIACE FIRAES AR T& 2 e Svr
@ 7B AL |

200 e RFear Gafee At e difies Rebox a8 A= Monosiga brevicollis NS (SRICERITSTADGS S5 fEar SISt F@ 9F 5IFem oy
STA FCE: AR TR (2 SR (R GAMTESTE 2N @ S (I (IS 727 W92 AR Qe (e SoAfFs foeT!

OB CORITAESICITEDS (AT WA (ATH2 FHSIE, (0o 9% BRI TR AFS 78] [ % | Ot 3l S ol @3 @i caifbrete By
JAITS =T, IR TGS A (S0 @I FIRFCE 1 R F0E B A4 Tely AT I | I NN 78 ot 6B @ofdt i iees il RIFIEs (o sl
(RNBTSTEADR 2T TG TS5 (FIHCE (Bro) AT 22w @i @1 31 5 Cofem FIrer 3219 1 20 |
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THE EDIACARAN BIOTA (575-541 Ma)

Dickinsonia, Rangeomorphs & Fractal Morphogenesis

The peaceful macroscopic dawn: quilted air-mattress growth, cholesterol biomarkers, and self-similar osmotrophy

DICKINSONIA COSTATA: QUILTED ANIMAL CHARNIA MASONI & FRA

Glide symmetry, modular quilted inflation, and cholesteroid animal biomarkers Self-similar fractal branching maximiz

\
\\
GLIDE SYMMETRY AXIS

Holdfast Disc

BOBROVSKIY ET AL. (SCIENCE 2018) BIOMARKER DISCOVERY: OSMOTROPHIC BIOENERGETICS (NO MOUTH /
Fossils preserve 93% cholesteroids (animal sterols) vs 11% in surrounding mats — True Metazoan! High surface-area-to-volume ratio allowed direct absorp

1 The "Garden of Ediacara" 2 An Evolutionary Blind Alley? 3 The Agrono

Mark McMenamin coined the phrase to describe an ecosystem Rangeomorphs possessed exceptional geometry but lacked mu Around 541 Ma, earl
Organisms lived placidly atop widespread microbial mats ("mat¢  Adolf Seilacher proposed the extinct clade "Vendozoa / Vendob Destroyed the proted

Zero macroscopic shells, claws, or wounds in fossils Seilacher (1992): Quilted Air-Mattress Construction

fod ¢.x: TR FRICIEN | IAC: fEfprmfaz #6751 (Dickinsonia costata) TE (T2 22T &Sy 432 TIFS Irom-971 51fv Weol 3 (4l T | 205%
A AT 0% AfNET (FIAEHT ATHIET M5ey @ 2 «ifaew oo 23| S 5775 797097 (Charnia masoni) 9 (02 83-S@IR ST #1141 (72
T, T 2fsIFor TeR v ey uaige 2 wE e |

L. SF W= T T @ IroH-Sl A

2T @4.¢ (AT €8.5 (I T2 Wl <1 8 WG NSCBratin Aol O WK 8 FAAIBI WILGFICHIPIT GIaerle +1ts Srofee: Beuieiaiw qieasl (Ediacaran
Biota) |

558 JAICE A0 WCGEATR HEAFE ARICE G R T @ SiFe 92 g SRASTE Reem miE 7 i Ras 0 @aiee | 9o =@ @i e
(T, CoTETE, T, cmzﬂw%mlmwa&m%m—wwﬁ,mmwwammmw

Wi eI ot e Sl e afgges=s (e 51 o) | @fgevsoe (g 215+ & @< e sifafess e cere-Sifteta @sigiet =l | s dem ol
Row 2ol FEHH S-S, (ST TR FASH SA-E IR (TS WA FHed TR 14— M@l AT G2 HFE J7aRfe T6© | 97 T SIF (T CFaHA
20! R | 2 1 sifeiFeg = A S FoCwG R efes i oind srel e st A1t wige (o w1k @ 9ffE s wiw e |

@2 oI SR ififoe endl zea RfFwemfom—ast sTee, egfs Giw 71 e o fibeae @ 2re! | e [Kreae Siyieee (TR M 0o G IS I
SN ST T, AR I SRR T [ @ TR 21901, T =1 Fof frcafere ‘cereRcarsr (Vendobionta) |

205b A FAMER (IS SRR 2T SIRG (AF WoEe fEReoma SRiea sk [Reawe) $@ S0gan @ee fom QEe @ Rewd ba swem 96H | 5™
(EIIAIRFTS (M4l (5, SR A $0% AT (FITTCHACTS ((FIACHE) TS G, U AT <5181 ©f &t Wa $0% | wfie, fFrnfm @
a3l R foe Al 7 e SjfA_ia wifrow Sesicas 2!
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2 The Hydrostatic Skeleton 3 The Approaching Ca

ENVIRONMENT & BI ERIA Bilaterians evolved a fluid-filled body cavity (coelom) cushioned By 541 Ma, all architectural four

Muscles contracting against incompressible fluid created powe|  Tissues, collagen, gut tubes, bil
The Cryogenian Phosphoru

Glacial crushing of continental crust fueling an oc LyCiostatcieosionipineliiscliaglodins

bil The Cambrian Explosion W4

CRYOGENIAN PHOSPHORUS SURGE (717-635 Ma) KIMBERELLA: THE DAWN OF BILA

Glacial grinding - Continental weathering - Eukaryotic algal takeover Bilateral symmetry, muscular mantle, and the earliest

PO Pulse rian

« Physical Grinding: Sturtian ice sheets pulverized continents ifto reactive rock‘dust

- Phosphorus Surge: Marine phosphate concentrations sur"g";aesai\’)eyecrﬁ/%'r"zi%gximm + Triploblastic Body Plan: Ectoderm, endoderm, and

- Brocks et al. (Nature 2017): Steroid biomarker shift from cyanobacteria to eukaryotic algae + Directional Motility: Crawled forwards using a mus
+ Active Grazing: First organism in history to system

1 Anterior-Posterior Polarity

Radial organisms (jellyfish) encounter the world equally from all sides.
Directional crawling required an anterior "front" end to concentrate sensory neurons, inventing cephalization.

Cephalization: Sensory Head Formation

5 ¢.0: SHfEHITS S5 @ ARCBIREI beTe | AN (FI<e Wil B sEor Re SRec Rsjer wreant (PO3 ) stieie SR siger o=
SRIRCGRE GO | S [BFEI] (PIRTEo—CoifR st 21l @ SIS (4evTges s faordi end, 11 RIces FRITT QRIS (5Ug AT AT wist
(Radulichnus) T2 o1tz |
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[ EVO-DEVO MASTER TOOLKIT ]

The Hox Gene Cluster & Spatial Colinearity

The master transcriptional architecture that unlocked all bilaterian body plans in 20 million years

CHROMOSOMAL CLUSTER (3' TO 5' ORIENTATION)

3' (Early / Ant.)
- Anip (e - .

SPATIAL COLINEARITY IN ARTHROPOD BODY SEGMENTS THE HOMEODOM

Gene order on the chromosome prec: matches the ph of n domain along the body axis 60-amino-acid \-bin

HEAD / CEPHALON THORAX (LEGS & WINGS) ABDOMEN / PYGIDIUM BingsSalANE

1 Deep Genetic Homology 2 Cis-Regulatory Evolution 3 Why Phyla E|

A fruit fly and a human diverge by 600 million years of evolutiory  New body plans did not require inventing thousands of novel pr Because the Hox clu
Yet expressing the mouse Pax6 eye gene in Drosophila induces Instead, mutations in non-coding enhancers and switches|shi Segments changed

Sean B. Carroll (2005): Endless Forms Most Beautiful Rewiring Genetic Switches Exploded Phyla Diversity

5d v.s: oIl OB 2506 | 231w F51ea T ¢ Fifes @ ifafamfaf | et fve e (38#8242; \to 5&#8217;) 712 [tk
TR (@I S (I & 5179 203 (R — IF — 0915) | ora: FBama-7 4w vo-snifial spifvires @Nerssm wee -G 7y |

= FPVIEE T G4l Afe 2 i @ Fifes @@ mfa (Colinearity), T oy @uené [, G357 $55¢ A (IR JTBIF SF | (GITNTSICN RFom 70
formeste 56 (T @I TG ACE, FEd =S Ol 5 (7R SHHIE Fer FC:

o fFeld 3&#8217;\text{-etB} Ul fomestal (@ labial) S_E s Siees T 93 2lIFNF STarels) | NAF ST ofd F |
o A4 fomet@ (Antennapedia, Ultrabithorax) St 03 & ASSTES, AR (AT Fl, 91 91 SO &% @@ 27 |
o TF 5&#8217;\text{-ae} femastaTl (Abdominal-B) SIS (¥I0F BIe] T (19T 8 (ATHT (<1 &1 15 T |

= o IR TS WA WM FIR IS ot [ ST OF oI J& (O 2T | (Il @G 57 &7 oSt BrecG== (e ezt 5= 21 foxib 6=
L FHONGH) THTH AT W | ARAFSTEL Il 6 201 71 | 93 NGeAffs Ao cwfzss weieas Ko cafbay e e

Y =aX® = logY =loga+blogX (VUGS NI [Aar)
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[ BIOMINERALIZED OPTICS

Trilobite Calcite Eyes & The Huygens-Descartes Doublet

Andrew Parker's Light Switch Hypothesis: how single-crystal inorganic optics triggered the Cambrian evolutionary arms race
SCHIZOCHROAL COMPOUND EYE HUYGENS-DESCARTES ABERRATIO

Dozens of large individual calcite ommatidia separated by scleral inter-len Internal vy interface be n calcite and intralens
Seawater (| 1.33)

Calcite
n,=1.66

tin (n, = 1.

Pure Calcite (CaCO,) Optical Crystals

- Zero Birefringence: Crystal optical axis aligned parallel to the visual path
* Rigid Geology: First time in history organisms viewed the world through stone
« 360° Field of View: Holochroal eyes provided panoramic peripheral defense Clarkson & Levi-Setti (Nature 1975): Huygen:

1 The "Light Switch" Hypothesis 2 The Hard Armor Explosion 3 Nature Prec

Zoologist Andrew Parker (2003) proposed that vision switched Unarmored, soft-bodied Ediacaran worms were helpless agains In 1637, René Desca
Before vision, animals wandered in the dark. The moment trilob| Within 10 million years, animals precipitated calcium carbonate Trilobites in the early]

Vision made camouflage and armor mandatory Hard shells enter the fossil record in a flash Natural selectior

fod v.x: A TR T | A0 PG GIREARIROR (I 614 T =& FHE3s (CaCO3) oS @ M 5if3e | St [CoTH-(F1S TR
TR SRR @ | ST TS (1, = 5.0b) @ F6a FEHBER (ny, = 5.¢V) SIS Ne=ga (N b 77 w02 S i [ive wae |

%. F125 Y26 SATFY: GIRCAINIRC0F 1Y &7 @ ¥iRd o=l

=1 frm 1 it =19 Ceofi 3iem =3, o (12 ¥G0 bl T sificesrs bifkaify @G f2er? 200w icet Sricwricds aififes ety AR el S0 AR5 J16 STy
(The Light Switch Hypothesis): S5 @ 8 yfg=fes Sz Hiaae siRewsced 56 st gifercwiee |

iR @t RS Rt R3n | enfitne et @ S @R srel 5 PeieTs ib 2w | fFg e co @It 751 weer RCeTaizt SuRe e SR e
e 1|

CeNforma & <A fTs sTarer 78 20w e RFTe A GRIERIED O3 SRYST Fer 9 SR (5I0ed Afsts wpw @t cofs =tem <t witem «fier F5ernas o (
CaCO3) e | FHETIEE oINER I TS St @b @is: 99 (oo fea @ime g 3t faufés oo gt w8 afsi® (Birefringence) tofs 3= | G2tz
a2 T 77 et s fsoraanfzeg sreay: afsf @om s o @I At 20 1 QER SRS S—EM F0F, TF0 @I TRE 2076 Cofd 20 !

g, A ETOR &g M S [ RS 399 (G0 St A 299 27 197 203 (TS (Spherical Aberration) | $59¢ S FRE9 € @S-Gl @577
SINTERRICS AN ST (T GIRCEARIRE @3 751 AN FCAZET A5 SOOI SICeTH o7 et |

G (TSI e FENGT (g = 5.0Y) @R 3F o 0632 faet syhrge FEbEme 936 B (ny = 5.¢v) | @2 92 B NemEl e o [ swrfre
I, | AL TTRATS [l @ TS @ oA sxome e siffred Jrag i 23 SNeet Im:

nqsin#; = ny sin by (ﬁ MK qa@)

S g™ WREET ¢o (b T2 Ao FRERIEE R e @71 e Tras samet vwo e s foa Fiam @ wig orftase Fafee 7iE=ife big
2GR AT IS *1F 7Y 96 3% 1w owea oifders = |
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CAMBRIAN APEX PREDATOR

Anomalocaris canadensis & The Predatory Arms Race

The 1-meter terror of the Burgess Shale: 16,000-ommatidia vision, spiny grasping raptorial limbs, and the triradiate mouth cone

LATERAL ANATOMY & PROPULSION THE RADIAL

Streamlined segmented body with 11 pairs of overlapping flexible undulating swimming flaps 32 overlapping plates with interior too

Stalked Eye

7 ve—

Spi t A d. e q q (
« Length: Uppt'crj“qgf)e?:m %S?n[a)g?ed to 3-5 cm trilobites: true oceanic leviathan) THE PALEONTOLOGICAL PUZZLE:

« Hydrodynamics: Metachronal flap rhythm creating high-speed predatory pursuit Originally classified as 3 separate animals:
« Acute Senses: Stalked eyes with ~16,000 hexagonal ommatidia (rivaling modern dragonflies) | R oled into giant by H4

1 The Red Queen Dynamic 2 Fossilized Battle Scars 3 The Burgess

"Now, here, you see, it takes all the running you can do, to Kee| Cambrian trilobite fossils frequently exhibit asymmetric bite|ma Discovered in 1909 H
Faster predators drove thicker prey shells; thicker shells drave | Many bites show healed, calloused margins, proving trilobités s Rapid mudslide ento

Predation accelerated morphological evolution 10-fold Babcock (1993): Asymmetric Right-Sided Predation Bias Stephen Jay

f5d v.0: IACET 1T M RIFIET | ST Frrceop—s NoE 7 @ s et | TS G4 (59,000 @NHfE), (G (U SToE=
Tl 932 AN 36 SO <& WG 7l FFRE (G G (70 O JeFIR 0%-C2T5d 5o Y04 (O |

©. M R @3z Ik =T

GITdd WRSIEE A MR GF 0@ KO 24N (@@ a7 wg Afsraiiarel | wwigm Mogs F_eew omad av @ Sesiensifast (Anomalocaris
canadensis), I el G SN A FLEAAR TG (=177 e 7o aeag |

@ ! SRIT I SIIR et W1q S GIFBINGI, (37 Yoo ST et el @ BT A @3 R wiea | i 51951 <IR0aa G et v (o) T Sil, T
TN S (7 Sl SISTS AT SHere FIHTS i | Sl MU et 50,000 @5 46 7T G (519, T Wewa Fee TReecae e e |

I 417 T O J0U AN 1 SIBRes 55 et 72 1 wise+ | @2 @i+ e o7 GReRIEhee 413 e oI q0ed (O 7t firs | o7 J4fb f2e1 0sfs dreeibl
2B T Cofd O TRRE (OeIE, T (T NOSTH| FIREIRIRGT HIEN2G (AT (S SRe (ewa el e E bivt Cofd Tare s |

92 YT AOFF AN WS AR BTF AT | G A= IFREE (5559) (TR (T FHSL GIRCERIRGT CAIETCT SR NIRRT FH0SH 18 Foibm (0 |
A GIRCEAIRIZGS (AT (1l T G ANST 2118 Tre (eI S0 Sl g I3 Cofel e (b Picafea |

93 &1erS) RIS BICoR JoE Rowifs 2o agfes o
1. FIATHFIZE I: T AR AT X QTN &7 I (FCS AN | A TeAF C0fF I 2@ HAN FIRCAD (1, i eos qiel Fo11f5a1 qar sl cofy Fae
SRR e fZaae |
2. wos oifS: Bgaifen aifiong 2B neet et wee el @ Mifba 1Sita 16 Yre gfeca el e
3. AR G =1 SR 7 A F50 TS Sl 20 SITH1 @ SRSy IR IGICBITG |

ToricRia: SIS Giereited fefeasa
2 8Y.¢ (I I=F N FHNGA oI T4 1 RC&l, 4 Sed eiFrersiced & @il 31 AR—SealTsio], e, SHafie], aHEsemin 43 F6hl—Hres frem
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BN N e | afS FREAN FE6 R S NI NEE @ TR YfFd SRRen OF @NIRFF S |

5. TG 1515 Nifeiw a8y (Synapomorphies)

WReTed @it 3T AT 20T ST @Ts fasti@fy efests eifitnd fEeTheaItsom™ (Deuterostome) =ML RFta (T 20 | (ATHITSHNR (@9 wcalisrs, spffeel ga
) @A R e f&w 91 AEBee (TS Yk Seoife T Ik OIvd SN FREey (161 s Wen ((oFe) [ge e | Roidics, RSB rEiesmme (F6H,
RGB! G GFIRTAGIG]) CFTd FTHICHRG oigfere Forefe =7, Y2 tof = &Siy 41eet @k (& ey Prss s e (wee) emifis =31
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2 Endostyle - Thyroid Gland 3 Pharyngeal Arches -

\I{ERTEBRATE ANATOMICAL ROOTF The ciliated endostyle concentrated iodine to synthesize iodina Primitive filter-feeding slits werg

The Five Definitive Chordate

The foundational body plan that gave rise to skulls

In all vertebrates, this mucous groove internalized into the endd In terrestrial vertebrates, they fq

[ Deep Homology: Thyroid Controls Metabolism ] Our Voice Box Evolved

ARCHETYPAL GENERALIZED CHORDATE ANATOMY

Amphioxus / Lancelet homologue displaying all 5 diagnostic traits simultaneously

1. DORSAL HOLLOW NERVE CORD 2. TURGID HYDROSTATIC NOTOCHORD

ﬁ

N
—_—

5. POST-ANAL
3. PHARYNGEAL GILL SLITS4. IODINE-BINDING ENDOSTYLE

1 Notochord - Intervertebral Discs

In human embryos, the notochord secretes Sonic Hedgehog (Shh) morphogens to pattern the spinal cord.
In adults, it survives as the gelatinous nucleus pulposus inside our spinal shock-absorbing discs.

4-Billion-Year Shock Absorbers in Your Back

fod a.o: TGO WK =[HE Wb | SHers IR emie oG Ghfes &FEs: (o) Holl 4B TRy, (1) TEEPHIHT TORG, (v) s&Ran gasl iy,
(8) STCHIET 20TF1F) ATSPBIZA (RIS 27), @R (¢) Foifde fo-agfoa (ofiiges og-o=aet (ofe |

o JBIFE (Notochord): *I& (FFITSHIT WK (O] SFeT9)f AR (FICTa T T 76 | @ff (offia T *has @ e (AT T FE 9%
TSI S| WS W2 267 (T TR I | AT TR (NECGR SRS W& 0 1 nucleus pulposus 21 G2 S THIFCGIR AE o
SRR |

* ol 93w WgFeg (Dorsal Hollow Nerve Cord): Sieid GFCHIOICE SIe1 20H FEFId 5l (ReqR Naed «fb sifde =11 ezl enfiond wiygeg b @32
CoLGR e SIREA TS TG TRy 191 @ Psa e S[iEs | aa Serels) “GHo 0 sReice o J0ed MW (o G |

o s Ferl fow (Pharyngeal Slits): *@f<caa 52 204 few 1 4 | @ifies ot (RS SRR Ay a=ied FI0e 99 e, N Fg 9 FTEwE @R
TSR (NS CFLE SSTDEI 581, NTRCefd 2139 @2 Sz afyrs [kfde stz |

* areroiss (Endostyle): s@< e Fse ote@ ffermges e, a1 caml Mg @ 4y T QG TS TR 0 | AT @wgo) a7 2@, @3 @meE
AR (U S A1 FCR TR FRCET FACS SNE—N T (TG SN ABACES &ifF Festrarg o7 |

* 9AIF-9i7TS! (7% (Post-Anal Tail): SI7eCZd (1T &Y (21)-4F (o eI (oFNest (1% | fo-anplod corianesd (NEeR) FwEea afb sior FoR «fe=ial
bifeRarifes Rt et 6 |

% ST (@55 @19: vl Fersd @32 g AT [Re)

Tfne B eifEFeracoR Neel Gita @ sAbfh Cafies SoifFe feet, ©3e ol et o, Yfeda a3z e 4m-Car-2iedl &ifll | Frela 98 Fw M 39 F4 G (0 o (6
I, TEiesT RG] a1f?

