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I. Field Work 

A. Beefs 

The coral  reefs  were the main object  of study during