5510 FTE FIA AT IR T, (2 T ©1vd [y “New Head” Hypothesis SorZ1o S0 | S @¥1 SR (7, (REASG] SITNTHE G2 FATGEE (R0 ST SIATT
TR OF [T (9, TS e Gl 592 &9s7 (The Fourth Germ Layer) oot stels <1 =3: fiSa1eT (@95 (1 (Neural Crest Cells) |
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THE FOURTH GERM LAYER: NEURAL CREST CELL DELAMINATION & FATE

The Gans & Northcutt 'New Head' Hypothesis: Cranial Skeletogenesis and Cephalization in Stem Vertebrates

1. Neurulation & Epithelial-to-Mesenchymal Transition (EMT) 2. Divergent Migration Streams & Adult Al
Cross-section of dorsal neural tube during primary neurulation The architectural transformation enabling vertebrate pre

Surface Ectoderm A Cranial Stream (Chondrocranium & Vis|

- Migrates into branchial/pharyngeal pouches an
- Produces trabeculae cranii, branchial basket c3

Neural Tube Cardiac & Enteric (Vagal) Stream

Somite - Infiltrates the pharyngeal arches 3, 4, 6 and ao

Somite M
b - Forms aorticopulmonary septum (heart outflow|
3

(Neurocoel

Trunk Stream (Sensory & Autonomic N

- Dorsolateral path: Migrates under skin to differg
- Ventrolateral path: Dorsal Root Ganglia (DRG),
Notochord

Sonic Hedgehog (Shh) Ventral Induction
The Gans & Northcutt (1983) 'New Head' Parad

Gene Regulatory Network (GRN) Drivers: Invertebrate chordates (amphioxus/ascidians) are micro

Vertebrate neural crest created: (1) Muscular pharynged

Cadherin Switch (E-Cadherin $\to$ N-Cadherin/Cad6), Snail/Slug, Sox9/Sox10, FoxD3 . . q
( i / ) /Slug, / ! (3) Protective neurocranium, and (4) Paired sensory pla

5@ .5 Do ToIE | AICN: FTSECETI 2 (FICH T Kozt 20 (EMT) 811 581 (At f81eT (55 (FICaa T1al | Ie: fonTs efeiey S =4l
(Tifare, TG @3 §rE) T W e, AR (O14-FI SE, FRITYGA FYOF G G CEAAILD 507 FCH |

FRBIC TG TL QFCHISIN Ser 203 et o7 (ofd T, ©U (312 MIAIFER (SIS &F GIRal oS o1 T Ie7 =8 Epithelial-to-Mesenchymal
Transition (EMT) | &few fom (bemisa Roaest (== Snail, Sox9, FoxD3) €3 (Rest Fremma Jew Sissil 0 el S Jiecy #itg:

1. @ifraeT fR841eT (@56 (Cranial Stream): SIRE SASICA G FoAFIR AT G T | MR GFCHGICHG 20 BT Q3 FHIeT Cofa =00l G FE— MAR
4fdf (Chondrocranium), (SRS @ SeeeliF @32 Mites (Sfow gl STrHEIs oI =7 |

2. TIfEHIF @ (@il [N8aIe (@6 (Cardiac Stream): TG IR TR 2157 FR TGN GR FAFI LN AT I | GT| ACI (TS T ToF
=yed (Enteric Nervous System) toff 3 |

3.5 89 @6 (Trunk Stream): (=7 T IS fGE 2T (REACed SE@A FIREN (DRG), WGARE g, SHge aff 3R 9 5% @
(CTEATIRD) e 30 |

ST (@B @ A A GRS 2T F eifSTwgerss M et core 71, Tve fawfass 7few o1 @3z cofives sefkar grmg cefd zrel

©. GG NI AIZHIZ, QFCHIRBIAN @72 WA

TS| FE(G] (AT W (RMEITS TEeIR 93 AT 22T (4miE 791 Wtk 56 fasrs Figas SR Shei: FHeR ¢ob FNiE 9@ Sae AT (1 @2
B eob M awtaw bl (sefemne sa |
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THE EARLIEST VERTEBRATES: FROM PIKAIA TO CONODONT PHOSPHATE

Cambrian Fossils of Chengjiang and Burgess Shale Mapping the Transition from Proto-Chordate to Armored Craniate

1. Pikaia gracilens 2. Haikouichthys ercaicunensis 3. Conodont
Burgess Shale, Canada (~508 Ma) Chengjiang Biota, China (~518 Ma) First Skeletal Min

Dorsal Notochord & Nerve Cord Cemimers RerEEl) [Hin el

ERIIIIITD A

Chevron Myomeres ($\approx 4\text{ cm}$ total length)

Stem Chordate Blueprint: The First Crown Craniate:

- Flattened, ribbon-like body adapted for sinusoidal undulating s - Clear cephalization: distinct brain protected by cartilaginous ch

- V-shaped segmented muscle blocks (myomeres) contracting a - Paired lateral camera-like sensory eyes and paired olfactory orc Arranged as an i

- Cartilaginous vertebral precursors (arcualia) flanking the uncon
- Lacked true eyes, cranium, or mineralized tissues; represented - Overturned the

Key Synapomorphy: Evolutionary Milestone: Skeletal Primad

Rigid dorsal axial rod (notochord) providing non-compressible ler Shu et al. (1999) proved vertebrates originated during |early Camk The first hard pal
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QIHIRTAN QFBIFCI (Haikouichthys ercaicunensis)
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THE EVOLUTIONARY ORIGIN OF JAWS: BRANCHIAL ARCH HOMOLOGY

The Mallatt Ventilation Model: How Visceral Gill Cartilages Transformed into the Vertebrate Mandible

1. Ancestral Agnathous Condition (Jawless)
Series of uniform visceral cartilaginous arches supporting pharyngeal gill slits

Ch@cranium (Braincase)

=]

Arch1Arch2 Arc 3ranchial Gill Slits)

The Respiratory Pumping Prerequisite:

- Ancient agnathans relied on passive ciliary feeding and low-pressure branchial pumps
- To fuel higher metabolic activity, John Mallatt (1996) demonstrated that Arch 1 initially
enlarged to pump water vigorously across gills—not to grasp prey!

Mallatt's Hypothesis:

Biting was a secondary exaptation. Jaws evolved first as a high-powered respiratory ventilatory be

2. Derived Gnathostome Conditio
Modification of Arch 1 into articulated jaws and A

st
Palatoquadrate

~>

Meckel's Cartilage (Lower

Bre

The Homologous Transformations:

- Formed the biting jaw apparatus (Palatoquadratef
- Hyomandibula rotated to anchor jaw to braincasq
- Compressed into the spiracle for oxygenated wa

The Evolutionary Destiny of Jaw Bones:

In land mammals 300 Ma later: Articular $\to$ Ma

f5d b.5: ARG FHICETH ANCNAT FT | T (BRI LT T (T A STzwot Tl R /st | B GrRee (S §io, (T4 &2
FReTIA(G STer 20 Cofd FATR AACBICHIICGS (S CBIIeT) 8 (NCCera weeeiify (Fr (orareT), fasta e (b Cof taee RICyiogel 70l @ag e gHerl

et SRFD© 20 PRI AfeTS TR |

OFAE Y (FETR T G2 IS (A2 FISH (ol T TeTH 97, diFfos o Torg we i RFRE IHC 44 F0er w9@e (Exaptation) I | @3

HATBCEE o Q51 20

1. Wpifegeta R (A Ret): T Y Q01 WS 72 @ i 911 | 99 9 2 (SfF B AABICHICGS el (Palatoquadrate)—3 M YfFa
A5 I0T B (ORI 215+ 0, TR FC59 Sz 0ol Fa Ceteta saeelify (Meckel’s cartilage)—31 3 (oraitea 1+ fofe |
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ORI WRIF Yfes A e b A |

3. ~AIZAFCTR ¥ (Spiracle): &¥w ¢ fGS AT W18 Torwrl fem® Moo 20x AR TAEH 96 Fu 1Ry A ~RAFE T (T SAmee U SZR

T 7 BT sz O Fershldl SM1S1Ts AR 0 (J Sene 205 8 (F R (74l ) |

RISt s fSRa: &y (3w woo Nz I79 o7 Sl S1Twa RIS (NPT eI FReq 21T Fo@IEC 2T QINCHT NP T
(Malleus/zrgfS)-4, HIOIRTGIHT &= ZCACR 270 (Incus/212)-4 933 ACTINIIGIET TR (BT (Stapes/ PIR)-4! TS @rer @g (3 *1%7 @i, ol Je7e

(TSI MRS AR Fe7<p] RIemera 2rees sz ofanze 2=/

. TRt TSI 8-319 FistteE wiwe

GRIER *f&re IR 2 el oo ARkgs 2@l e INR) e w—AFeN (Placoderms) | SIF @2 Yok wforalfre &b e wmefomm doafa

(Dunkleosteus terrelli —aF% » 6= A @32 8 57 @Oa WMAIFIoF Terer RIF |
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BIOMECHANICS OF DUNKLEOSTEUS: FOUR-BAR LINKAGE KINEMATICS

The Anderson & Westneat (2007) Dynamic Model: 20 ms Suction Feeding and 5,300 N Puncturing Bite Force

Four-Bar Biomechanical Linkage System Dynamic Force Analys
Simultaneous cranial elevation and mandibular depression Bite mechanics of a 9-metre, 4-1

Epaxial Pull (Up, . q
3 > (Up) Mo JfGA Maximum Bite Force (Ant|

= 5363N

Posterior blade force reaches uj

Neurocranium

Contact Pressure [ Shear

\ Joint B h - hield
Shearinm Thoracic Armor Shie S 107 MPa

M Link 3 (Sbborbital) Exceeds structural yield streng

Mandible [ Inferognathal (Link
The Self-Sharpening Occ
- Gnathal plates lacked true tg
- Instead, vascularized bone p
- Constant wear maintained rg

Kinematic Advantage of the Placoderm Four-Bar Linkage: The Devonian Marine Arms §
Dunkleosteus preyed upon armd
sharks (Cladoselache). Regurgift

1. High Transmission Coefficient: Translates dorsal epaxial muscle contraction directly into jaw opening.
2. Explosive Suction: Gape opens in under 20 milliseconds, creating a catastrophic pressure drop.

. . . artially digested, sheared arm
3. Decoupled Velocity vs Force: Fast opening for prey capture, monstrous closure force for shearing armor. 3 Wl 9

fod b.x: SERCFHATTR TH \© IARTIF TF+11 | ITT: SIS € STIBHIGT (2009) 8- fFTFET NCTe, T A T8 (oM BICT NI 3fe wo° ot
TCH (TS G G2 Y T (ORIt FT5 T SI5TS | ©I: ¢, 000 85 FINCT 961 G 509 (AR (&1 [{eaed 19 |

2009 A RN Rt fReferst Syremsm @3t =6 SERsHE SEmefbasm ME Yfew FSoR NCee (o IR 9F TS ATHE STHIHT FET—ATE (A
bifers 2ol 9315 25T (FIF-31F feieFe oifre (Planar Four-Bar Linkage) @i:

o fam s (5 fof8): Fier @ e Rz 21twa a5 (Thoracic Shield) |

o A% & (51619): M Y (Cranium), T e TS| JLH< 0 AN T&s & | Bieoa el oorf s1egfoe 20 ot s ey wo fBfar $oiea $eo (ot
o o © (AR Erred Frsa TR-SRGE (2B, T MR YR A Fse GrEE ge e |

o oI 8 (WNEB9YB): 057 (et (Inferognathal), T N1 E9iCa SHT= AT AT &5 (T FNTE (70N TS |
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Tl TR (N R TR SR (FTeF IR GF 51E1R (9 [T (¥ |

faS1Te, Y4 A0 TN 97 oo CIFfrer (PRI (<19 &IT 26\ I el Fe:
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SIS T I W0 FTTH T G2 WA 91 (oo 26T & &ffs I IBRGIT erges bist 11 Rrra oG hrers:
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©. TF RifTefEs: afi-oma=l (Actinopterygii) I NigHA-2T2=1 (Sarcopterygii)
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THE OSTEICHTHYES DIVERGENCE: RAY-FINS VS. LOBE-FINS

The Devonian Anatomical Fork Between Actinopterygii Maneuverability and Sarcopterygii Weight-Bearing Limbs

Actinopterydii (Ray-Finned Fish) Sarcopterydii (Lobe-Finned Fish)

e.g., Teleosts, Trout, Salmon, Seahorses (99% of living fish) e.g., Eusthenopteron, Tiktaalik, Coelacanth, Lung

Girdle Bone

Lepidotrichia Web

@

)

D (Flex Dermal Fin'Rays]
@

Stylopod (1 bone)

X Autopod Precy|
Basal Radials

Biomechanical Advantages: The Homologous Tetrapod Formula:

- Extremely lightweight, elastic, and mechanically compliant. - 1 bone (Humerus/Femur) articulates directly wit|
- Delicate intr musculature allows complex 3D fin reshaping and hovering. - Followed by 2 intermediate bones (Radius + Uln|
- Unable to bear body weight on solid ground. - Massive extrinsic musculature wrapped directly

Locomotive Domain: The Terrestrial Bridge:
Mastered the open water column through agile hydrodynamic steering. Every walking tetrapod limb—including our own
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THE TETRAPOD LIMB HOMOLOGY SPECTRUM

Anatomical Transformation from Sarcopterygian Fin to Walking Digits (Stylopod $\to$ Zeugopod

1. Eusthenopteron
Pelagic Fish (~385 Ma)

L XY X J
Fin Rays (Np Digits)

Anatomical Status:

+ Canonical 1-to-2 bone arrangement inside fleshy fi

+ Dermal ra irround distal end.
oint or flexion.

mming paddle.

2. Tiktaalik roseae
The "Fishapod" (~375 Ma)

Flexible Wrist Joint

Weight-Bearing Palm

The Great Breakthrough:

+ Flexed $>90"\circ$ to place palm flat on mud.

+ Pectoral push-up capabi
+» Retained microscopic fin ra

+ Shubin et al. (2006) discovery.

shakil S 15 BEFER A I GPEH

@ stylopod (Humerus) Zeugopod (R3

3. Acanthostega

Polydactylous Stem Tetrapod (~365 Ma)

Ll

8 Distinct Digits

The Polydactyly Paradox:

+ Proved 5 digits was not ancestral to tetrapods!

» Completely lost dermal rays.
« Still had internal gi

+ "Limbs evolved fol mming in weeds, not walking

5@ 5.5: (BRI W5 RSN @wiqe= | 5RG et o= () SCRRIAGIT—A1LIE WSS RSN @ @fSa/aa 5@ 130 sira=1 2 [mpsi; (2)
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3. ST (I8 SfFa Gioe STWIRE): W3 (¥ Aie—ferd 216 (Carpals/Tarsals), Siga @@ =@ (Metacarpals/Metatarsals) @< SIgGd SHge =S
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THE TIKTAALIK BREAKTHROUGH: THE ORIGIN OF THE VERTEBRATE NECK

Detachment of the Pectoral Girdle and Biomechanics of the Weight-Bearing Wrist in Tiktaalik roseae (375 Ma)

1. Basal Fish Condition (e.g., Eusthenopteron) 2. The Tiktaalik Innovation (Stem
Shoulder girdle fused directly to skull rear: zero independent cranial rotation Loss of opercular bones and posttemporal: eme

Lateral Eye RIGID TIE Dorsal Periscopic Eyes

Cranium (Skull) .

Posttemporal

No Cranial Rotation ($\Delta \theta = 0”\circ$)

The Hydrodynamic Imperative: The Ecological Revolution of the Neck:

- In fast pelagic swimming, a rigid connection prevents head wobble caused by hydrodynamic dr « Allowed the pectoral girdle to detach completely
- To look left or right, a fish must yaw ntire torso through the water. - Allov scanning the land and mudflat shores wi
- Opercular bones protect delicate gill filaments during continuous aquatic respiration. - Interlocking carpal-like radials elevated the tors

Aquatic Constraint: The Evolutionary Bridge:

The animal cannot orient its sensory organs without displacing its entire hydrodynamic center of m Tiktaalik was not a fish with legs, nor an amphibiaj
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THE EVOLUTION OF AIRBORNE AUDITION: SPIRACLE TO MIDDLE EAR

Transformation of the Hyomandibula into the Acoustic Stapes & Impedance-Matching Mechanics

1. Aquatic Stage (Lobe-Finned Sarcopterygian) 2. Terrestrial Stage (Early Tetrapo

Massive hyomandibula bracing jaw joint; spiracular intake for gill breathing Hyomandibula thinned into stapes; otic notch ho|

Inner Ear (@%ic) .
Spiracular Notch

(Water Inhalation)

.
.

.

1
g

.
.

Hyomandibula
(M2 aw Support)

Jaw Joint

The Aquatic Acoustic Physics: The Impedance Matching Transformer:

- Water ($1.5 \times 1076\text{ kg/m}"2\text{s}$) equals animal flesh « Air has extremely low impedance ($Z_{\text{air}}
- Sound waves travel directly through the fish’s body into otolith inner ear organs. - Pressure amplifies directly as area shrinks:
- The hyomandibula is a thick, rigid structural pillar incapable of transmitting delicate sounds. $$P_{\text{inner}} = P_{\text{tym}} \times \left(\frag

Functional Role in Fish: Evolutionary Breakthrough:

Mechanical anchoring of the jaw to the braincase; no participation in hearing! The repurposed fish jaw brace became the acous

5@ ».90: IS IR AR | ACH: NTRF WL 11T AT (BT BT ALS G B e (ST 2w R Fier I | TIT: e
TN GGl 7126 (5B AT TR fa® 20 FICa SR (T=oi5ameT) ReNieT CFasrieta 1ot TR0 S SO T (FRIS I
20-90 & 519 s FCF |
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P_{\text{inner}} = P_{\text{tym}} \times \left(\frac{A_{\text{tym}} {A_{\text{footplate}}}\right) \approx 2o\text{&#8211;}oo\times \text{ @ !}
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THE CARBONIFEROUS HYPEROXIA & TRACHEAL GIGANTISM
Atmospheric 35% Oxygen Pulse, Lignin Coal Seams, and the Tracheal Diffusion Limit ($L \propto \sqrt{P_{\text{O}_2}}$)

1. Atmospheric $\text{O}_2$ Spike & Coal Deposition 2. Biomechanics of Arthropod Gig

The GEOCARBSULF model: Un-decomposed lignin burial driving $\text{O}_2$ to 35% Why insect gigantism is biologically constrained

35% $\text{O}_2$ Pulse Meganeura monyi (Giant Griffinfly)

35% (Peak) r 2 - Wingspan: — the size of a modern crow or ha
- High air density ($1.35\times$ modern) provi
- Apex aerial predator hunting primitive amphil

21% (Today)

150 Arthropleura armata (Giant Milliped
- Body Length: ; estimated mass: $>50\text{ kg
- Largest terrestrial invertebrate in the 4-billio

N - Herbivorous/detritivorous browser consuming
Carboniferous (320) Permian (270)

The Physics: Krogh's Diffusion Law

The Lignin Asynchrony Hypothesis: Arthropods lack lungs with hemoglobin circulat

- Vast scale trees (, ) invented thick woody bark reinforced with passively through branching microscopic tubed
- White-rot fungi (Basidiomycota) capable of degrading lignin had not yet evolved!
- Undigested trees accumulated in anoxic bogs, locking organic carbon away and releasing mass$$L_| {\text{crit}} \propto \sqrt{\frac{D \cdd

q When ambient partial pressure $\Delta P_{
Geochemical Legacy:

penetration depth of oxygen into muscle ti
Over 90% of Earth's economic coal reserves originated in these single 60-million-year swamp fore . .

allowing arthropods to attain monstrous bod
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THE CLEIDOIC AMNIOTIC EGG: INDEPENDENCE FROM WATER

The Four Extraembryonic Membranes (Amnion, Allantois, Chorion, Yolk Sac) and Uric Acid Waste Sequestration

Architectural Anatomy of the Amniotic Egg Functional Roles & Waste C
Cross-section showing internal compartmentalization and gas exchange The metabolic adaptations that perman

Porous Leathery/Calcified Shell ($\text{CaCO}_3$) 1. Amnion (The Private Micro-0d

- Filled with amniotic fluid that cushiong
- Prevents embryonic tissues from adhg

2. Yolk Sac (Direct Nutrient Engi

- Massive lipid, protein, and calcium ref

@ - Allows direct development, bypassing
Allantois

Amnion

3. Allantois (Toxic Waste Quara
(Uric Acid Waste)
- Safe storage chamber for insoluble urf|

- Vascularized outer surface cooperatef
Yolk Sac
(Vitelline Nutrients) .
4. Chorion (Gas Exchange Lung)
- Outermost envelope directly pressed {
- Capillary network takes up $\text{O}_

The Nitrogen Waste Revolution:

« Excrete soluble, toxic ammonia ($\text{|

The Evolutionary Masterstroke: « Synthesize non-toxic, insoluble ($\text{d

The amniote did not abandon water—it packed the primordial pond inside its own private egg capsule! « It crystallizes harmlessly inside the alla
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THE AMNIOTE CRANIAL BIFURCATION: TEMPORAL FENESTRATION

Skull Architecture and Jaw Adductor Muscle Anchor Evolution (Anapsida $\to$ Synapsida vs. Diapsida)

1. Anapsid Condition 2. Synapsid Condition 3. Diapsid Cq

‘ Solid Bone Fenestra

Zyaomatic Arch

0 Temporal Openings 1 Infratemporal Opening

Biomechanical Constraint: The Mammalian Advantage: The Sauropsid

- Jaw closing muscles (adductor mandibulae) completely confined - Opening allowed the temporalis muscle to expand outside the sku - Two distinct fene
- When muscles contract, they bulge in volume; the rigid dermal rc - Led to the masseter muscle anchoring onto the zygomatic arch (c - Substantially ligh

- Limited to weak, s r-like biting on soft insects. - Created crushing and grinding mastication—the cornerstone of m: - Permitted (snout

Ancestral Baseline: Our Human Heritage: Reptilian Domin

The primordial amniotic condition of the Early Carboniferous (315 Your own cheekbone (zygomatic arch) is the lower boundary of this Enabled the giga
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THE THERMAL ENGINEERING OF DIMETRODON'S DORSAL SAIL

Early Synapsid Vascular Thermoregulation: Solar Heat Exchanger Kinetics ($Q_{\text{solar}} = \alpha \cdot A \cdot | \cos\theta$)

1. The Dorsal Solar Heat Exchanger 2. Thermodynamic Rate Comparis
Bramwell & Fellgett (1973) thermodynamic model of Dimetrodon limbatus Warming time from 26°C to active predatory opt|

With Sail: 80 Minut|
32°C (Optimum) o

Solar Flux (

Predatory Advant
Active 2 hours before hel

Warrfied Affterial Co wne 20°C
0 min 80 min (Sail)

Axial Vertebral Column ($250\text{ kg}$ body)

The Step Toward Warm-Bloodedness:

- was not a true endotherm (it could not burn int¢g]
Histological Proof (Haversian Canals & Grooves): - But it achieved through physical solar heat exch|
- Neural spine cross-sections reveal deep longitudinal grooves (sulci) on anterior/posterior surface + In cooling afternoons, it turned parallel to the s
- These sulci accommodated major ascending and descending blood vessels under taut skin.
- By orienting perpendicular to the morning sun ($\theta \approx 0~\circ$), the sail intercepted ma Evolutionary Trajectory:

- Heated blood pumped directly into the visceral core, raising muscular enzyme kinetics. The sail was an external thermodynamic crutch;
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THE THERAPSID METAMORPHOSIS: HETERODONTY & THE SECONDARY P.

Anatomical Modularization of Dentition (Incisor $\cdot$ Canine $\cdot$ Molar) and Simultaneous Respiration

1. Basal Pelycosaur [ Reptilian Grade

IALLAAAAAAAS

Uniform Conical Puncturing Pegs

The Functional Limits of Homodonty:

- Teeth are simple, undifferentiated single-rooted cones used only to impale prey.
- Prey must be swallowed completely whole or torn into chunks.
- Animal must hold its breath while swallowing; cannot breathe and chew.

Metabolic Ceiling:

Slow digestion of unchewed food limits maximum daily caloric intake and metabolic rate.

2. Advanced Cynodont /| Mammali
e.g., Thrinaxodon (Permo-Triassic): Heterodonty

Secondary Bony Palate

o V
Incisofs Triconodont Molars

The Engine of High Metabolism:

- Incisors nip, canines dispatch, multi-cusped che:
- Mastication increases food surface area by $100
« Allows uninterrupted breathing through the nasa

The Foundation of Mammalian Biology:

Without the secondary palate and heterodont chef

o 5.5 BN DA FHIET O | AC: Wit A ARCEs (o0 Weel 1o bR IS @ ARNEE ANSH 2137 | I SHS A 3ATD
(famItsITe)—$+ 1re (Incisor), ¥& ({9 F419 e (Canine), BICAR GRIFCGS Nife #e (Molar) @32 Y& AR B ST Sf<K@rs 919 (Teds

G TS |

o 3TWIZGE (Incisors / F$= HIS): Y04 AN LIRIE (=i Nrol Hie, [ MR Gl [Rors 11 91ieg oiie] F6re 597 20 |
o FHWIaY (Canines / gi%e): a3, @9 @ g el 4G W, T RFRT - 49 &AIce [eH FING TS AT 90 | 2APGIe7en el Fmiond

FWIET $¢ BB oS =791 7ol

o IR @ f@TMeR (Postcanines / W We): B doge vevl e | A_E @I #1ta (Fela meet @3l J0ed (ToEs ol BRe e ImTs 29, = Si5s

GG SIS $00 @9 ST fre |

TSI 9A3ICe5: A DT w5 S YT e

TS AR BT @3 fh S wfd Wit AR YU ARFCE IS TG (RN Froi? TFHRs © Fhea @ wism o5 1 A AR_E R TN SInd 9 39
TS =7 | g SF ARSH4l (5 Thrinaxodon) &R F6 (i I #3ICa6 (Secondary Bony Palate) 31 2109 *I& Q7 |

93 SIEADG JUoIFR (ATF A Y GG S To5fef Sl B et | e endfifs qoe 99617 917 9961 W1 oI Segice s s ey FreiiRFes Forpes el aize

TS NIS! B R AT TR TS| BN N T T 8 T KA 0] TS (A2 79 (e 1 |

. ARV GFioioT @2 A= s=reers

ree FfERM 27 A T2 SAweifiea R 2ees oo o aoite, 55 4R ww 2@ RS Hfeaerm sRve sae aigfes wRieert | Sed MRERE [ g-
TG TSI MIOel g (AT &S] SR BF A —I] AR f7F 0o (WF ¢o &% T fFCenfNbia [ofeos arel: 11 e Tegs 12 FelfNor o e fo

TRTT ek !
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THE PERMIAN-TRIASSIC GREAT DYING: SIBERIAN TRAPS CATASTROPHE

Flood Basalts, Coal Pyrolysis, Runaway Ocean Anoxia, and the Crucible of Cynodont Survival (251.9 Ma)

1. The Volcanic Kill Cascade (251.9 Ma) 2. The Extinction Toll & The Survi

The Burgess & Bowring (2014) high-precision U-Pb chronostratigraphy The bottleneck that eliminated 95% of life but s

Marine Biosphere Annihilation

96 % of all marine species ext

Complete death of Trilobites, Eurypterids, Rugos

>100,000 Gt $\text{CO}_2$ & $\text{SO}_2$ Venting

Siberian Flood Basalts ($3\text{--}5 \times 10”6\text{ km}"3$)

Terrestrial Vertebrate Extinction

I — —
Tunguska Coal Beds Evaporite Carbonates 7 o % of terrestrial families wip|

Wiped out giant Gorgonopsian apex predators arf

Why Cynodonts and Lystrosaurus S

1. Fossorial Burrowing Ecology:
The 4-Step Chain Reaction of Death: Small cynodonts (*Thrinaxodon*) lived in sub

1. Magma flash-ignited subterranean coal beds, triggering extreme greenhouse gas release. 2. Hypoxia Tolerance & Barrel Chest:

2. Global temperature increased by $+8\text{--}10"\circ\text{C}$; ocean surface reached $40"\circ\t Eie-eepas i SUmie SEETER: e & |
3. Complete collapse of ocean circulation; toxic $\text{H}_2\text{S}$ gas bubbled into the sky.
4. Halocarbons stripped the ozone layer, exposing land life to mutagenic UV-B rays. 3. Lystrosaurus Disaster Taxon Hegemony:

This tough, burrowing, beaked dicynodont ex

o 5.0 SHfEIT-GrRIfRE NRICTCR (bR s R=IT | JCT: SI5e graa ool goiog $orFl Sl & S 9,00,000 HalGTT= f# faT=1est sisit qRprescst
09 B0 | TIE: AYUF 5% @ Faver 0% ARz baewa o 2em qaz ita FTsg o1ts a9 T AREES @ FFEEPRIeH B AHR &= |

EE Fael 4 te Sl
(5 EAeTa Bwlef At SR el weaf; v e Sie qobfee wiba oo | Rl o st gaes e Kedw e garml Sl @ ot A | e (o7
I BIGER W& A eifze 2ew Fa ot &I @i 5 e o5 Seom =i |
G 40,000 TRES KT ATINGE 9fS 20T OF o1 PBLae @fR1 ST IR-Sre13s, Hiraw 8 HAeTwiq TiR-wHze:
1. SHIRE BRwEA: TS CO,-a7 7@l v,000 PHHfstax TS o | RRAF 215 Smial b (IF o & omfSrmT 3fa o | R TyE oes siomma) wier 8o°
CTARTEIT (508°F )—1 callfoa o Jes Ferfa!

2. TR SIS g5 @ SHITIT: T T sl QRS 4T 4TS 9N 1| 0 510 T Terwd ol SfFreman (Anoxic) 20 9% @R SIHTes
@R SR @ *F-REF 510 (0O A5 |

3. A9 QBCTITSTH ATHIRG T WRACTHRA TG WHIRIE FRFCER 145 [T Fot 36 | o1 @IS @IS 59 are aidcgivem Aersizs (H,S) 515 cofd
T | TLHF e @@ 70 419 T 9% (372 K@ sf31T JreI0o BT AT IISTHAR TG A R IR e |

8. ot Aia SR TBCThes W< o

TR &R T T | AL 0% &AenfS aoca Ry 20w (r—mmigam @i B sl FIRTERE51 WK FUCR &rae =1 | Bereied a0% v sifdar
2/ (T 0T (o |

58 @3 Tiige GRS TIte Ssna Srmsifre agefosa uft e =i 5 9341

* 9TS BN ARG S: R/cee (Thrinaxodon a3 SS| 5@ ARNGG Wba 218 Tibet oot cofd w1 a1 w5@ | Mfba Fowa Srwl sifiwa=! siwe 52w Talst,
=1fore 312 @ e IrenT (At M @Uafer | 9gel SIva G @ TFe ToRpsT Oy AT OIS SIHA T AT AR |

o EtamEIeE SfRsT Aerg: ITSIa TRTEAIST ARG (Lystrosaurus)—asih @ T SIFhod Mees aial efl—ase @ ST
TRAR Rewrer 96 1 2R 2feae fTorft @21 ) Rl T Ten afSE GRS RS e gerer RS AIfitiR s *reiee foe ass @3
AR sited Swgges!

NOE Kozl AT HoRR TR SNEd SRR SOl 20fee | 58 RO (WF (el @3] Tga GRS Joo o AR 20 R O TG @ HHATE
&fS7RIg—aT7a 7N WA (Archosauria), M 21© 4T3 WF 30O HLACE SIRINMATE [REfRecd T2l |
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At fFe weyw vErate ks - gudt 4g

NCHIIE GG — SIRCAIAG AHIG, (Brag «ae Afg fqew

QDI SIANGT — ST SIF1ST, (OIGTd 972 ARIT RToF

1,106 #=1 » November 1, 2026 -« STI REFIY

f5a 0% 1o (@75 [@BHRIT 18T MNeTIT T GRS SIS (Velociraptor / Deinonychus), It ST IAFITH AT ANeTd, IRIGEIT G18 97 I AT 71 B2 |

e a3re 15 e I8 4E—FRISE YOk Jorl (TF @ IR (ORI JOR RS SHoHS sRE—GIenas w2l R aF S9RITers Jame (I Sare:
IFHR (Archosauria) Jl “* 5/ F791” | AR N (B0 TIRANRE S AR SFIE, OFF 74 R @36 Hiced o +Affos 2eare oing fegeee e (el
vty Gfecn et oo ea i @A TN TP @ AT (Air Sac) SR YT | @3 GREET [ekE a0 BT ARG SREHETE 6] TUb 3700e-
o It e =ifes gficaies, sifte Frfee Fiwe EPemE 9 St N (@INH e aoiafie St ki Fife So mm |

5. OFYRA QIF-TFE YICH V2RI

AfE-GrEE TReaEs 79 SR AT ARG Ml FRECHIER ©0% (ATE O LT Ta S (ATH S¢ *ISITA (70 ATI—I| WS AT oI55 F-Ted
ToTE MRSt 91 (STF AN @3 5 WACSHA ARATS AN B39 SL[7e01 SIra S T SR 5 KA A0S | FyonH) AN Torcst Arom 63 91l
AT (O @ (@7 = (Tidal Breathing), (el Tgw &TI* 1 IO A AT T CIR3-SRHRGL@s AT IS BICe T 93 ARFCSCTT FIEFTS| WG 26%-4 Tz
A |

g WA STH 1 45 TR GFYA| S Y7 (Unidirectional Air-Sac System )— Sigfs ARITHE W0t e F1E I0ACE:
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THE ARCHOSAUR SUPER-LUNG: UNIDIRECTIONAL AIR-SAC VENTILATION

Continuous Flow-Through Parabronchial Gas Exchange and Hypoxic Triassic Superiority ($12\text{--}15\%\text{ O}_29$)

1. The Two-Cycle Flow Circuit 2. The Archosaur Advantage in Tr

Continuous unidirectional flow across non-collapsing parabronchial lungs Why dinosaurs conquered the land while synaps

Mammalian Tidal "Bellows" Lungs (In &

- Air enters and exits along the same pathway (d
Trachea - Fresh inhaled air mixes with stale residual $\te:

[ = - Maximum alveolar oxygen extraction efficiency)
o, Fatal v <ness during the | ygen Tri E

e, 5

o, Posterior

‘0.
Expulgjon . Air Sacs
Y
s

Archosaur [ Avian Flow-Through Syste

.: - Unidirectional cross-current blood-to-air gas
q - Non-collapsing rigid lungs with ultra-thin gas-|
Anteri

AirS (Rigid, Non-expanding) - Maximum oxygen extraction efficiency: exceed
Ir Sacs

Granted archosaurs expl aerobi

The Great Triassic Ecological Reversal:

The Continuous 2-Breath Loop: Following the Permian extinction, atmospheric oX
just during the Early Triassic.

- Fresh air bypasses lung, streaming straight into posterior sacs.

- Posterior sacs squeeze fresh air continuously through the lung. - Synapsids, encumbered by inefficient tidal lung

- Spent oxygen-depleted air moves into anterior sacs. - Archosaurs, armed with unidirectional flow-thrd

- Anterior sacs vent spent air out the trachea. Zero dead space! This respiratory super-engine was the primg
through the lung during BOTH inhalation AND exhalation!

5@ v%.5: ANFTRHR AR GF A GIATF | AT : G2-2NF A0AS be— AZCANT AN IS TN (ORI G-I AT FC, T T
IR TR W& 0T QSIS @12 2, AN THCE Orell T 9% ([ 20 TR | Sl TS &= Goftl [ (e GRIfSRe oo (3% afee)
BHANAR (SIF-SI5] FAFCHR (5T TIRANAE AT RS @R S e |

G2 GRTED uib ool YIF-rTa STIEeH 936 eafn ve cofd Fea:

1. ST Y &7eY: TSI T A FIBTH FRIA #KCR (R CATIB AT QTSI 50 T |

2. AT I S (AT ATR-IHE TRF0® 20 OIel IOME GFYD (TS NCo! KRR TAFOR (90 g AN e (5T (T | Q¥ TSR AT
Srifersl FreTeo st o2 @RifRe 20w wWRifde SfStem e F@ @ |

3. RS ST &ReY: g TSI T2 SR (AR T (GBI, S TP =S AT (BT (NG| T ST SHITB et Q-3 |
4. TS T 1t AT GRS TP 20 TS TS IS G| 0 A3 (@ 0 O |

97 FROHE IS ACASIY 2 FT A2 G7¢ OFf9—GoF FRFI02 FIPOTR ¥& 08 FRA <o e eize 257! (@Il M o0 SRFER A 7 93 WACSCTa
CAITEe T3] Y0 *TeTea RIS T | &3 RIST SRR SR FRCEE SRR G sred] Aoe abe oIfors ZHre HFe @2 BN SifetT GIenfe
ST fATernE Wt e |

<. AT TN SIHIE: F19l BITS TN (PSP)

93 YT @9 TF I TN O Wel FeOILo IIAICEF HIGRS, SATS FoRfT 201 FCAiore (Sauropoda) (5 ST BT, JNEGHAA, (GGG —
ora Oy et w e B @a2 e wifsey Bicafee o caffss Bl

ARG FHR-FT @ T, (| AN SR AT O ©F AT T4 2@ (M o L), g 2007 OR1R CFaeeeT A0S (7 391 2T (A oc L2) | @3f5 21fes =18
Tfr fATEh 218 e 0 5 WA ST 2001, ST O fTeH FRHIE QTR fF Al (S0 R 20 (TS | SO ARG v b A wre 8y a1 14w Ae?

shakilmahmud.com &2 TeJfeTe ALFAT « BIFT 3 HISFYR + 2020 Page 60 of 103



ECIVCER AR |

shakil S 15 BEFER A I GPEH

SAUROPOD SKELETAL PNEUMATIZATION & GIGANTISM

Structural Engineering of Internal Pneumatic Camerae: 65% Mass Reduction and Bending Stress Resistance

1. Internal Pneumatic Architecture 2. Cantilever Biomechanics & I-B¢
Cross-section of a 1.2-metre cervical vertebra of a titanosaur Bending moment resistance without structural c{

Dense Cortical Bone Shell (High Tensile Strength)
DPorsal Ligamentous Cable (Ten|

Air Ca Torso Base

2 c?%vel'tl}’forcing Trabeculae

Ventral Cervical Rib Strut (Comprd

The Structural Formula of Gigantism:

Bending moment of a cantilever neck of length
$$M_{\text{bending}} = \frac{1}{2} \mu g L"*2 \quad \te

- By expanding outer bone diameter ($D$) while
The Internal Pneumatic Sponge: the second moment of area ($I \propto D*4$) grd

- Pulmonary air sacs sent invasive soft diverticula directly into growing vertebrae. - Because sauropods did not chew (no heavy ja

- Osteoclasts hollowed out bone interior, leaving a weight-saving honeycombed mesh. muscles or molars; they swallowed foliage whole

ErEmie| vEREEE G v 9 [ the terminal mass at the end of the 12-meter neq

- Slashed neck skeletal mass from an unsupportable $8\text{ tonnes}$ down to $2.5\text{ tonnes Result: Mammals cannot evolve 10-meter nec

Engineering analog / structural C comb and carbon-fiber lattice]

5@ $2.%: IAICTR AN FHCER ST | ACH: FCEDI B HIIT eFBToH— 20 *& SO 2T BT €% (ST IR F19M| ST (FNTH) @
Siifet<p, T =TT B L% FCH 7 | Tea: Fifoleer [Roam Il 3 oF Mol @ I o=y 9N |

97 YA 9257 {2 SHICAq ImArmeae 9l Posteranial Skeletal Pneumatization (PSP) | SO0 QF-MIER <I121-2#(12)| STRIAGIIE SR TGS (90 AT
(SO LA IR TCo| il et e

o JFEIIGIEAT (TSI Y& (AL A0 *Toiea] FIw3 et Arorvolef! (Totes iab FTed e (A Xt FIoS Wl Sfree| wiEg e |

o 5T T IREF CUETD e Torg I @ T | (i HfgFrafacca sgfass R 1ol S FIRE-F12I9 I Hio TS AR ACo13 93 T541 ST 72-
gl ST fore @ I b1 effStarced el (I o« D) Iaee ey firs!

o SRUbCH wEgsy K SCRIoredl AR Bare 7! ©1f Fro <1 B (o 1 Wit Qo s Y & Sy 56w (@b (500 (G ) | et ve b A qreed
IR (FICA TS @O Bloe T—a1 BTHARNIoE CFea =IRagfeeiE o |

. CATHING TIFAHT G2 ATCHS S

SRR T2 AN PR P10 Zo1Re, 52 A 251 A (ATA9IS (Theropod ) SIRENREE $47 WFE (QG FAIF OF A1 RS 12 @0 (e | g @2 o[ o e
257 FAHTT JWia @ Tfe CO1 SBIRA: AT |

200 JCE el 56 &N o116 RRSTHR (T ¢-4ITHT el GBI IR, Sica farnefiz-q @ifigs Smiete oF 232 sTevsl a¥le FE:
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THE EVOLUTION OF FEATHERS & THE AVIAN FLIGHT STROKE

The Prum Developmental Stages, Semilunate Carpal Kinematics, and Archaeopteryx Aerodynamics ($L = \frac{1}{2} C_L \rho v*2 S$)

Prum's 5 Stages of Feather Evolution Archaeopteryx & Wing Kine
From simple thermal 'dinofuzz' to asymmetrical flight airfoils The Solnhofen transitional fossil (150 M

Semilung
Forearm

stape 1 stafle 2 Stage 3 sthge 5
Hollow Filament Tuft of Barbs Central Rachis Symmetric Asymmetrical Flight MTIIERS

The Enstional dralgerony:

- SHnpledfiianae mvdirrb warrs Rlogdsidheronrdedniytigifaxaptation of dinosaurian insulation and display!

- Melanin/carotenoid display patterns & nest insulation. The Aerodynamic Lift Equation:
- Asymmetrical vanes resist aeroelastic twist during flight strokes.

$$L = \frac{1}{2} C

- $C_L$: Coefficient of lift (governed b
- $\rho$: Atmospheric density; $v$: Fo
- $S$: Wing planform surface area.

+ possessed the semilunate carpal, asym|
and furcula—proving birds are surviving {

fod v%.0: TREANTER G (G AT T | AT {616 @ ¢ff RIS drot—ow «1eom 1N Reeers (Samarsb i), <3 4eoR @, oF IT9F =53, 8%
T e FOTCel 91T Q3R ¢ AIToR ST STW ST | TN SPETH R TS eI Fisfel 20T o 932 STIR IRz e |
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ral (FTTET) |
2. ST '@ OF 49 (AMA-LHTA @ (FRIT *31F) : AT T GHa© 20 G TS| (FIe GV % (FEr GI5 Cof et |

3. 8% o (SIS TS AAIFTF): AR AT WYIFF 25 WAGS T G5 IS ISR S 8 e | FIEHGRAF-GF TS| GREAPTE 3 AAFSTA
T S A0e A femT—a1 T 2o FHRIS AIwHe @32 {3 Ol (rewa T |

4. @ 419 (ST TG AEF): AAES (@I *F0 GFoNT 70 e S Kaiibees 716 8 =& @R (giee [FRI6ee 58T T goe (w_{\text{lead }} &lt;
w_{\text{trail}}) | ISR I G2 AT &0 T A1, 74 IRHfws17 foree (Lift) cofdt S 1

RIS oG 5es: TR ST Gy e QBT FCel! STIF T2 (P> T2 QAR AT A A1 I7¢ (N7 QT Oraly SITH (e PNIEs O [cafRet; @,
fReT (372 SfeTcereT 93 @RE faolE 95<EiF (Exaptation)!

8. SNfFershizg vz #ifie Seesw

St JCE SRS On the Origin of Species 2T NIq 2 77 514, SN GETTRERCTE pAIAINGE SRkge 2@ 7ffRS7 si[esc [Rre i . sfbersbiim
(Archaeopteryx lithographica) (5¢o Ma) |

o TIRTANTCE Caf18s: MTe e Fma s, T il T2ges fonb Yo wige 9ag FTEFITE o7l Hiied rel (7o |
o o CafIBy: oo B3It A1 Tege (Furcula), SIteT I SN SHIC1 (R0e TRGeT &8 TR FRA5S 63 T ST TT@ AT |

P (RIS TREPRTE 17 (F AfFerhbiia Sealiar @ s oo [riw swdbmer 3w 2v—@ifegig Siofie (Semilunate Carpal) | F5iE fa
FING IR T 72 216 T RERGE ot 4317 92 I (I6S(b 2R<eite T A5! I HIfRER 36 9y =fers worefie we!

iR s weae! srEd:
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foa do: fog HrAnefie Jora &3t (~oo MR I27 QY): [5G SHIANOT 517 212 3 BN NI Y007 (NG ST ST AT (Purgatorius)- a7 (@5 ABIT T
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BN ABCEF WYAF NSFHH, TSN (o5, T AEF FIN IR NGULHT TrIIleT | SR 9 71 =2 Nocturnal Bottleneck 3 =154 efqgamst | v
fiferam q=g 9t T4 oecaa SHfoe QT CIOITenE Feefd sfew 961a, $4= 57 51T FCa A ANE @2 (7§ 67 o1z «ffie Tg= @ifasifs o wifigs
R

5. FIBAG-51Eo FANTT: COIAITETH T CATF NLFHRCET G

MG AR TRV FAACECE [T RS 20| (BT (STIOIR SECef 90T | $b0q FITH e ARG G3R 5550 FE WD 189! SHerSTga MATTH efle FR
@, BTN ST ST NG [T 21T TG 07 (O FRI—IAR OIC7F FNG o1 A2 (BN 2T e [NTF P /%] Cof Peag!

TR @R S SebHa b (GRE aifFe f&e aff @ 20T ANACH | S| (BRI SlE S @6 (ofgtei ftge (Articular) @< MR YfF REICEE
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THE REICHERT-GAUPP JAW-TO-EAR ACOUSTIC METAMORPHOSIS

How the Reptilian Primary Jaw Joint (Articular-Quadrate) Migrated into the Mammalian Middle Ear (Malleus-Incus)

Primary Jaw Joint: Articular - Quadrate

Quadrate

@
@)

Articular

Jaw Joint

Dentary

Reptilian Hearing Limits:

- Lower jaw is composed of 7 fused bones.
- Biting forces pass directly through the Articular and Quadrate.
- Only the stapes conducts vibrations.

- Inaudible to high-frequency sounds ($>5\text{ kHz}$).

Acoustic Compromise:

Hearing bones had to withstand the crushing stress of heavy chewir

2. Morganucodon (200 Ma)

The Revolutionary Double Jaw Joint

New JRint (D-Sq)

Old Joint (A-Q)
Dentary ($>85\%$) O

The Transitional Paradox:

- Operated both the new Dentary-Squamosal joint AND the old Artic

- As the Dentary took over 100% of the mechanical bite load,

- The Articular and Quadrate shrank and became sensitive to sounc

Kermack et al. (1973):

Fossils proved the jaw did not jump; it functioned in duplicate during

The Ultrasonic §
- Three linked ossi;
- Multiplies airbor

- Expanded audito

- Allowed nocturng

Anatomical Ho!
Articular $\to$ M

5@ v.5: AZAB-1 FICTF IBINATHIINT | SN 4191 AL WA (SCeTa Tl (B @ (FIICGE) | ST &15f: G JLokd ARAGD Woferarretra
HIGHIR C7© (SR I (42 AT (TBIR-CHRITIE 932 AT (FRITED T f2e1) | o &1t wyfas S $00% oS e, T wfbgwers
(IETT) 9= (FRICGHTE (T NS A TR SG-*17 (I 0-2CTH IR ool (e FRCR |

9 (T S5 HAJOIHE 9T WIS TRFCB 6T 20ol: HAAF o6 TfFF b1t Q3R FICF == (< 7 FT—7C012 G2 20 W&y e sifsaifze zce! Grnfess geom
CAIeE S B3oR Fafaere (Morganucodon) (200 Ma) &3 O SIS S (39 S97: 09 (BIteTs Sl (The Double Jaw Joint) |

#oges (eI (Dentary) TS WFE R 2020 SRS NI YA (FRITHIA 20TF AN T& 20T AR T (G e (TM]) (o 9@ | 7Y weaes faifersst
% 40 93 SN 93 A 7o T IR I A Hre!

G (GBI TS Bt sropef ©ig e Fi0d Qe (eTd o, Sl Wb @ (HEIEs 7S 5 oitie Qfsafvis nifiy s beowd Y& 20l | ol S F@ 20
LB CATAAI 2130 QL (ol

o wifbgea ForeRie 2 wmifeET (Malleus / 21gfe)-4 |

o (JIIAITFG FIRS 2o TSI (Incus / (F212)-d |

o W7 Wi ARG BT (Stapes / @SIR)-97 SR T& 20 O (0 T91 ©-8FF @ e fTer!

93 & 2I0TF ANTH I G I2°) AT I FHE S0 (Mg e | 97 0ot T I vo0 pteraibred @ afs-=< (Ultrasound) CIFR el
TG T AT Ol 16T FICEA| AT (ANIF-NIFCS T TOBTIR 27 9T (S (S |

%. fFiioe afsageel: cslre, Mewthe Oz Tred oEg

Bl (reere e 929 TRENEE O AI0ed THBIE (&6 AP T BN o «@e 1f¥E [=ie #fie$s atsfl—as 9= 27 Nocturnal Bottleneck
Hypothesis:
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THE NOCTURNAL BOTTLENECK & MAMMALIAN NEUROSENSORY EXPANS

How 150 Million Years in the Shadows Forged the Neocortex, Tactile Whiskers, and Dichromatic Vision

2. The Genetic Trade-offs of the

Rowe et al. (2011) high-resolution CT scans of Morganucodon and Hadrocodium Opsin gene pseudogenization and the origin of r

The Loss of Color Vision (Opsin Gene L

- Tetrachromatic (4 opsins: UV, Blue, Green, Red
Rh2 (Green)

+ 150 Ma in darkness disabled SWS2 and Rh2; ma
Olfactory Neocort

Spinal Cord
Bulbs (6-Layer Laminar Sheet) AnEleR

erebellun .. ) .
The Origin of Lactation & Milk (Oftedal
- Ancestral skin glands originally secreted antibg
- Antibacterial underwent gene duplication, con
- Enabled synthesis of lactose sugar and casein

- Allowed mothers to forage at night and nourisl

The Brain Encephalization Sequence:

1. Smelling chemical trails in absolute nocturnal blackness. The Crucible of Modern Mammals:

2. Whiskers (vibrissae) touching obstacles in tight burrows. The nocturnal bottleneck forged everything that
3. Three-ossicle middle ear mapping ultrasonic insect prey. - Endothermic homeothermy (surviving cold nigi
Result: Relative brain mass ($EQ$) expanded by over $300\%$ compared to basal synapsids! - Pelage/fur coat (trapping thermal boundary lay{
- Ultrasonic ear and whiskers (tactile spatial map

We are the children of the night, forged in the

5@ ow.&: T NETEw SR | AT R T TTEEk IE 9R b-BE e MeFHII [SIK | TIw: WDl AT (TGS Jeli—A[6
e WA T 78 20T TN BT TR, T ARSI NGULH SR {2 (AT I SO Wox 249 321 27 |

7eq o AieT-oqees orhg
SIg351 @ A1 5F 08T el (T4TS (918 (Tetrachromatic: SEeR, e, 5ge € A1) | 5@ T FICA AT I (&0 Wy o 71; mawi et ey A (72 ely

T (FI | B SRR BHARIE 55 woifSe fore (SW 52 @z Rh2) foaeta Sieal 20 (o | Feiysiiifidl 203 (o1l ©iztapinis (Dichromatic) 1 #e-5iger efig—al
rene e, $94, el @ 2fee [ |

wgte e Rewtow © Mggs
e wiox wosRe 2a @rer @ =sirefa stiees | e 515w ol = s Sysifions S¥s TAoa (50 OF 4IET ©00% IS JCH (ol:

1. AR AF: 1% <11 RTo1969 o @ 2rena QST (o1 | 9156 ST IR AT THPIE T4 THva ST (e |

2. (o1 @ AT BCOH: LT BRI & e e (ol (Vibrissae) | X¥t&a GBI Sbe afefb coficea oy Jfine Fear S 1 qpicae wcos
CofR =0, T e SRl s afSfb 3 ot firy Moo T 541 e |

3. MeULd @i (Lactation): 904 ORI ARG d-enizs 16 20w ol e eeibrer =156 @ (& (el Ty 7! MU w0 N ] TS
Toe fRIFIE B Q0 Wiiod 2191 910 T A Reytig vy ISt 9 T4 AKS |
©. BT Sgeire: v e ana Atda afy=i=

G (AF b e 327 9T TS 0ol ofew 166 IF JRUSF SRS | (HCH SSHBA ST THR 8¢,000 N3 @5 WAIRTS 2T $0 CTF ¢ [FraifiE
vevl @35 Reliewa SHifeng: Ty Seimg |

93 SIS fofe =ifes et wei FifS cxoibet Baafoa sim—wet ifS Rzt orsefi @R STTgets! Gorrsa fEsiss pAIARE IeAhgs 20 IRSTH ¢oo Piolba TawR 9ar
50,000 Y9(1B & fNCwe e
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THE CHICXULUB IMPACT CRUCIBLE & MAMMALIAN SURVIVAL

The K-Pg Bolide Cataclysm (66.0 Ma): Subterranean Refugia, Detrital Trophic Webs, and the Size Filter ($M < 5\text{ kg}$)

1. The 10-Kilometer Impactor Event 2. The Mammalian Survival Toolki
Chicxulub, Yucatan: $10”8\text{ megatons of TNT}$ kinetic dissipation The three ecological traits that enabled placenta

Global Firestorms ($10\text{ kW/m}~2$ Thermal Pulse) 1. Subterranean Burrowing Refugia:
- Just completely blocked the deadly infrared br
- Dinosaurs, lacking subterranean burrows, were
- Small multituberculates and eutherians weathe
S EATED VAPOR
500 Gt Sulfur + 10,000 Gt Soot
2. Detrital / Scavenger Food Chains:
- While herbivorous dinosaurs starved without li
- Mammals fed on buried seeds, fungal rot, decq
- Detrital food chains persisted for years despite]

3. The Severe Body Size Filter ($M < 2§

. . - ; all went extinct.
The Kill Mechanisms: - Surviving mammals were small ($<500\text{ gr|

1. Ballistic re-entering ejecta turned the sky into a global broiler oven. - Rapid reproductive turnover allowed rapid repd
2. Stratospheric sulfate aerosols ($\text{H}_2\text{SO}_4$) blocked $99\%$ of sunlight.

3. Photosynthesis ceased; forests died; green herbivores starved. .
The Dawn of the Cenozoic:
4., dromaeosaurs, and sauropods died out within months.

With the dinosaurs gone, the continents were an
Within barely 500,000 years, surviving mammals
setting the stage for the emergence of the Pri

fod vo.0: F-FIfe ey 932 TTEeR B AR ReolR | T R R R, ISt e o1 @R KAl vo e/t T s
INSTTR T | TIC: W 6 S TN, 2151 el @ Wb ol LMSTR A 932 2@ (I b (MR @R *eebrd |

T T @32 AR Mo
o AT 8 ¥HI: NI 25 qeq @I @I Aeaw fFw SfR¥R IRt TR o FE AFHE $,000° CRMEIGR CTo AfRere 796 | il giNcs
RIS Qe S |

o TS S0 I7F: (I S FETHIII (0T G S| 95% AT 2 (91 | (AT oAl 50 (A ¢ FEfE TATINT FCT (o1 | FNCEARPHAT! % 20 AT S
o1 3R TIRCAPTIOE AT 5190 (ST® oG |

8. (T TR el fog Wil Sioe?

-l R I &g seoies et =1, @t ot Feo @l Acnfaferye fRreoe | RS st Fa-srifeam v e 20 ofF, 58 SWeiial @6 7939 [t =

1. WS Feoe o1S: M 20 Sieer siaw TR | At 2o (i (1, M@ S0 (ATEF 20 CAFBIRGI Nbe ASiel TR (372 T WS S 500%
%4 TCafee! SFe AR I TIRITRE] TS B2 20ee Bysifl oiend Siba e Juesr o g fee |

2. 951 9ffel @ Tre AV e: TRENHTE efeiia = =fo @& e $61 #ifel #1Te | g BF5=dlial cvo Nz [ s e, fies, s6 0, Ta @32 Wibcs
T N CARF-NFT— TSI ARG MNCoe IR0 717 727 B 2w |

3. 3¢ (SR IR Reebia: TRICAE o9 S, Ferereld ¢ (@i @R ee $00% il Rege e Picafes! & Ui sweif & Faefed (coo
ST W), TR A BifEm| et &S oty |

T (SR TG (PG (16T =R TG T WP S5eT, TSN ASICTs $4= Mo M et (910 | 151 9jfA= I06 Ol et I (T 2 eTe—336 Z0E| (TAICSTTERs ol @
FINIHE BTSN A9 2GS Tl 9T ([T S5 TG SR rely: BTG ST |

FIECGA: AR, T (2026) | "G ST QI 43¢ (-AS SaTes v | [RISraa w2, ¥ s | https:/shakilmahmud.com/bn/evolutionary-odyssey-part-13-the-

nocturnal-mammalian-hottleneck-and-k-pg-impact-bn,
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tfee Ty vErate ffiis

ssifefem STt w=fkerpee aa enimﬁrm AN FmcE

T3S~ FATHT NRRCHITT 93¢ SNNBEHT 27 471

ST MEFAY

foq 38 foa: 26157 Jo17 RN HRINIT QTN ANENE GITEZAIIT (Darwinius masillac / Ida, ~¢o RITIT T @Y, T QIS 417 2@, 571551 72 9T [GINGS 518 30T SITHETIT 7679 T2

o (I TG w14 T A B @RefR TR - SREmReE 55 [Refe 706 | SRrmReE @3 e A3 s aeey s $e 20 e | gerdE
5 8 ARG THSIR (AT @R W0 (5 AR Ty &1 | siyifereom @ anafEs 26 ot (Lo\text{&#8211; }eo\text{ Ma})—geifgs AN MoISTe Wa
O (I IR NE—BNANHE &5 I06 30ATR Tred To @ (ivarwy afetarate [KewRe (Adaptive Radiation) | @3 $<a 0913 T (719 SR@ied 2oy
o0 Gy @3B (Primates) | Mba Rofeemes Sk (0T O 91l AT (ITHCGE, T ARG ([KETHEE09 I206 FHI1E (Canopy) | (T sfde =1
W AR fofe: SFTs «@1a So Tl S @ e 74, e §2 41 fanfas cofaerm @14, qred Rga Riton a3 we srserie Frewche |

5. THOIF GICE SIfonial: ATReh Seoifed foafs eeoiifl toam

[ et Wibre ReaerRl @b A Aosrgs BT FHoR1 Koemes ARG Fwrefie 2? oo OF ol 47 s Grfveem ¢ R foafb dum e
TR wCeTeT 3fE FEe:

1. SR FRTARAT (Y 8 T (GIF, 555%-5550): ATFH 36 Y ¢ (@SRT BT (G &B[K IR (T MR 1T QIR AL SIS
IBTICHT &7 CAHIBIGTE COf AT | LR IACH SFCS 4RI TS| 9% WICeR I fawIfass u=g WA 72 MR 5O Oy arsiferars e |

2. fogpaet cares g3eenfAfsT (15 FIHME, $5a8): FfRiee FORE M @ FISRE A1 G-2F S F1E 79 @ 73 20 Ul (19 Feme g Mdssn am
B | AETAGA WSTAG 722 IR K@1eT 1 (o1 T Azl sire o ©itera s (Terminal Branch) TS SEITE 9% FIBIRE Sr58 AT G T4
91 CHREFHF (514 @ *=RTOI FiFR 42 Soear afr Ul @l 2eafee |

3. SIfes @it (l-BrIfeTS=I BT (FAIG ABTHI, S5 ): AT o755 FE (T 28T Jrot SlZTAG S CHfReT T/ @ Herd 04 (Angiosperms)
a9l REFRTER AT 292 963 TN | SIEN63 A1 21 @ 26 1R To7e 778! 7F TIte Sruta] 6, e @ WY T20S TI6s @ TR FIF Ty Ko 20 |

shakilmahmud.com « £feY STeFfoTe STeFA « BIFT 3 F157Tefd « 2020 Page 68 of 103


https://shakilmahmud.com/bn/evolutionary-odyssey-part-14-the-paleogene-mammalian-explosion-bn/

ECIVCER AR |

shakil S 15 BEFER A I GPEH

THE PRIMATE ARBOREAL SUITE: GRASPING HANDS & STEREOSCOPY

Anatomical Synergies of Divergent Hallux/Pollex, Flat Nails, and Binocular Disparity ($\Delta d = \frac{l \Delta z}{z"2}$)

1. The Prehensile Grasping Autopod

Opposable digits and flat nails replacing claws for terminal branch navigation

@ Flat Nails (No Claws)

Friction Ridges

Opposable Thumb

The Biomechanics of Grasping:

- Claws dig into tree bark but cannot grasp slender twigs.

- Nails support expanded, soft, fleshy apical tactile pads (friction pads).
- Ridged skin multiplies friction by $300\%$ on slick, wet foliage.

- Innervated by dense Meissner’s corpuscles for micro-tactile discrimination.

2. Forward-Facing Stereoscopic
Overlapping visual fields and the Cartmill visual j

Target Insect

.. 140° STEREO ZO
iR[ecise Depth Percepf]

Interocular Base ($14

Matt Cartmill’s Visual Predation Hypothesi

Other tree dwellers (squirrels) have lateral eyes 4
$$\Delta d = \frac{l \cdot \[

- Binocular disparity ($\Delta d$) translates retin
- Allowed nocturnal primates to judge exact milli

Stereoscopy + prehensile hands transformed

o $8.5: @RCICHA STERILFIRE T | JCH: I B TLTYes W7 I ARG 354 (o1 Fogq gspfet (Pollex/Hallux), srest 74 @38
opefTeg Resafert d1er | ST S (51Y (TS JUNSTE AN MiF (FRge CHRSTHIHF ARAFAR 172 @ SfFRHIGEE (APTER(BE 4 | TIT:

LN R TG 8 TR TGS SIge TS AGSIGSF N |

T Sl @2w 935 sTfe Wwwet (Synthetic Model) a2 FR0=A: &INE GBF ARG AT SGIHAE I TICH T6 @ T MRATER WEFTH SIS TS 9
AR QTR FT| TG FRE; AROITS FIORIET ST TACACH| FHCAINNTS TGl 295 Tl 7057 RIFEF FLTH S (G0 F18 (RGO 8 (APGSRRGE I

7 3 = |
&I STCBTITes SBR1g

el 74 e oited 2 2w TR 2[0S AiRCNeha 21S 6 SIIe 2 70 syl ooy ew Sigs—=ts Jamsf (Pollex) @3 A Ridioy ) 308l siga (Hallux) |
YR TR A 74 e 28 sTweet e (Flat Nails) | @3 0o e 28 G F907 @ deoes giae e o51e (Tricsiiaiee a1 frsmafars), @ oo

{91521 TIET T f&st 93 I/ (GBIE SIS A4 FRQUATS| ST e |

<. SHICIIHNG I STANICNG: DS I 1306 [t

365 Lo FHARC (b Ma) T6F WCHR, SS9 € 11 G BT WS+ FF F8ATRCNG (Euprimates)—IHe YR ARTICHR &FS 757 RO 2107

1 T | 51 (A2 O 55 R frreifRicg o fee, 11 arense Gifs 7t dem Ssieefa s
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Eocene Euprimates: Adapoid vs. Omomyoid Morphological D

The foundational morphological split between ancestral Strepsirrhini (lemur-line) and Haplorrhini (

ADAPOIDS (Stem Strepsirrhini) e.g., Notharctus, Adapi{ OMOMYIDS (Stem Haplorrhi

iee Ring ular Ectotympanic

Elongated Snout & Olfaction: Abbreviated Snout & Reduced
Retained prominent rostrum; relies on scent marking. Loss of rhinarium reliance; face fl4

Moderate Orbits (Diurnal Folivore/Frugivore): Hypertrophied Orbits (Noctur
Small eyes indicate active daytime foraging niches. Enormous eyes capture low light,

Postorbital Bar (Incomplete Wall): Tarsal Elongation & Leaping:
Lateral strut protects eye without full bony closure. Elongated calcaneus and navicula

Dental & Postcranial Signature: Incipient Retinal Fovea:
2.1.4.3 or 2.1.3.3; grasping feet with grooming claw. Loss of tapetum lucidum; foundat

f5a 8.3 eRfEF 2ea wEPIRBINE Koo | EprePcaeal (@S Notharctus, Adapis, Darwinius) Sigfaa cEoifs=iRA (@TR/#RT)-93 97T,
v o7 Yofv, Femifes, NRIfE S e ord adr -5 ssef feet | eriEceresl (@ Teilhardina, Necrolemur) Sstoiceafzfa (b, am=
@ NIR)-93 7T, T H51961 2, R 1158 SERI69 IR TaAE SR FICTa o1l = |

5. SHSCTS (Adapoidea — (BN GHATERM)
GG (T $€d ACNRSE Notharctus, ISECAT Adapis @R i uyre e Sm1 Darwinius masillae 31 “S1zsl”) foe @Hig TRIG (IS I
(s\text{&#8211; }v\text{ =f&}):
o W Yfe @ FTIAIETSl: GUTE Y2 I @G fReT fFgh! RIG, T FRGE Wemifed el (7 | WERIGY 2w sififie s, T emiel @ @9 e foe frarve
(Diurnal) |
o HITea 15 (IR 5 1 R AT (2.5.8.9 11 2.5.0.9) et @R (WA HoSTEAR <57 ofrel @ e IR Tty Sores 2 |

o MFARE A5 O FRONE T @I GACHA F9 | A TN I8+ ROTR WG TMEIEE g (Lemurs) @ affe-wifEsi «fes (Lorises) &
TR

%. STANIECTS (Omomyoidea — (36N HoCeTRRM)

GG RIS e STwIRcEesl (75 Teilhardina, Necrolemur e Tetonius), SItad (MRS 8O e Wi ¢o\text{&#8211;}eoo\text{ ar}:

o Ty Yo 8 R (o1 Qv JUNe e wor® (@b 8 Hivhl, | @efes e e gieefes Ree ey R o) st o e angfen
(Hypertrophied Orbits), T S 57~9j<f f=Iog 2ISs7gE GIRAIRIR =98 ersief |

o Qe A B (BITAT (AB: YR FIF ST B ATFHIR=E 8T @2 (B0 (orge =iz A Aed @i 791 W7 20O & FE—3| WY Hiortaazma
wfreems (afR1Es |

o FFRINGIN He: AT (TSI AT 8 (NS 21S Gt eifers, T 4rel T Wiwes 40 et 1fets it *Ifes (eaie—Iswm Bifsame wreR | @13
IS I, I 8 I I fof6 |

o. FEHaw memET v SEHE 2Rew oy feye

FreIR (I TTS A AU o] 2o TSRNG4 5 ¢ (@I wo A %7 2T @3 T ¥, TSR @2 Ted AT BT ZeCe ATel? @3 &g Teq gfeca
wICE RT HS2T SO ST SRl To: oifeF-2efiw e smfF (PETM) |
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The Paleocene-Eocene Thermal Maximum (56 Ma) & Primate

A catastrophic carbon injection drove poleward rainforest expansion, facilitating circumpolar Euprir

CLIMATE EXCURSION PROFILE (PETM) CIRCUMPOLAR ARCTIC MIGRATI(

Massive Carbon Pulse

86"3C drop: -3%o to -5%o Beringian Corridor

+8°C

° Zﬁ-e/inﬁ\'f IsTen

== "4

Thulean Bridge
+4°C

Teilhardina Dis{
: Polar Subtropical Canopies:
Baseline

Frost-free Arctic winters enabled contir

Synchronous Holarctic Appearancsg

56.5 Ma (Late Paleocene) Teilhardina appears in Asia (T. asiatica),

Post-PETM Eocene Climate Optimu

Duration: ~1560-200 kyr | CH, clathrates & volcanism . . e . X
Euprimates diversify into lush European

o 58.0: FRBAN TERRy = 932 RebE RN [Rfs | AT ¢v fiferm T2g ot Argmete Rigfe sifiwie Sk Nevmeer v Resa sisiwa) @ [k
2GR TZR +C¢° (ATF +5° G I 911 | T IO IS S8R (ed [RGA 8 Yoo FySiIrer Iqwe SRsea s A @ AT InghH e 2,
TR 897 T 7 ARTNG (GRTRIE! M@ 2¢,000 INCER K A1 (ATF BSCAIS G T&R AR ZSTH TS |

Prefbax-az garmai afég

A GY.0 Ma-(S T€F WHAvF NEPOIE &Fe AT AP G3R THF SATCR N F9ab (CHy) oIt Te| IR Wi 8,¢00\text{&#8211;}
©,000\text{ =67} 2T SR T FeAfae 27 | FRET ARCIH GFFRHE (62C) © (AT ¢ 2R HASF Ao 5 IR ITNSTA I TR-S[ARTH g
5, @00 ppm QT AT |

497 T REGTe SI9NEl Mg 20,000 IR W& ¢° (ATH b° AN (A0S I | Ted Gleed a¢ [f& Swete! (IS SIS GsiEe Qo 8 TSt FRBIRIceT)
(ICA 9 T2 1; (TG Oy NCafRet Si1N 911g 8 STRTe™ Trgf™, (e I (@86 Fe @ o |

TR WHHS ReTT

ARG TR TG (VRS RAIee Mol et 71 @ T @RI 9 e, af¥il @ Ser e warsa @ffém oohg 93k Sew taf 8 TEIeis W Yferas
eeiaer SRy T TS Ao 27 | SITE TS ST Fu SRTN6H1 Mg (U NHTS 71 (TN T (U T2 A1 T |

S el fatgfives s ol oltr, Fu STINRES Teilhardina W@ ¢,000 JREF I ANGR Wogy @f#=1 (7. asiatica), 36w191 (T. belgica) €3 Teq
SRR (7. brandi) RS =71 S0 | 98 TSR FRCCHR eRNG0E Sed (ol effsfb 3o 28l sivm S o |

8. W&F F2A 932 Jeaiiona 997 (Anthropoidea)

FEEIR AR (et =R beT2 oHfes e, ©f B Tl Ko< | (0ad SO THAITs NREE S I GRS (@IS (FQ) S S5 it
TSI AR CoTa 2t 3 o |

T =rremirre REA0eR &5 etarer et Swhed Jfadfes wrel:
o fawifas give Tbarm: 9t S (AF = O A% (ST T 79y, TN oIfS 998 it TN-Tel SIeFHAFed B T O FTIRsE Fow @

R 2gs 1 106 |

o Y& @ WM A KT Srotat (S It FU e ARR ©f WA A4 Q3R (1R A0 CARICAR TR 912 ST T4 o] (R 2ARoa QR e, orR1R
2o RIS afSiear =19 | 93 et NIBTER RUARFIIT @ GTsiieT R TFe2mifs =7 |

o W FHTH el NBE (siRe AREGE @R arm spefea qEees Rramer site Frfte 7w @k Tt qe @ GIbR @RIT Tgw e RS (
V1,V2,V4) e =
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26 U 10T TR T4 AR Aee 2o ©F I0F, TU G2 J3¢ WITES 5a ABCAGAIR O (FF 7K N2 B SHwetoieafeal (Anthropoidea )
AT 1T [RAFES 20 B I, SHF IR (19 912 T @renlfs |

e

FRCG: ZF, T (2026) | frer Sy s113T] SRR 9% SIZHGTAa & #afo" | [JIeiaa w2IIEl, 9@ 58 | hitps.//shakilmahmud.com/bn/evolutionary-odyssey-part-14-the-
paleogene-mammalian-explosion-bn/
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s. S fom gigna=ia: et iioe #few emites Jnwaa

o So-(8 TEE (TR (T OISR ol s (@I gt FEImE e Sl el sine 55 WS fem (SWS2 @ Rh2) 2fecaies | @7 wie @it enieTere
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X-Linked Opsin Duplication & The Evolution of Trichromacy

Tandem duplication of the LWS gene on chromosome X (~35 Ma) restored full red-green color visig

GENOMIC ARCHITECTURE ON CHROMOSOME X CANOPY FORAGING VISUAL SI

Ancestral Dichromat (Mammalian Baseline): 1 X-opsin

High crypsis: Ripe fruit cannot be separ

~530 nm ~560 nm

Tristimulus Retinal Absorption Curves: Catarrhine Trichromatic Percepti

Immediate detection: High chromatic lu

® Frugivory: Spotting sugar-rich ripe|

S ooy ® Young Leaves: Reddish flush indicaf

° . . (. . . d
Only 3 amino acid substitutions shift M to L peak by 30 nm! Social Signaling: Facial flushing, s

5@ se.o: FRrEwrhE 3w 72d (oaibs 9w | ATT: G} (GRS BT GRCFTE WEFTH AF-H5 (~ 0o TIAIGR) @ Go-&soif5m (~ewo
TICAINIGR)-97 $&<, oS W@ FCEF0 INC WACTH AfRTECT e | I AT AL I— SR 72ef3s 2w et (@it 2o sy fies
A, FRIGIHF 73T Soga A-Fwe T TS (5Y TS |

TIB-1355 faw @ wroifei Hefe

forTegn (STfl AT 8 (SIS T el FE (, o SiAtItaa o i fow ¢t «iofs FfRive st sniftites afsgem aft @sivm fat @ erel
SIS (Aaz ) & 0O TIIRGR ST A0 (7

o iy Foifs Q-9 (Medium-Wavelength Sensitive) R Ayee &~ ©90 nm (S W) CIEe FCH |
o g frEhsrS i @eT-woifsie (Long-Wavelength Sensitive) RTTE \pox ~ @0 nm (7 SCE) IR FC |
q THE OIS (IS ARF TN SR TATETL (SW ST, Mg ~ 820 nm) A T 20T HIGRNZA R4 =70 21 6w Jracernifvy (Trichromacy) |

wfRel QTR I CFCE (T GREI (&<t g B enflig sty Ava, HHRIZTmE (878 @Hw6 -4, I 8@ W9y) afel’ ozmw @ TR TWH aeso==m
551 7T 7R oS R |

IFfes v = sifFemies
1. 9l T AR (Frugivory): o TF © e o a6 ¢ 2w samonss efSwfere 0 | SRI@HHIna (G e Ao (9oF & T el T A,
GIRCEHB (510 ©) <o B 79 (ACHS S 20 80 |

2. 75 9iteia 942 (Folivory): SNess It T *1es 9ifsl (Teterer @ ares Hife 91¢f A1 | st S5 sirel (b sao At @ syesmrEieT F=el
I 1 IV TR | I 72 Ffo il =Mies 41 zer S oI |

3. ANITGS @ AT FIFS: FIRTETF Fied T3 TANGTER A W@, 91 8 ST WG T (PO #1165 4| TG T, N TACF SISO TR
I T 20 6TS |

%. e Regfese snofRes a=ot: BRew® (TBXT) i Sac=

NG RS 212w 517 (IS I2g 7@ @fSlb Sy ARTIGe G FHed A (107 267 | OIteT Toe SIS T (10T [2e =R SRy 51 woifemd s | g B &
IG ¢o TN IZF YT T TS 8 WL WoF FF7izeard (e 91 Hominoidea) (72 (3T 257 (@Ter 9ol @iy 20 T ¥R ©f FoATRRS T (NEW0ed (<ITTd
Ty af¥ A (Coceyx)-a |

I I YIS (T e @3 (Oiibs el Sl fReT | 2048 e (repEifRe [ieem ANER Nature-a @ ol @ o SSeifos s vel O SNBem Sefes Sl
ST FCE:
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The Molecular Mechanism of Tail Loss: TBXT Alu Retrotransp

Inverted Alu pairing drives alternative splicing of exon 6, truncating caudal vertebrae in Hominoides

TBXT GENE ARCHITECTURE & ALTERNATIVE SPLICING VERTEBRAL META

Cercopithecoid (Ma
AluSx1 («) Atay| Exon 7

20-30 Caudal Vertebrd

Active counterbalance in

Pre-mRNA Stem-Loop Hybridization:

>@ Looped out & spliced out! Hominoid (Gibbon,

Inverted Alu elements form a 300-bp RNA duplex, causing spliceosome to bypass Exon 6. Orthogra

Shortened

Full TBXT: Exon 5-6-7 (Tail+) TBXT-AExon6: Exon 5-7 (Tailless) Vestigial

Anchor for

Expressing both isoforms together is sufficient to induce total caudal agenesis.
Trade-off: risk of neural

fo@ ve.5: TRMIE (7o [efer @l efd | T SRS s9@eEa TBXT fomd 3G v-a aFh AluY Soimie et I 3G ¢-a A A5 AluSx1
THAMITAE AT SEBISIE (BTG AT | G FAT LT FIHCE SARCACHAT G Y- M T (77 | BI: A7 265 FOeeies o=l (ofer I Iy @
SR Freere SR, T 4Gl R @I (R fofe tofd e |

e fereea Fomfey

TN (ST ST Ty Wi @6 Sor bl W61 & 20aAl TBXT (2T Brachyury =t #iff5e) | sIiawaal @795 @ (T & Wreiz (e a91 21 T-mamd AEEe
AoEEa TBXT fata TG v-a a5 Alu Tif1: fom (AluY) &= 33 |

93 3 9 357 ¢-9 (If6 I3 AT (AF2 AN Alu SomIa (AluSx1) $6! R[Rasiest s foet | 94 fBama (I far-aseiama sifde =

o 7t Kooy Alu ST FRFTER MR 2GS 5 T& 2 000 (@I-(AFNER G =& @RI o 2157 S |
o 93 W WHCS 9T @F & (Exon 6) I =2251R 58] (A WS 207 TR |
o (@IE TG (A o @em-v KB @b Tgw (i @wizems (TBX T4 ol 2te A |

AT T TICEB A FOAes @2 Alu SAmET efegom S, $2F Arvsemaeitd WaSE T @@ 20 Trnaze F0E! 96 SRR goive SofEfs
S (TS COfd TRIFO(E ABE (O |

ATCHS IS FRAW @ JeT5

BTSN 2T 5T TR T T (FTST SIRACNIF (50 IR GG @ fIo07a et 20w Wifbeafe | e Regfen weat canffionet (Pelvis) @66 ==l comfiaee o
(CFTCSBY SHINIR FACLT) 215 208 (oItalZe, T AT AG] 72 AT JBT AN (A5 (Tl SHSTES LT AL SATNN = | O G Ao Ware sArfefsfem aung
—ONRER] (ACATEA (T 93 e RrETHITTa et (R0 WA 00 (b 91 2+ q12fFel (Spina Bifida)-7 s 329 3fa coitate, 91 Srene s T=ITer o7l T |

. NTHIHT TG TRy Qrel ANAE FOw @ Y-5 (ieg e

ST oot (20\text{&#8211;}a.o\text{ Ma}) %R erors Fafee INNITIHE I Yo | IS 54fA<Nce W@ oofG oo Twarma &b @ (PR, eqirebr, sife),
fEronfgs @ sIeE); g SICaIfSm oot 38cae, af*ra @ wnféssl ge wificr @ers sofbae @ Reagd oot vaz soofbae @ et |
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Miocene Hominoidea: Orthograde Body Plan & Dental Evoluti

The transition from pronograde monkey quadrupeds to orthograde suspensory apes and the Y-5r

TORSO ARCHITECTURE: PRONOGRADE VS. ORTHOGRADE MOLAR DENTAL

Cercopithecoid Monkey Hominoid Ape & Human Bilophodont (Cerc]

4 cusps in 2 parallel s

Deep & Narrow Ribcage Broad & Flattened Ribcage

Scapulae positioned laterally Scapulae dorsal on back Y-5 Pattern (Homi

» Long lumbar spine (6-7 vert) « Short, stiff lumbar (4 vert)
- Downward-directed glenoid « Cranially directed glenoid
- Direct ulna-triquetral contact « Meniscus decouples ulna
Motion restricted to sagittal plane 360° circumduction & hanging

5 cusps separated by
Found in Dryopithecus,

5@ se.o: AT @NFTEa oL | AT BIRSITH beTl IR b1l @ 21817 slerd I TR @ NLHd 59T @ WSl oierd, s @9/ FIoel @2 v b0
& gRTS ST JTCHF TCD | BICH: IR S5 JRAHICD (A 7 I RINACaees b 57 @ R@e v sipfed denes [45e Y-5 e
e |

Teite =it [ee

SRfSF M Proconsul (20 Ma) Y67 TIeR @9 SRAE criers | 5@ W45 @ 1§ SCafsicey Morotopithecus, Pierolapithecus €33 Dryopithecus-93 SCs!
I TG AT SIS (ST Tl B AT A AT TS * A oI

1. 58Tl 8 TSI ST BT &51 I 2o 52 2™ (AT BI9fl @ 1SIF | TR e ANCH-(oIR BI1%61 8 TIH-AICH 59| T 8TF, Tl A SRS
CTREAST IR 0w &0 |

2. oS FiofeTl @ BRI (HlITIa STCHB: e 2T (FI9Ja1) Srercaa 12 o1 (T Ao 0 Fifat BIeSa (orgema ST 001 T | HI0E (ameme wifeb esied i
T4 T, TN 2ASE w0 e IO @RI 93 O TR =914 0 L SRS ool G0 (7 |

3. Fafra oISt R I Sl T SRR S0 F TS A | TERNGHE R Sl T T (A (61 T T @R W @66 Ffbeever A1 gt
T =, T TS SR GG o] (7T |

4, 7 @ TN Foew (Lumbar Spine): AMCER W0 AE 8 THA (FICE ARICS TG (IR IR 8-¢BTS (0T AITH, [ 4181 WCIRCe A
1503 @G @ e e |

GIRICNE SAfAow: Y-5 o Hites ofsibie

G FHE TS 7| A TSR 5 (T e IS 8 TR N1 i eeina fofee wats A | (@it %5 @xe6 IFRR (AR AITS 5RiG 5 9ib Seara
TR o U (IBCAICHIGS AFIBIN), (T TR @ NCa (ICET e I s Y-5 Glletia 25151

o frss ERICER CTeTR ics SH5e JfRME pel 1 =5 A |
o SR @ PO AT5 SRTIFIRA LenesTe] 5B REG Y THET WS L4 I |

BB 5 @I 20 a4 I=CER ABN Dryopithecus (AF @ FE I69 Br2iifey @ oMz fFrem Fose wf%a e o’ @3 Y-5 Fi1fS @msiora sicnfsm a=am=
QST 9 AT T |

8. T AN 7F6 @ Nenifed Aafma aafe

9% @I (A o F1Y I7F A AN SR RN ICE (ACS T | (BFAT o/ 9 7O IR 3% 947 S (g yiferar S qC6 | Sy 20N ST 0w @ W |

3819 @ AR g RGP ITefN Mo T WS (TUMSIE CabayTa ITgal—&== Dryopithecus @ Rl fo7 N6 o1 Gigantopithecus—&ita &
fRefes It beet its | g wnfirara < e amrgfit cete toft =0 S@ Igfil @ arie sele & [ifva ez oifie |
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v
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tfFe qeyw VAt ffiie - @t 4y

a5 9ot oo™ Wae fgom vertae T

(@I 9t [TOIS 972 (G517 et~ INTNNBI~ST

1,383 %=1« November 1, 2026 < STIT ALFIY

fog s: fog: 1755} berra @ifan SJBAT: SFRISIEIIT ABIN QLT (717 20T (1 bl @iifay @I~ WIS Wﬂwaﬁ'ﬁm(/irdipithmx ramidus /'Ards’, ~8.8 INICTI~ 2 @A) |

S (AT A5 N q2g o Fadl witem GHoie gafore TR RSt om0t Ut vaw woie: (alf 99 1 IR IR (S SN ASFF M
semnd (G2 @A) gore Rerem 906 frsifey e @IEEE (st o) ofemeame sy | 9fre o FEfFebiRe S amme uaa Q4w S S $5.49%
fow, @3 Koo NEmTws T aifeereires A ToaE AR FAFE Jo 20 SSsIwsrs [Fom vaie a1 AZToCifere (Habitual Bipedalism) | 5i1Ca
Mf5ce 451 @ T st S s 2 ifscafes oo gfb st eom—afl aeaesiNemie Sienfees 1 SN IR A (oo ssfon stafes,
AT CPNSTEACE Tg 91 e @R 2e7 A Yo 0 fcafest 2fenra o e oy |

s. 2if-caiewl [{erew @ weifiss 1f% (Molecular Clock)

Sbay e e TIesy o The Descent of Man &tg SRyl FEReE™ (@, (=g A @ Fresife A 1o Trae Fawe Iy, o Wi tmom:
WReed @i Sriefi | OF =TIl A SHEAR S2e @ femrrs wifis (2o ¢ feana @ Rraates My s 9f% (Molecular Clock) Frdeei@ s w0
TG AFNE F(OEF AN T | O (N (T WE @ RFroiifgr [erem @it @ift q=a weel 7, =0bfee @rey Wefie qoof WG 90 (ATF bo @Y IRF A
(Q\text{&#8211;}v\text{ Ma}):
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The Hominoid Molecular Clock & Incomplete Lineage Sorting

Genomic divergence between Pan and Homo (~7-8 Ma) and ancestral lineage sorting in the Africa

HOMINOID TIMETREE (CALIBRATED BY FOSSIL & GENOMICS) INCOMPLETE LINEA

Ancestral Population P

7.2 Ma Split

Large Ne (~50k-100k) pres

® East African Rift Upli
Volcanic shoulders crea

Pan panis(

® Savanna Mosaic Hypq
Continuous forest fragmn

® The Locomotor Cross
Western Pan retained kr
Eastern Hominini ventur

14 Ma 10 Ma 7 Ma 3 Ma

Overall Nucleotide Identity: Pan vs. Homo = 98.77% across alignable DNA

fBa vb.5: @RS W< 1% @ Ffcre w52 | 9o el sl Tes @1Reb (~58 Ma), sifsel (~50 Ma), S5-It fFere (~a.5 Ma) &2
el @It Koo (~5.b Ma) emffe | O 3vawias e %1 (ILS )—Freia St 328 TresiBia ST Mead fOaisd & ©.¢% Rr=ifga oo
SifS@R S @R s, e Sfaer TE @ Rrsiiga e sv.aa% ifeT |

SwieB MfcTer i6e (ILS)

STspef ST FerCesy FoTCicaf™ie e ey 9T Bige 729 e Wy @ Frilfg Fsbew Giem, ©g8 SN fees & 5.6% Siest Rrosiifgra coon sifsiia sie
@ eS| ferretg At 391 =3 BNEwIRG Afeeer Wit (ILS) | @3 Fie 20e oifen @ fmaifea Rereme sicd = cfifmos ommiel e srers e (N_e \approx
©0,000\text{&#8211;}500,000 &) | &% et (AfGTara FACe [5g Sifewates wpiee st erenfs emmTe (Ters TFe (A (TR |

o wifEri fega (GCoie &g

I e @3 oo wfe? gReed ¢ fresRmbEess fbfre srr o9 wiF % ofdn wsfc SumE | o @I @ vo @Y Ivg I S
GIEIT C2F (F0E 72 O e F I0d IR [T ARG TR TR NOF @@ STo IR | 92 IR sRfoxl 8 Fca Jev=™ w=6a (Rain Shadow): #if6w
T o WA (FEVRECH T4 78 TR1TS & (@A =i sifojzeaa a0a Tm), o ifEsssl ©4= 203 T #Aeed, @& 8 il JiEare ey |

T I (ST T =W T I, FDI15 € Ao @ f[ifoq (eniss qeeg | @8 T AR e AR o @3 7e AT FRITEE Q0T FHA 9F I (ACF
I 0T (BB (0 20! | 93 HAfTSR 185 0 43 AT s |

%. 3o SAR TSI SCAifaFel

U5 2N 8o *TC 91l SR (@Y EI51 BANHR W&y @ [{et Ghe11 | o 1 SRS Sl T (T i S g NI SIEey e A14S; g aFEa TEe
S A S WA AT (A0 RN g FBTS SA1Ce | A @3 ARRS TR (o fzet etege =ifes sedll @ reifere:
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The Biomechanical Suite of Habitual Bipedalism

Pelvic reorientation, abductor muscle realignment, valgus angle, and the inverted pendulum gait

PELVIC MORPHOLOGY & GLUTEAL REORIENTATION VALGUS ANGLE

Chimpanzee (Pan) Human (Homo) Femoral Bicondyla

f

Ape (~0°)

Gluteals = Hip Extensors Gluteus Medius/Minimus = Abductors

. Tall, narrow iliac blades . Short, broad, bowl-like ilium ® Inverted Pendulu
Center of mass rise

« llium flat in coronal plane - Curved into sagittal plane N
kinetic energy (Ek)

- No lateral pelvic stabilization - Prevents pelvic drop (Trendelenburg)
® Double Arched Fd

Longitudinal & trang
release elastic strai

Must wobble body side-to-side Dynamic swing-phase stability

4x metabolic cost of human walking 70% mechanical energy recovery

fo@ vb.%: WK &9 SR ICTCNBI | AT Rroonfga o131, 571961 (oo (T (IS FFITS =TS ) I WL LG, 58], Ao swe| swfede
oot (T gffsart ST 18 SHReBE TR I 9T A 97 METR T (IETo Fo 283 @K F@) | TITT: ReR SEF 5-50 & S &,
T # ST SRHCHA 5 M5 211-(F BIoH FCE ST (G Weel *fes o7 fiee F0a |

Tre51 (oigeT TS (Inverted Pendulum Gait)

SCR SR E51 SR S COIRGEN NS (M 5T | &fS AMTHRCA T4 96 o1l Wfbre A, [ G A= 99— (AGATHR W@l T FF @9 €T | A
Rre TR »Ifonifes (B ) Foieiio = w=iesn Reaifets (B,); s #i fes [ s Redsies Rrw o sifeefets |

CACIFIETE AN (72 (oY, 3 SAFFoF AP MAH *[N< &AF A0% TS =& Jwma FA0e A | qwins Fr=ifga s sa-enfec @3 e
PRI (] T (73; T A3 g WO TS A5 Rr2iifes Traa g o @) @R FITAI 7 0! 9T Wi e e Qe (Aiter 508 @I
Ty 917 5eT SINICHE S O SSIRITeT Isterer e frcafeet |

oo taafRe Foea @ gffoaet corf
3 #f& T AMCHT Ty FHETOCE [T AfTTST =eT:
o GBI FITSoE: Frstifgs i 21w w1, 571961 =k fB1tse FI@RICE (Coronal plane) SRIFS | LI GFL@ SfTEIN 2T A6 8 5T 20 (ATHF ML AN
s il =03 (Sagittal plane) @35 A1f5a WTe1 Tt (17, T (BT TSR THSTEA 5 T AT TS (ATF BT AT |

o aifta fifSaieors wottea: Reifem cwea gfowr AfeanTs [T cofl eta cofeta Y@ A 93 Al (IR (A0S AR FCE | IF0H CFHCa Jfer A Il
0 ST @R (OFTISTE S TTTH ST 5T AITH @R #AfFere = fZet wyiqersta (Abductors) |

o (HUSTEAAIS, TIBT I F51 ST T2 G5 o1l TSI AN, S NEFFHCA BIT =9 GSHCE (20T ATl 2 | FLa (e Moo Aw e gfbast St e
SIFHAFGIL BB 20 (TGS TSI T | @3 TG 7 AR &S FMTHC T TITH-ACH AT TS |

SIS (&9 (Bicondylar Valgus Angle)

fRroiifgia Seear =1 (Femur) (FING (UTF TGS <=5 fefd (Iest s (o 13 a1 O AT WSIa IR0 MRS (e SISy 10S 27 | e frld 216 (&@NE
(AT (TS T & (ATF o fF @ Ieet (Valgus Angle) I ACEF | G 0T FG @ AT AiTe] #9171 AFRoF ScFcEd (Center of Gravity) 5 fts sz
FF, T ASTAGTAT N (AT L) 78 T |

©. A5 @R wavs: Atgemtaem, e ¢ sifEfresm

1% 43 71T A o Jorawia G st RSt AR 90 14 I=d o1xS e Mewe:
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The Early Hominin Mosaic: Ardipithecus, Orrorin & Sahelant

Fossil evidence revealing mosaic evolution: bipedal iliac blades paired with grasping arboreal feet (

ARDIPITHECUS RAMIDUS: MOSAIC SKELETON (4.4 Ma) STEM HOMININ H

Mosaic Pelvis Architecture Autopod: Grasping Hallux Sahelanthropus t
7.0 Ma (Djurab Desert

Upper llium: BIPEDAL

Short, broad; AlIS present;
lordotic lumbar adaptation.

Abductable
Hallux (Grip)

Lower Ischium: CLIMBIN!

Long ape-like ischium for Rigid Midfoot

massive hamstring power.
Plantar lever for push-off

Orrorin tugenens

q a A . Tugen Hills, Kenya -
® Facultative Bipedalism + Palm-Walking:

Ardipithecus walked upright on the ground but clambered carefully on
top of tree branches on palms without knuckle-walking or suspension.

® Feminized / Reduced Canines:
Loss of the C/P3 honing complex suggests relaxed male-male aggression.

fo@ vv.0: GO @R (a3 [ | ITN: 88 #14 J2d AT AREHirew™ AT Qs TR (W), T SoiEa (oo fom v oty
aferaifens 2ee fNTed S0 Tt bo *fesie (oFTig B Q3R AT S1TRd Tl AT LFF 08! ARG [T | BIC: SCRACIAI (A 2= eIz
IR SIS (A0 #1Y I7K) AR ST 4o (oS- Iz1d] I Fioasiet &% (o Ard %) |

S. ATACAI SITAITAA (0 &1 T2, BIK)

2005 AT &5 SN BIE CSIEA-CHIE NPT SRFe T G F6 TM 266-01-060 (“gns”) | N¥waa wwrmes Frsiifgrg s (owo\text{&#8211;}
wao\text{ cm}13) zta1e «fb 7t Joor® W fICEra wfiwA:

1. RE Yo @ fem e (Teemed NI &Ta 0 (CHIFITHS SHISIN), S ICEE N0o! (IRCTR Ml 79, IR WL 0012 IRIBF SHAMCE (A (S SHES |
oft SIFBTSIR e B (@ gD WA G comren, Saw A7 @i e e |

2. FIRT NMSSTHA| IV S| R 1 HIRICE T IR G0 5oy 51/ 27 Fces ageifes, 11 N S0 @ 9j3ea0@ S S| wates diemrs] Fel-SNfe 2151
TR |

%, STAIRH Grea=iomT (Lo &Y I-F, & eral)

£000 N (SR From N2e wiige “Frafa wr-a7 S 20ed (Ree) Sw-@eenfaem St i ol oitg @, R @ Qied ek Shae 20ed @
TR RO Qe fout wrere & 1 @ft ey i3 (@ eI e 12 o o5 fca 25e 3k o1 fasm alfes Renei 36 3125 S99 T2 OiF 20T 98 [afesTs yrel
Cof eafee |

©. WEFHiTeFT A (88 w1 759, 2Refm) — “anfé”-a crrenzs 7251

2005 G B (RIAMB 8 O WeT SrAD e RSP TR Teafire 88 @Y I7taw B SR 7 “SfS” (ARA-VP-6/500) | WS SR (Irenas Rass
(Mosaic Evolution )-a3 RC60a 18 wiefe:

o GRS oo (TSt Soitaa femw wiexifb et Wichl @ vevl, Tl @ e @S Mbte 12 i &5te s | g o 3Fvam siexifs et arbie g wecs scel
TR, T 9T TSI Gy (11T G (o &40 A4 |

o HIFTT 421 oil: T AT 00! Aea (Hallux) ITTHLRE WCo12 50 ffa (@HItet IR (77 41 (T, TN T o7 211" TF Gl AFCT 470 | SF AT TR
BoiieT reeta| foa mwate, 1 Mbte Sbe o ol (& e (@Y F© |

8. ATl SR oIS @ Tgw ST

GF *[O 4T TOINGS 2@ R T (T, T To7ed (TG S TOYS AT AN IR T 73 Ay Fore Firafest | witHresom aikem @@ s@e e
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ST 3R G TR (AT TS ST T I= 0 (WO TSN STAGTCAS 0T AFCO3 SIene W& @9 517 Fer (e zeafeet |
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SRGIAIfHTeSIS, (ThIET omibz @ae @K AFFI=Ttos

WENETIHCHI, (I H7lbe 972 @I AIAIYIHT

CTIAT METY

a5 fom WRIITHLIT QBTN (G, - 0.2 (TR T27 QY- 97 TRABTE AN S QNG AN G 2 21 G257 a5t 11

Bfe! (e i 14 92 o SifEsem S=Iciee qebfee @ififam Rt o Cafbar waifieere | sy steficeTs i @fifmoe 21 i Sea F01 OF Tors T
By SRGICAIITess S (Australopithecus), T9 @S« w2 “Hfece T—mE” | AR 75 (WS ©wa NS SIS o7 SefH e wreld 92 A G 20
BB SN, WG A1 @91F SIHR FCAIMoF W (et Rronfgsm sIceR 5w | simenfa scarfaa gz sl @ fPHicafee sq o= 7 2if siicsg 5w @ omfos, =1 %
% J2F (R Sone Gk | 5@ f2re-fAwsivim gorifce wifees 347 o7 @& 20w @td, O3 WM [9ea gft Roifioy «R Rew 20 ote: A" bIermaonE
SIS 42 WREER JfaTal @ i1y 2fsarnza Fife= el |

5. G5 (A.L. 288-1) 932 SEHIAHTSHITIHT SHHAZIN

5598 TTEF $8 ToFd RSP FTH TFYNT (U U WM& SRR (S (SIEFEW 8 5 (8 @6 T J1ed A 21T SRTER 0 | 77701 S AL
YIS WIRES 27 A.L. 288-1, T 3210 “gffor” e [Reasrs 21 (We—mieest o3 qreife w3 RGAwW oI Lucy in the Sky with Diamonds) | ws @4 I28 SITHR €3
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Australopithecus afarensis: Lucy (A.L. 288-1) Mosaic Anato

Discovered at Hadar (3.2 Ma): 40% complete skeleton proving terrestrial bipedalism with arboreal

A.L. 288-1 SKELETAL RECONSTRUCTION (40% RECOVERED) THE DUAL-NICHE AD

Cranium (~430 cc) Terrestrial Bipedalism ([
Subnasal prognathism
Short broad sacrum for 4
Anterior inferior iliac spi

Lumbar Lordosis

Deep femoral patellar lip
Inward curve balances trunk

lateral patellar dislocation|

Flaring Bipedal Pelvis
Lateral abductor leverage

Curved'fingers

Arboreal Retentions (Nig

Valgus Angle (~14°) ® Curved hand and foot p
High bicondylar convergence
® Funnel-shaped thorax: Ig
fermenting low-quality fol

® Upward-angled glenoid ¢
Night-time sleeping nests
SN from saber-toothed felid {

Adult Female - Height: 1.05 m (3.5 ft) - Mass: ~28 kg + Age at Death: ~18-22 yr

fo@ va.5: G *NFZ (A.L. 288-1, w2 A I%F) | ATN: FfF 80% FeAre FHIER 975 (Twel: 5.0¢ FBE, @ b (e, Af¥Ea Wwe: ~8wo
5f57), 1te vev) fasm (oefon, S Acsiom a3 8 fEfe R e @l =518 | T tro-oifarai SimgR—hc Nfore wsief fasm e @3k Ace
R STHIE-5 RO (AT 5T A1 SeeT @ SR Fi& e siieg I cofe swwsret |

FeTbd [Goin beTeera SwTo

o FHI T RS 9B 5 Tt =] (B0 Teaiieet: Reaial Stst SRTes Wt Nead W% I8 AR R 9T Ma 43 A0 Jibce Feafee | g iy awie e @
AGE T RO o156 o5 29 SCSIR ST o[ §8 AT earaff{ oo =ew &ibes Rieafee:

o TRom (Ao Al INives: 5= S =1 f&et 21Th! @ TI-1Ts 58w, T EBR 75 *IAE SR T O Jfowe corftestarss e aifzss e emm saw |
o T ACEIIHA: (NEMed fNT5a R0 (TetE e iR 1< (AcGIom) foet, 91 =i Sofeiros st wamf Reored wied ok Biom e |
o SIFSIIST (1Y (~58°): G Sba 21T (Femur) (FIN (U (wolad M Al 58 ff& (@ieet (o a7 Jiga ey WiFe 2feet | A6l ol @ 59g (el el
T @3 (e Syl ST (S\text{&#8211; }s0A\cire) (T8 (f¥ faeT, 11 ©ltes (aretqee 351 i (e sjraisffs 3fes fcafeet |
Cre-sifat My 212confAST (Dual-Niche)

foin HBIa el AL Fora <A Mg 5O (@ 57 12 b Rmww et o1 210 @ Al Sigtera AT fRe ~5i2e3 geira Nrel A, Sed AT FTed 18 e
fFgh! A @3 FI0ed TS A (TS FSH @oram e g2 w41 faet |

RGN AT I G-t EpteteitsH: e @@ 1 G5 @ O e WbTS 93 A (B ACHR AW T € IV TRAT IKS; G ST TFHIE SeHA ST
SRR F@>1911, R &fl—ca TRE-5 O (Homotherium) @ WFRRIE AGHR TS (AF 608 ORI AT 5T #<1-eH14F @97 19 S I AfE gurs,
{5 TG 8w ol Frstifggan e |

2. 0BT omivD: weaaiifee 2sce Ebie o wiee

GIRM TT (A (1R B 3 5eTeaa oS Fic ek 20s 2i1te; 5@ oitaa st st S f2l 0 A1 svab e Ted e @ooifats @i Fe rogdv egefes
Vet SRS S W ST Srow (12634 vl CBifer omice (Site G) |
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The Laetoli Footprints (3.66 Ma): Biomechanics of Ash Impre

Cemented volcanic ash in Tanzania reveals modern heel-to-toe plantar pressure dynamics in Austr

SITE G INDIVIDUAL FOOTPRINT (PLANTAR PRESSURE TOPOGRAP THE LAETOLI TRAC

X Carbonatite Ash Ceme
1. Deep Heel Strike

Substantial vertical calcaneal 61
impact; robust heel pad. . .
G2

(

2. Medial Arch Elevation . . G3 (
Clear absence of midfoot flat . .

impression; arched foot vault.

Sadiman volcano erupts ash|

3. Adducted Hallux Push-Off

Rigid lever; high propulsive ® Stride & Speed Analy

toe-off; zero thumb divergence. Estimated velocity ~1.0
to modern relaxed humg

No Knuckle Impressid
27 meters of unbroken t
completely free, held of

Dating Calibration:
“°Ar/3*°Ar dated firmly to
Blue line: Center of Pressure (COP) matches modern human barefoot walking.

5@ sq.5: IR sMoT (0v. v &2 7F) | AC: G A = Y of HH—TTS 2187 (oreifeg w1st, S 54y &b @R CTrefer ol |ee (A
OIS TG AT STISIC QUM @isier 1% | Sie: <a B A smiv® @2, @2 foqfs c@fiffm (G1, G2 93k G2-93 ATt =1est il (ee bell G3) STifwste
ICAARR (S FIRAIRG BIZCAF @7 Mo (&b Peaee |

wcaEfafEE =iRe F e

T Wb FIY YO TG IGF AT AFoe! AN AT (ATF A FI Q20T IBATS T | 0T 5 9170192 39 32 9051 (72 Q120 12w (9wl FSsesa weel ey sffders
FCE | (N2 W WEF @7 e (&b i fonfs st cfiffm—aiome ergeifgeal s fcces G1 (w1 (216 7191 A1 fRFTei), G2 (I HHFIEF AIGKTE 969) @2 G3 (T
o @A, @ ol Frfee 5% G2-97 sirca forea (oo o) | 24 fNBR o1 #11f% (Meaa 517 o] SIPATTSH TR (TR AMDBSTANS oS Seslle FE O |

AT AT TITIHINH
AT T FIAR @ JCACHF I AN ETCHI A =1 (AF (T 05 eeteg o ewwasa:
1. 91 coreifea oist (Heel Strike): SITa QIR (R0 @115 WIe5® 1S4 @ (AT, TN S A FHTHIT WS Tl ARE O (oGIfea = oHi1ed @i
ATTIR |

2. T Sejenes et (Medial Longitudinal Arch): ISEOR 2ICIF RCod Scel @ft sTree foet 711 21t (sotaq Nereits Nifod =eREe] esle a Simd 21t
TR WO 5NEFR AR A =6 o, 1 ER *IF-SnRewas Re 16y 397 |

3. Tl grel @ge (In-line Hallux ): SnfSfTesIcoT sItel ol Siget SieeT =fSTe e 11; 79 NI TCo12 &5 57 SGTEd SR Cirengfer [{ars e |

4. SINTET WESITST 41l (Toe Push-Off): SRCECH o197 woif5 F0a0= U0 SNGTE (ISR ST, [ THHIS @fsiel F Ol @lffb AMTswes: ciew Sugfs W
TSI JCT! AT 519 T =T ANCTR e Jre feafeet |

0. W ST 2AFFCTAIT @ (TSl

Qb #1Y IR A FRre-fACTIvm ot oA wFE 9o ARRETR e WEHFR TRy 539 ©F @ ARTETNET 20 S5 | WK I [ 20T AR B Aoy
R8I 03 1 €, erenfed 115, F9 8 *es A |

a3 L5 RHCE TGP AT #M14| G5 O 5 SSTIGTCAS 4 (0T (7T Tl AIfTeroice [iet: (196 SIS | SAFINCIoAIST (o1 Paranthropus) |
555 I G7gORR e (I &S AER S Arearao7 72— SR S OH 5 (“NIBGiea S 1 AWTSIT| W), T GIRGTe OF SIS 50 Tl
PaEich
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Paranthropus boisei: The Heavy Masticatory Grinding Engine

Extreme postcanine megadontia, sagittal crest, and flaring zygomatic arches adapted for abrasive

CRANIAL BIOMECHANICS (OH 5 - 1.8 Ma - OLDUVAI) DIETARY SPECIALI

Sagittal Crest
M1/M2 Postcanine O(

Homo habilis

Flarigg Zygomatic

@® Stable Carbon Isoto
75-80% diet derived f
sedges (Cyperaceae r

The Evolutionary Dg
Hyper-specialization |4
vulnerable to severe P

® Dished Facial Architecture: N

Concave middle face positions bite force directly beneath postcanines.

® Enamel Shield Thickness:
Crown enamel >2 mm thick, highest among all hominids.

fod va.0: oFRICaTsI™ 336 (OH 5) RETEAReR 55! SISIC | AC: Y MHeet GrsiRiferst (o & 4R Oy =TT (F-77%1 GBI (@95, (ol
ST O 598l TR A6 9% <RS! (BRI | ST TCEs (50 511 @ I Nifea e (cairefaa) @3z < MfafNoas oo o qamses 9, 9 A
*Igs RIFG @ 1 I ORI Tl Soges e |

COTNTCES ACTICHBINT
AT T2/ FCAID o TRIACHRG ST (ol 6T AT OF G FIAM:
GBIt (@6 (Sagittal Crest): W 5 (oM (Gr=s//RfT-(F GOl 4TA L Oy SITvd N 4ot B siam e @b el 2w camfes A1 (@96 cofd
SRR (7l T LSS 9f2T A ST |

o Wifere sliteTa 2 (Flaring Zygomatic Arches): SITnd #1tea 210 @© Q& 3130 s emifsrs et (@ o 5 fcg swmieT w2 Yool ol o fose oo
CICST SN0 AT |

o S-S TANGET: S JANGH FINCTR e rercal et 711; 792 (oot wRi e, 11 Wi Hives e sl Sae bist deares! e =ifes fre |
o (OITB-TFINE CNSEIR: AN (@ HOST| (=B A IR (SR AT @ (e Wifeq Hrowte ke sy Wiras Wived o1 @t I8! @2 TowE
@sf fet & FifefbIaae @ oz amicTeT 3, 1 2i=ReIbor= weey ST |
WIRCATCHITAT HI: ST SIACET | C4S?

T2 I 40 G| O “TBGIIPIR T TS 3 R0 (T ORI #1665 IMIN @ TFCA (U OIS | g 205 TN [GRITATHGG Y7 (e Wred GIeees Fe
HIROATHIA (513C) Reeme T Koy viess o

AT ATH A6% CATE 0% & C; g Sesr—wafie, siiteg Wi =17, IR TEIgNg =& FZCAAN W 7, Wod (e Iy s @ oeer Sfgra
BTN ST M SIS G5 13, I WG T @ TGN WIS FHIFT @i A (o G G 3 MR (O Srele [afee wiafet |

8. fasta @ e @ afey

1 14 =7 T o W @12 @ G| TRANMRFR 93 ATY I IS AR AR 73 [oidroa S Fifem:

1. RTIEs CFIET (SITRICIAIT) : fFsitee *ies €197 @ s BRI (&6 A (et armel Feafzet @3 e < 9eeas el oo Feafee |

2. STHIe (R (BN (RIT): TS @ (BIRItETe WihlF (@i @0fEs, 9w sfasiceae e st @R WREd S AT A[IEs ef s (eed I3
FNATIT AT ST MEFTH T FCAEA |

5% A4 T=F 2T A WHFSR JOo! TGN WRFC (S AR o [raaes my e s 20w ot O3k forerd Reg = 95 | S sifaaeem siea e <R
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@I SIToT AAST 932 ST YA 2Yfes

IO AT QTSI 972 ST Y Il

1,366 si=1 + November 1, 2026 + STIT ALFIY

foq ov: fog @ITw! AT (SISHIA, ~5. MITIN T2 QIY)— 121 FATSIT (O17 BT AT NINT A1 STI1I0 NIFE 972 1N LI 1R @ (ofd 7ol |

TG &A1Y IR AT ([FEF Moaieae 8 AEHFR Sig wHeR Abeiice QN Rsarw Tral A 220= FICET Sreomsef NiEameas afews F0d: ASeF 05 N
e By —sie GRITl (Homo )3 | (F3(20% &R0 e <5 FHCo MR SJ{7I5wa S affarcarafor-ad srel weeie 5ot e [afes sfv | o7 siftacs o
TR TR OF PISFE @ &¥d &9fe (Lithic Technology) | 1RTaE Fi5a @7 MG Fer AN ok AfRona e FeteE «@Ed 3@
BRI S | LRI MY 2SR TR S (S0 (0 W € SHFGTEAR A 2w =1 I @32 Y& 0 fE @ bfite w297 wfgweg (Bone Marrow) | @3 5a
2 R RTE TGOS TR S QA RTA ey FCRe |

S. IBNew RITNl 992 T © Hited Foliad

2059 I FRACHRA 17TF SIATES Fow sRefme @fS-(ome w26te afs NTva GRTea AN AT G WiRER F0== | LD 350-1 71T FIBEFS @3 Smiis
YOl b Y (ATF £9.¢ &Y IZF AE (2.0\text{ &#8211;}s.q¢\text{ Ma}) I &wfee 2R, T SN 2ot @7A Sesifen 2oz ar st #14 7= Pifeca
7 | TS ACECE TEGIEATSHINR WC] f5J0ra Wi o157 @3 S @ITia See] 716 % HTek &3 STy (e |

St (ATF 20 F1Y ITF K SGIHIR €TFO13 TS IR (S T FiF OIF &b et g6 ere aram Kvfere ==:

o e HIfRTES (Homo habilis  “7 FMW1”): 5548 A 25 &S @ O 7o T61351 OH 7 3R 97ISI(S & SR KNM-ER 1813 (AF «@2 s =re
FE | SIHE ITE RS SFIEAITSHITNR 8wo 5t (A AfF edo-veo FHifsi-co (Hfigr | M7 Hires wFR AGIRSIE FI A IR GRITER S 301G
B (A RS A AR T 419el T |

o It FwEeTTo (Homo rudolfensis): &a@ KNM-ER 1470 S (56 @14 I59) T2 Seget emlel, 19 N daerwel {&e rammea aco-aae Hfi |
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Oldowan Mode 1: Conchoidal Fracture Mechanics & Lithics

The 2.6-million-year-old cognitive breakthrough: controlled Hertzian cone propagation producing f

HERTZIAN CONE FRACTURE DYNAMICS OLDOWAN TOOLK

The Primary Tool Cla
Hammerstone

Striking Platfbrm (<80°)

é Razor-shaf

for hide an|

The Precision Grip:
Broad apical thumb pa|
pollicis longus muscle

* & Ungiulation Ripples

azor Edge (<25°) Broca's Area Latera
Endocasts of KNM-ER
expansion of left inferi

() i ion: i .
Elastic Wave Propagation linking knapping synta

Compressive shockwave fans out as a 120° Hertzian cone in isotropic rock.

® Cognitive Pre-Planning:
Requires evaluating core angles, strike velocity, and fracture pathways.

5@ Sb.5: ST (IS & FAFTCI B Al | AT 2efS-siea Fex vo fEfe % 757 (It Y (I WK FI M GG *IFSTTS
SHCS 1, T AT O AT € AL (TS 0o I | BN STBRIA RO @RI (59117 I (36) 932 (RITH| HIRFA0or W0 (@7 Sr=etera
e R |

RS [Rem: (e s @ fafomiw fas

@ HiRfAeR FEba (v T6 (Endocast) 9 JoIGFE FERE TS (04l TR OIW WY& I ST F01 (@RS 05 (FIFIF e (Broca’s Cap, BA
44/45) ~BSIR T SofeE | T o Rl 2t wme s aites, WtEe 2 wikefs JeTe waifEs ibe syl (Hierarchical Motor Syntax) e
FE—aie, I o FHE @ e [iE «fore amre @ Fifews (@ (ol T NFiRE BR-Fee 9 Um (s sifimiae zret |

93 A T& AR 2o &SI f&st (Precision Grip): WA= 001 WGTER Tl 59T T €5 R SNGTEAR NRCMN (Flexor pollicis longus) =&l =, =
PNYACE & I WSS H(F WSS &5 WSS H2y FI 5| (7 |

2. ST CC 5: FIFTOIE THISoICad 2w

FASPRT (I (20 FY I2d) IR GFER NG WiFe @rer fHig] (Oldowan Mode 1) ST &fess e @Sz Wy | TITS AT T Sl A1 N 4l
218 WY ergeiie SIFF e FRR (7 ST (FS (f 4 TSN ARl CaIe woret:

BRI (@Il @ SHCHA T
T GEAITICATSIIR (| A TS FFS 1T | S (@0F 1S F95, Hi6 A (FRIDSILCES NCo| WRTHAGIAE A1, T (TSR (I SNFRo G HIoe A 1l:
1. §1afe: gribey enifife: el wiferm @m aafs (@ Pve @y e T iR Aot @ & vo fofala a1 so ffal @ (it wmre st oiwg @ae
pelfREef 2 (TS, I G (FS (@ 201 |
2. QbR SatsE RS TYfe-2Ee SIg WHITS A& (@ord & 2o fEfe @i vt Ffeziors wigfbe smetare (Hertzian Cone) 2Rt o1%s |
3. (LT SEPIRB: A (TS [z 207 4RI Gress =12 53 fow as:
o BWIF IATTD: (TUT QS FAR of e |
o JIg & AFSI (Bulb of Percussion): SMTS S5 38 M1 &6el S |
o faolet Al (ST e Y e TGt (T (BB (AT, SIS BILo SA (oW 57 WEFeIla et TS |
o TFAYIF AY: CFIFA YR @IS @11 2w v (U ve Ffa—a1 wrences sy iE=mie Fotea ot wrae LRl

TIYECE GO (VR ©IR) (oIl S (5911) FEC A1l 201, SHREAR (4 (oI (T (2T (et o7 (I CRITAITAR SIoTeT 75 ot FRBUer @il siToedl, e NIR0apl-Cahsd
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©. 2ATTT GRAMTOG: FITS: © AFTeHT e

@ SR 2T T Tare 21?2 W T ARSI e 2R 20T BHITHW (Taphonomy 3l &M 3 @ FARSLES [{Gaw) (12 (N T2 STHI6
FECE:

Faunal Taphonomy: Bone Marrow Extraction & Cutmark Micre

Microscopic differentiation between carnivore tooth drag marks and hominin stone tool butchery g

SCANNING ELECTRON MICROSCOPY (SEM) BONE SIGNATURES THE MARROW NU

Carnivore Tooth Mark Stone Tool Cutmark Caloric Density Comj
(Hyena / Leopard Tooth Drag)
Savanna Tubers /| Leaves

~60-90 kcal

Raw Antelope Muscle
U-Shaped Tpbugh Shax&l-Gr ove
NS /’ N 40

Long Bone Medullary Mg

Smooth crushed base; no micro-striations; Acute V-apex; internal parallel
rounded blunt tooth drag profile. micro-striations from chert serrations.

® Essential Neuro-Fat]
Marrow is saturated w

Percussion Notches & Bone Breaching hexaenoic acid) & AA |

® The Scavenger's Sa|

« Hammerstone on anvil percussion .
- . . Lions and leopards caf
ellow Marro + Conical negative flake scars ruminant limb bones;
/N - Safe from bacteria inside sealed shaft an uncontested, nutrig

5@ sb.x: 2CTH T AFwew! @ TSGR @¥lel | ITT: TATGA NCRCHIC FRFIR 99T AR U’ AFISR AITo A1 I @RICINR AR SRR
S V’ WIpfed SO I/ (@21 | SR TGS @917 2gfE-s11ITad SIS 2T (ST (SO THIB 2w Negl STAGA | TIE: 927 ge—a @ Feva
TEI TTER Neg @l $00 AN a¢o KRR @ «fes a3 w¥ea e oy ifaer w15 @mfSe (DHA/AA) w=eamE F0Efee |

IR BTG NIRCGHCHITHT efstre!
SCERG NIRCGICHICH FCTF Wio! RTeel S0 Jceal RFe ofsd FIe @3 MCad ST AR T J518 9112055 ffzee Feace:

o I @efig Kive Aot 2 A1 o] T4 2ATT FINT (7, T 2ATTH (RS 551961 I 0o I G5 WorSiE, W U’ Sgfed o1$ |

o AT ST FIGAIF: @ T4 HIG AREL G MG TR A G F160, SU AR T Meetel 20T (o 79 4] @ $rF V’ anghen e, I9 (@e
ST 5 TSI 7l A |

o SAIFHIHT T5 N 2T BRI AT AR (TRZCTT 89T 2T (@Y B9 (AT GG SRCET TS AN A5 JSIF TNE B G efen=ifs-smpe s cofe 29—
(8 N[ FCH Ol TRIFOSIH J b TR |

v gl GAIes Ficaifed Fofaf

SN S B ASHR @R =S 1 el P T ATarem fZe =1 | MRE-GY Ko R 75 Nk (40 FFE (0 bl (€9 | ARG speas 21fs A
NI AT D SO 2T S1eTs /1= 1 |

12 s 20ed 74 o IR0ER FIFORE @ RFNTR T (AF 79 Hiaalia @F dmreieR | Agfe-#2g e o= w1 T TS (91 @I @@ F0E TS HIERes
97 W AEweEl (Yellow Marrow) | &f$ so00 & sifgwes (At fere aco [Ftaasaftae @ =S5, 11 e «reo Swwim ke gz i o omes e
ST 150 et Somme: faspe (DHA) 932 Sniifesie snifsie (AA) |

8. agreniTe By 23ronfAfiT: aEs a= sifsonseg

@b = w7 FerR e 5w =fe o feafea? sose e Kol @vifer @R @ PR 2367 TN RIS Trex o) ©§ SoEion FCE:
aFeomtTe B3 2B (The Expensive Tissue Hypothesis) |
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The Expensive Tissue Hypothesis: Gut vs. Brain Metabolic Tr

Aiello & Wheeler (1995): High-density marrow & meat enabled gut shrinkage, fueling dramatic enc

METABOLIC BUDGET COMPARISON (EXPECTED VS. OBSERVED) SKELETAL THORA

Expected 65kg Higher Primate Baseline Australopithecus (F

Brain: ~450 cc (8% BMR)
Gut: Massive Colon & Cecum (17% BMR)

Liver [ Kidneys [ Heart (40% BMR)

Observed 65kg Modern Human

[:] Gut: Shrunk by ~60% (9% BMR) Compact Gut

Liver / Kidneys / Heart (No Change)

Homo erectus | sapi

Kleiber's Law Invariance: Enables high-speed end

Total human BMR is identical to a 65kg mammal. The brain expanded NOT by increasing CHRAER ¢ ol origgn el

total metabolism, but by paying for neurons with gut tissue reductions!

fo@ sb.0: @woTTTe oy 2ReNfAf (Aiello & Wheeler, 1995) | ICH: (BRIAE ITSTHH GeTl— I NEH (LT AL (NG @A GIHRIEE 2
(BMR) 22% *If&s 45 S, (T NHRUACER (15 (BRI FHIRACT Td SR TG S5 N2 0 (910 92 =1 SRy 56| F41 T8 2032
ARARFEZTP & L 0% FRFHOS T | BITA: R @ (6T FoEIT—SPGICEAHTSRINR [ CBlel-317eT sera AN RITTIF I (IR @ JFI -G oF
e |

RolRh e @ HidAaa Ia
S0 BT 5T RS I IF | SSITF N(Te NSE ST (MR (W6 STl W 2%, A6 Aff WNena [FA (016 =1 20% (ATH 26% AF13 & Fea! afs
ST NS FRHITEL (PN e et et &1 =1 comrer |

5 ARG AN 9 (BM R oc M7 Seasll, S (iead (15 *Ife 0 79 @315 G ¢ (ST SOTeTa el Sysiifiia SN | SN (MR (G| STl R
& SeAMAIR FfE (713 | 01 NI @3 7o =I5 (ofe (Il (N?

TCHA HLHIO @ NBTE ST
IR @ T T I (T T iz shel e ke W @R WS, 3§, TP, WE R AfRermey (Gl Tract) | TG FREER T TN | T6
AR Ty ST R B SIS | NG & | A A €917 (67 07 (=B TN 718, O 201 dAfFofimog;:
o FNICER RiieT &1 M= ST sirel @ =9 A9 Facs sif@" cel it Reet siem etr$ (Caecum) @3 A (e ecaem | @3 e S oy
witna sfrercas fAeoa ©igel foel 56l @ (ohel-sm=l (Funnel-shaped) |
o CRITH ST “AfHoN ReR: Srem (g Mo oS, 72w W1 8 o) WIewd T (@ TSFE =S TOCN R a2 T W T | @F B WCFD A (ler
@ S ST W SIS AT, AT F TR S 0% FFoe 7T !

Afsieeg (=6 FaE T (@ Refe CBRES e A 2@, e R Sge «fe s [ s Feaem 7w fas | FHe Terse a7 8 o9 ol I
TIPSR ©19 TCo(5 8 (blel shord Foee 20 @I T (HIe 8 TAIS BT SIS | WS (LR AR 2 Mo efens we Wgs fore e
oI WRET FIATO), T SGS] 40 O (AT S FaEss @ e carestl Saae-«a |

SIECHA: AR, AT (2026) | "I AT QRS 43¢ ST YT @Ffes" | [RISea 2@, %@ sb | https.//shakilmahmud.com/bn/evolutionary-odyssey-part-18-the-dawn-of-.genus-
homo-and-lithic-technology-bn/
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AfFe weyw vEiate fifis - Safdet ¢g

CRITN BCEFIT, TSR gy @92 (a¥s sfsaal

RITNT 3@EIT, QST AT 93¢ (@f3F afoiar

1,693 %=1« November 1, 2026 < STIT ALFIY

foq da: 5@ 97 IPSIT TSI @I ZFF IO TG IFITE AN (. & T T2 @I); GG NS 9, IS II2I 97 BRI QIS I FSI1

T 7114 979 {1 o WfEla (Aem e G (7 K RS G HoIcer B35 (RIcT Berdist (Homo erectus) | S5 atne <1< <19 8 qNIgLa SCel
TS TS BT ©F1! S (T FFDT 49 S T4l e Neaat weel o791, RolfRrst F5/ FOCH—1 Y7o (o 2rafee q@oliam caefaiet (g q @Teta
72 (Endurance Running)-43 o5 | <IRIGEE 1 [Reg F03 @R 14 A4 awafy [ Fta o@1 offdore =0 agfer aa gopeeak sikas Reeics | sma 2te
SR A (FF e = fide enfifes efesitne srafem aregeits (Acheulean Handaxe) | S, @ifi sesca Ragel o6 <@ o)1 Q4RI
CORAMIEE oG WO € SN WK ST R SifEss! SRereed 1 (AT sivrsfer w03 Ju S, S ol @ Sitd 9aes @2 |

5. I T (KNM-WT 15000) 933 GRATEHT CAITSR AT

55b8 MEF AIITH (TR G I SITF K45 S R FCa [Fwe @i seifba 5 jw doer o | fivré s @ wnem eniwg @rory #ib 12w @S
LICe WiEe 28 KNM-WT 15000, T wirer “g&i=1 I (Turkana Boy) It ofRf5S | s& #14 327 @bl @3 FHEG M= SRR ICETH SFS S S+ S/
(TR 0% =TT LAY TIFFo):
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Turkana Boy (KNM-WT 15000) & Endurance Running Biomec,

Bramble & Lieberman (2004): Morphological and thermoregulatory suite enabling midday persiste

THE BIOMECHANICAL RUNNING APPARATUS (1.6 Ma) MIDDAY PERSISTE

Nuchal Ligamerft The Human Radiator
Prevents head pitq

Quadruped Prey (Kud

Coated in dense fur; coold
Arm Swing

Counter-rotates torso
Homo erectus (Sweat

2-4 million acti\
Gluteus Maximus
Preve trunk pitching

The Midday Therma

Hunters pursued antel
heat (38-42°C) when

. . Hyperthermic Colla
Achilles Spring
: After 2-4 hours of cor
/ ~~ prey core temperature
collapsing from heat s
KNM-WT 15000: Complete skeleton of an 8-9 yr old boy + Height: 1.60 m (adult ~1.85 m)
Fully committed terrestrial striding anatomy; modern human body proportions (limb ratios).

5@ v5.5: TFMI ITF e *NAF FISCH (KNM-WT 15000, & FI4 I | ICH: (TS ACCIIHI FSTCH—NIF SRS FHIN (NS fllers,
(S (I @ (FT (FRICAIR FGBR-GIo, EBR T e 58 (AITea T #1941 IR W oA s @’k 0% =& smeaial e
(B PR | TIC: APAASRA @ ITHR (N Ter—a11Y 14 Gerize aralfEd W go fEfa gojra wfkam dce ks 25 Ca1ess 19 5419 7405 |

YT T =NARTE SIS

TPIEA T IR I e @ b (F » I2F; WAG X2 OfF Twvol e 5.00 NG (¢ b © 32) 932 21TE TZE (T T 5.6¢ NoF o791 @ vy & omd 93
STSIN 5759 | OF WYCHS ARTeA e & bro-»oo HfH— Srgrafreser Gr ferrme @R | SR viwem 20al ok =1 Sgsire: 7K @ =fea 1, @b 2rea
2 32 GG FIE T -G e |

et @ FFRIaieas @vgeast it FRcenffm
@ I AFBIC A IS o771 G (FING S T ZEAI? 2008 A SI0ER (BT Q51 @ Rt FRIsiie esel SE (7 N @oTER GN0ed O STy <97 | SR
2o 71 FooIRIT ¥y TH0e TE (50T Wo FoCeTs, @I TES 50 (S 80 FAMNGR A sHiRRe ¢nice Wiy 2197 Qi waysiifiies 2ficy fcs o
o f&aIe 9T (Nuchal Ligament): IR0 NIE (R0 @3 FoCTG A0 ) F1991 O SR NI S 104 | NG 357 o (6 2es e
T T (AN *165 FRINER WO FISFIeT FNTTD T&s AT; (e 0w @ifS omrseee! Ml @ STeetg AN e 71 91tg, @fb M B g |

o NI FIEBIF-CAHH: IAHR e 8 WA GFACY WHLF A | (R SN (F0q F1 4l (A s 20 @R sheza 76 76 @Iwa (o1 27 1 T ofl AW
TSR ST W 2[S AN T 932 #1917 KA GI6S Tea @FIfT SRR ey s o |

o gffowrT e (Gluteus Maximus): NI90Sa frecea @2 ¢ofifb oreea sRRS (oM | S [ 2@, sTvete 216 s @ ol e e Al aft e
TSI AT 25 *f&Te WS 27, TMCo o1l MbTe 5 Ta= g 4= coTer =9 e e R 7 TS |

o SIS (b FR¥e: St (orRtia Siyifsiet (Gemib amifie aca PRIt Wrel Fier S0, T (TS S0 8l (0% 2 e=ifes 26T e 2/=e! st e or |

Twaf¥e @t @ srafiess aifte

CASICIE ST BN ellfiar (vee [{9fet 19t Se s 23 (5,000 SHAS @) | 20t A1 WFBTACT <19 T 2T BIF ANSF @R S| (4T F9ATIE (Panting) e frgl
e o1 gum | g ST 26, 9 AfSTe (TSI ST SRS &1l P 8 I BICo IR T TS ST =1 | SR A AFBHI (RISITe AR SItnd #Ieaa
TI9NIG) RPN @CS T (8W°C) |

T AT OF SO AN (F9 FC: AN (AN AT (FeeT 794of 7 g @92 20 (ATF 80 Y Hfepw ATl GwalfFa [ | (e T gie @sia Iowe
IEAGICTI LT T AINICF Mo IS A | O T 7 WIHR I AHow 262 (Persistence Hunting): ST T4 o449 @W (ob\text{&#8211;}
geA\circ\text{C}) UEF G o121 *iMtea T g, 92 @it SigE 2R g e a3z @bl 20 9561 wRifH sifSte orel T 2R K6 GEie - @ Ttrs @@
frs |
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&, SSTE el @ A 2SN

2NN ASTF @A T =907 AR Faw Wi RO S Feafed, At Fge o1 (o @ oF Ffaw ofisiFeg | 2005 A G616 w1EN ©F Catching
Fire: How Cooking Made Us Human &% &% S0+ (T, A1 31 AR_KE RITN SR NB0EF Sardpey aibcaiee:

The Cooking Hypothesis: Fire Control & Thermal Caloric Yiel

Wrangham (2009): Starch gelatinization and collagen denaturation unlocked +30-50% net caloric

MACROMOLECULAR THERMAL DENATURATION THE HEARTH & SO

1. Starch Gelatinization (Tubers & Roots) Daily Chewing Time ¢

Chimpanzee (Raw Diet)

AT > 65°C - Amylose crystal lattice unwinds
R@ do  e— B le - Amylase enzymes easily cleave glucose
- Fast glucose delivery to brain 5 to 6 Hours Daily Chewir

Homo (Cooked Diet)

< 40 mins / day

) ) Liberated 4+ hours daily for
2. Collagen & Myosin Denaturation (Meat)
® The Campfire Preda

Ground sleeping made
promoted deeper, con

- Unravels tough connective tissues
- Eliminates deadly food-borne pathogens

« Cuts chewing work by >80%
Rigid Triple Helix Soluble Gelatin

® The Birth of the Firg

Polly Wiessner (2014):

night hearth talk trans

Early Archaeological Horizons: myths, empathy, and g
- Wonderwerk Cave, SA (1.0 Ma): Calcined bone & ash in cave depths
« Gesher Benot Ya'aqov, Israel (780 ka): Burnt flint clusters & hearths

fo@ vs.%: AT R0 @ ffeq T | TN BTTF S5 IBI6 (SABARCSTI (*IF=1 I 2 ¢0% (AT @Y $¢% ) G TRAR *G5 (FIATST
TG I | TIH: AGTE KT (AT~ 5l ST -G T (AT T g 80 TG (0 W57 3% A0S FIIFIIC NN (AT 5] (T W= ST o]
T @ TR ATl o1 |

FNIF CGIRTT

| (T 7MW e A, «@fb 2ffEw Ssaifarel MhREe 3 w:

1. 5516 corfoaTemm: Wba Fss % A TETa F61 =K1 *1& B 0| ACE, T NG ¢0% FEITS T 20O A | ve f6E Grfimm™ 8o Seg w4t o=
T G5 TR 932 5% THS T TR CHifvS =]

2. O FANG: ASTT S WL *G (FAS OF (ST a8 FAZS IS (CaAoe AAfere = | ares Sfgmra 5em e 27 @ S &efarsl
yrefbfE sl = |

3. FICATT Sgrepe: SIS (il (910 A1 9 URIF 00% (ATF €0% @R FIF FHCAI T2 T @R 2ol =fesa o siedtarae @ e o

TSR SNBITST ergoifgs esrer
T o7 %9 ST B3 YU oihew S e (1 g SIible Bt Sestee Seiby emter et

o SIS (TS, HEHY HFFH (50 &AM T2H): VI SR (AF 00 KB (TOLH FSIT THBILH (9T T 8 IS TR SN (oMY, TN & e @b (FIeetl
IR et A |

o (BRI, wiHwe SIifErasl (S0 #IY q29): 2ao0fbae @ i 2o Saie w4l 20 T 800 ey i @R etet Fafde st cofrer 2 |

o (S (D BNIS, BITRICHET (A, b oI %) (411! si1eta Afewre @ 15 Fie S qeie Jats At S e (org |

PR SN 8 T [K2T

IEI 01 ITFIR SO TR @ (AT & TeB1 ST (e HI61 A1 BIRCT oiig Fea! 18 91 ARG FIRC HEF 5 T G S0 Cafers g 8o B! @2
ST 8-¢ ¥9BI T W R w03 2o cof, Afagm € wet 56 |

TR, ST WA 2R 2T 8 FRREEE 2% (U Afo0a 9F ANANSTega AT o FCE | 75 715 = 917 W 217 (0T WO BT OIS ©F I | 97 FCe
1el7 ¢ afifz REM X 7187 =0, ¥ Yfoxife ¢ wfEtes smermwel 3fa 303 | Jcem ofe enizome aReaced, MR Q@R SR @4IE e B e s e
S, TS FIRLE (2 Q| A SRR (77 0162, Al T2efs € ORE O @ik gl o |
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©. TSI TS &: FeFered eoififes afesy

T 59 T GO T T I (@ (TS MY e et w3 o o @feaifie v wrwfermm g (Acheulean Mode 2):

Acheulean Mode 2 Bifaces & The First Intercontinental Diasp

Imposing 3D mental symmetry on stone (~1.76 Ma) and the global radiation from Dmanisi to Java a

THE ACHEULEAN BIFACIAL MENTAL TEMPLATE HOMO ERECTUS INTERC|

Axis of Bilateral Symmetry D isi G ia (1.85-1.7
\ manisi, Georgia . =1.

'
- 5 skulls (650-775 cc); toothless
Pointed Tip Proof of social compassion; Oldowar

Piercing & drilling

Java Man, Indonesia (1.6-1

- Eugene Dubois 1891 (Pithecanth
Expanded across Sunda shelf rainfor|

Lateral Sharp Margins
Continuous cutting perimeter . .
Peking Man, China (750-3(
« Zhoukoudian Dragon Bone Hill ¢
ng harsh glacia

Thick Basal Butt The Movius Line:

Hand palm grip & ballast . .
Acheulean bifaces dominate we{

Eastern Asia relied on sharp flak

3D Cognitive Imposition:

The artisan visualizes an internal geometric form not present in the natural rock.

First Global Species:
Homo erectus endured for nearl

5@ 5. 0: SRR ST @ EITH SRR (AR Tt | Aes: Tarsgst 31 Tesivg SIfon SR Togorm—aITs G $oF 21t (Fi @ 4
o elf oy @ A Seire (Golden Ratio) CMI3 621 20T | TIC: (RICH AT (AMAF NbG—S S i (b @1 %) (T AT
el @ Bitd (@GR 9@ i [gfe |

famifass wwfse Gaee®
STBRIAR TR G QeI S 20T 41 ool (Handaxe) WR¥E= vaw {576 oo emie 327 T

1. SoyA (Ff2 (Bifacial Knapping): s1<d S 545 (U o] (555 gle @66 wiikioza =it el tofa a1 2ret |

2. fgoirgi aifewisy (Bilateral Symmetry): si2=Ga SR<E e @i FIgias @2l BT AW @ TN W* 201 AT WA 292 Sl | SfEsia amiee gogeies
S @ ATER TS RIS T ST (B = 5.00b) Rl (et 5ret! Tl @6fb 755 A (GO0 Wl (A2 (72 TV Fi9ifb FgeTl T IR AR
2 SIS TR (312 FoNC (1 I TS |

3. PresifsicTa 251 wifst wigs: @b feet 92 Fices Srm—ivieen il e 1f 21 21S 4wl =20e), 92 #iee &= frce 23 5INo) 161 20 @32 IR I (Sre] @il 21e
AT 402 AW 2 2 ©lel 20 |

Bl S@ #IY q77 4T 22 AKfow egfesre o Rrme—a2 wrefem ool eemTd o7 ey asififeeer 1afws 2|

8. (A% wfSaial: wfEFsa A3 A smivs

T F MR S I, FAAARD NS FIGR «199 @R Aesferam Ffenes wfets amm 2 @ 22N A’ (Senfas 451 (ore Fe | SRM @S 4
PTT(R SIMA RAeTCed A smib:
s. frnfafst, S (sb.¢-5q.9 #rd q27)

FCFIT LA AT AT grof (s wifen eréfronferes v @ifmm Fem il e wrre St (3= W [25rs Skull 5 31 D4500) | SHE (eed Swel fze
SR (5.¢0 TNBT) Gae W& faet germieras (25 (ceo\text{&#8211;}aac\text{ Fifsi})—1 el Ftx @ifssia B 2 A1 Ty 0T 5,000 FfSi SRecaa acarem
fRet 1|

QLI g D3444 57 913w Wie Jgid TS I=d W' 2ITS Hirafee @z Gt 20ed sfoete s 3oe Piafe | 93 37 Taf fre e w1 3 fiee ik
4TS 9IRS 1l; WCETR S5 AT SIC TGN I QIR QIR0 1 381 Mot @rafes—a 7 2eaer gaee 1y @ i Jeafies aibires e |
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L. TS| W, SRR (S50 FIY I29)

Sbdd M TIb SHRIGHRG 28fem SRl SWAHRE arel Jitsid fafver T ot @3 Yfem = o e 21w wnfksig S @3 I o= Pithecanthropus erectus|
RIS TR SFS 72 SR @N1e FCH (T SFA 7% JUol SH& il ereiaen (AR RIT FRFT 2Ry et o714 I Seef? wfwer-oF ¥ G @RaeEns
S Brow SR

. f3ifse ==, B (9.¢—0 @MY T27)

B @Rt F0E @RS IHER gom @ B2 e wikgs 2w sofbae @ sfers Giamy | sionm NI¥tea @ et 5,000 (ATH ©,%%¢ BT | @b gargS e
TS OF IR (TOF [NAFS SN (G @ 7T BING| AT STy B 2eT |

cifSs @2l (The Movius Line)

558 A AFGOITgS TN (NS T S (T Ol WA S (B @ niel-sid @) (@i Se Ao rogere el 1 =1; (T el [ (e e
ST (5 | RG] AT T (TSI AR | I T 20| 947 ¥ =7 07 Tzereres &t It (Bamboo )—31 A1 (5T 2eTl, FI0F NCo| AR-ITH| 9% T©
FTHABANTINT; 5@ COra S ST O G VI TRRIE AT |

el el &4 929 40 CRITA Zeag T 2R =T Fcafee | g sy FACHIEs coea RS Treaigg Sie gae gt okl [ cSieifers wrzete o =2 o or wiee Rt
SRTETE I € RINIRFT SR SR, (SIS 932 (< 715 SNy caiesnl Swifocas |

¢
SECG: FZF, AT (2026) | "I ZTET, QST FEG 937 (A4 @l | [RISiaa 2@, 4@ ss | hitps://shakilmahmud.com/bn/evolutionary-odyssey-part-19-homo-erectus-
fire-and-global-expansion-bn/

shakilmahmud.com « £feY STeFfoTe STeFA « BIFT 3 F157Tefd « 2020 Page 96 of 103



5(Nd Naidiat . M R M
fead it shakil S BE ISP

A fFe weyw vArate Hiiw - [t gy

HIFIEF CNSTRT 32 TS N=q@ifen T=rensre
QIIRE (VIS G2 QLA NIAq O N2l 517F

1,668 «=1 » November 1, 2026 -« STI REFIY

T,

6@ 20: 6@ (M@ 21T BN ST (ST 3 ASNLIL 0,000 ILL BT 5GHH; GNP SI, FSATIET N 972 QLN NI TFEHIAIGE A @Htor 21t

&7 A4 =7 o< Wil TR $1 @ Afiaole gepfors o (78 IR e eenfs: it spifsicast (Homo sapiens) 31 =g s 77 | 5@ evfas stz
TS| (I 9FF BT S (ATF 2o IR AR G & T, T2 TR Tl 2R 9F F51-SfEe ez afesm—smmer [fon wrete [ikd sk
TR S AR Faroi e 775 27 403 o 8 egloq SIMH-amitad ST | e, Se Sifeted Sizels S Siwdl SARIce @l fRers 711 N1 A= 2ens I=d
e 3 4RI et Serfnterar Bome Wrel I2-erafeq O (AB@TE Gole— (T AN AR 5T Fe I JOo A RIS, SR @ fored s
(O, ST (RIS BTSN W- 1 “2f6” (R0 EARiiea=ionT) @ Reonsee crem grencaioo| eibe feama el esre sEes @ sgf S
IR A (I PRI S, SIAICT SIvd 765 @ St o e faams (e Fa0e | SReE @3 weenafes @8Il 27 (Symbolic Revolution)-97
IKFTN W (Gfie RISt oot Aegloss [asta woirefae F0a aaz vRee &ift I=tas A o1 S faca w2t wmim aswia fawm ore ReTe e 36 |

S. T3 AT 92-aenfen 4fRF (IFEs censs)
% AT U(F Tl KT 0o (T WA Ta W (G (A 43 A4 I S0 97 AR 456 (2T 26T 251, JfE 203 | g 2059 A G-Tyiss S&iid v

RER (Oeae 292w (Jebel Irhoud) @2 TS (A10) 21T AR AT 2rafors o w03 Reamers BfEe I o | (7l T (@ NA0@ S @
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The Late Pleistocene Archaic Mosaic (100-50 ka)

A multi-species world: Co-existence of H. sapiens, Neanderthals, Denisovans, Floresiensis & Luzo

HOMININ REALMS PRIOR TO 50,000 YEARS AGO SPECIES ARCHI

1. Homo sapiens (Gl
Brain: ~1,350 cc - Globu

Denisova Cave
([ ]
Denisovans

Neanderthals

...........
[ J 70-60 ka'Migration

Jebel Irhoud (315 ka) 'u.
.

3. Denisovans (Asia
Sister to Neanderthals;
Adapted to high-altitude Ti

@ Omo (233 ka) @ H. luzonensis (50 ka)

)
.
Homo sapiens . H. floresiensis (60 ka)
.

s, 4. H. floresiensis (F
5
.06 m - Brain:

alongside py

5. H. luzonensis (P
® Pan-African Evolution Model (Scerri et al.): Endemic Philippine islan

Homo sapiens did NOT evolve in a single localized "Garden of Eden"; Unique mosaic traits; survi
semi-isolated populations coalesced across fluctuating green Sahara corridors.

Today, only one single sy

5@ 20.5: T FATHICTH TFEF CTSIEF (500-¢0 ST I=F 2ITH) | JICH: T FHATAETE Reercad i o T-ba—28Ca1s! Gre NareRems
ffasres, TRERE @ f$/Te (SReTeMms qreng, AFFR S-S FFee G TRl @ fefaerRes [k fcsm e Sme eenfosz | OiE: co
2T =T T 92 AR e G ivfb T erenfen Feaif @ =1 e gam |

Af-STEre RS ree

SRS (O 3927 (WS¢ ka), 3 e FRH (20 ka) © TS (50 ka) G2 A WS CFHIRTRIG (290 ka)-97 G AN B (T NG (&N G5 WHE
01 ST | S)CE iRl SRIet e GRIes STHiPaeTd Neef | S oof T SRl NEe e vl @ qice @t e, o3 Tes, 9 @ nfe s f[fd oraetE
It ST fifere 2ol @32 form @ 2fowrs smm-eme 9 | NI erefs 2t @366 el SRR S TeIy 8 =IO SReeldie @3 wEiw Tuee e |

SII ZIGTIF T2 WIS SAi5f6 W enfs
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2. @It st 280 @ siffow affme fRxiree e Joorm A | Sione SI¥TEe SiErew N (G IS 2w (s8eo\text{&#8211; s voo\text{ [if5r}) |
5Ol HIEA-MGR QIR AMTH! I STHASTT S &6 ST O191 TR TS R F4 |

3. cefTre: JEEEER eReTel @3k WER 210 @ fSRred IRFER @2k G @ wgs FarerEme Ffem aalfs, T= afFmrR @9 oway e fswrred
TwgfNTS IR F9© |

4. T CERITARTCI (2R5): STV RIS J0oR e 391 ez sifiigs e Wme aenfs | Bicor Sifis 4 S1Ree Okl N1g 5.0 {5 @9 @3k 830 [ifv@
Ty WETE Ferefe MR, T & vo,000 JTF 9K A &b 2w |

5. CRITI ST i e gice wifge ewfs (eo\text{&#8211;}va\text{ ka}), IMa ST 2T Al SGICAPITSHITN ST TR 5O SN
I TG G S L el 5w e |

% onfecfeefi: et fBawa vae efifie-fRefka (ABBA-BABA) #id
6 §F el 417 Jelfgral faiee fGrem: Wyl W & abh RaeRUmme T7 S (o e, T S S (@N 8 et Mames s abeafes? 3
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Paleogenomics & Archaic Introgression: The ABBA-BABA Pr¢

Svante Paabo (Nobel Prize 2022): Ancient genomes prove Neanderthal & Denisovan hybridization

THE D-STATISTIC (ABBA-BABA PATTERN SYMMETRY) LIVING ARCHAIC

Topology: (((H1: African, H2: Non-African), Archaic: Neanderthal), Outgroup: C| Archaic DNA Proport

H1 (Yoruba) H2 (French) Neanderthal Outgroup (A) All Non-Africans (Euroj

Ggne Flow (~55 ka)

BOTTTTTINN . .
. wy Melanesians & Indigeng

African populations carry ~f

Denisovan EPAS1 (Ti

Statistical Formulation & Asymmetry Confers high-altitude h
without thick, clotting ¢

D = [ N(ABBA) - N(BABA) ] / [N(ABBA) + N(BABA) ] Neanderthal TLR & K

- Without admixture: Incomplete Lineage Sorting (ILS) yields D = 0. TLR1/6/10 innate immur
keratin gene modificatig

» Observed: D > O significantly (Z-score > 5.0) in all non-Africans! g
double-edged risk: CO

- Proves Neanderthal alleles were introduced into non-African gene pools.
Admixture event localized to Near East [/ Levant ~55,000-60,000 years ago.

fo@ 20.%: smfeTimafimg @ b siwrEe | AT @if9e-Rafa (ABBA-BABA) fE-3571f5R55w o9s—a1ts a<ibs snfafess s emnfars aang o
fareRE e afEe-aRge wye T Bama-e ST TR | OIE: Sifs T w91 1EFe b Sexifia—ISEma (R 5.6-2.6%
R fBamd, AT IRmE (T 8-4% (SO fBuy «3k fewfema Swen Bt AR (efNrme EPAST fom |

55515 0: wewaraa anfifes emrer
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5115 e @ f[Tane 541 22: 9o SR WK (H ), dFC S-S1fEra SS9/ G (H, ), a3 Naresie (A) @32 #rsife smesasst (0):

o ABBA “i7iGH: @fEssi 5fers Seay S @nifee (A) U, s S-anfEnsi @3 Frrers Setas Sty Tg Sesrs i (B) siem == (A, B, B, A] |
o BABA iyiBIe: I-SfEICR S0ay Sins @piferet (A) U 9% @ifEssr @ Faremaices ey Se65r5 @nifee (B) ohew Tr: [B, A, B, A] |

A%t A 71 20 (FT B T [fozae] A, O TG Ty ABBA @33 BABA 13054 7345| 248 A+ 201 (D = 0):
D = \frac{N(\text{ABBA}) &#8211; N(\text{BABA}) {N(\text{ABBA}) + N(\text{BABA})} =0
g @I @I @-cormm Reaaeer @l o @ afss wr-wnfEsem wrree awa-cs ABBA isiBi [G9je q5ait BABA-(S RISt ¢o1tg (D &gt; 0, Z &gt; 5.0)! 46

AT emel Te (@ FRTSRRIEmE A WAYFF NHEa T 06 | SIS (ATE & €@,000 (ATF 0,000 IB AT A (AT NEFEHT ATIAC AN @3
afezifie fieT TU6%e |

GG (ST Sedl &I @ SSTIreT
I (I O Aeniiod [Tyg a6 73; SNl A5 M1 e Fwa Sl

o fRareEeT fBama (s.¢\text{ &#8211;}%.¢\%): =& I58re 7R 7% W (FSwIA, @, sneafsi) ferres o | @2 fomete T wme
RIRERER [era @efsre el (@xF TLR1, TLR6, TLR10) Frafze 13 vel =i 32re 9l @i | o a3 5y @feans e qrare—@m © 799
CTRITANTSTITN A FIRSRIE AR S SR WG 20 YFCed s It Al o |
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(AT ST &6 Toiz: EPAST Rt Reers frShs shot! STeae Iead (Fl@ Sre (oI T Wfefes 1 203 GFIS 105; g (Soter fom Tets afefie o
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8,000 I8 K (SR @ SIT5 &bl eenfs T2 Refed @It oe orefed, s Sgfae @ SR s 9obfee o afeeedn R ¢ g [ew@e:
&S [R29 (Symbolic Revolution) |

The Symbolic Revolution & The Paleolithic Dawn of Mind

Blombos ochre, Chauvet parietal art, the Lion-Man, and the transition to cumulative cultural evolut

ARCHAEOLOGICAL SEEDS OF SYMBOLIC THOUGHT THE RUNAWAY CU

® Cumulative Culture

Michael Tomasello: Hig
transmission prevents d
Mammoth Ivory

Hohle in-Stadel
Therianthropy: Agricultural Revolut

Imagining Fertile Crescent domes

Blombos Engraved Ochre (73 ka) Lowenmensch Lion-Man (40 ka)

Intentional geometric cross-hatch. that do no barley, sheep; cities an(
Earliest known ab: t human engraving
Writing & Informatio
Cuneiform & hieroglyph
Chauvet & Lascaux Cave Art (36-17 ka) from individual mortal

\) The Scientific Dawn

« Polychrome pigments
° « Movement & perspective
« Ceremonial sanctum

From deciphering the g
stepping on the Moon

Deep underground halls

Hand Stencil ("I / ) The Universe Knowing It
an encil ("l was here"
4 billion years after the firsf

life now ponders its own co
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Effect) |

ARG ST GBI (AT, NHCad SREfeq a1 [TaT @9 Wie—aF (&FIC TSR T (@FHIe (5 CTAIRCES 33, 49-161 1 (SFer 9g) ARFS 20 OF-
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STECH=A: N2, NPT (2026) | "AFZE CAIGTEE 43¢ A ST v2renaw” | /s w2, 9@ <o | https://shakilmahmud.com/bn/evolutionary-odyssey-part-20-the-archaic-
mosaic-and-modern-humanity-bn/
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Darwin, Charles (1859). On the Origin of Species by Means of Natural Selection. John Murray, London.
DawKkins, Richard (1976). The Selfish Gene. Oxford University Press.
Lane, Nick (2015). The Vital Question: Energy, Evolution, and the Origins of Complex Life. W. W. Norton & Company.

Gould, Stephen Jay (1989). Wonderful Life: The Burgess Shale and the Nature of History. W. W. Norton & Company.
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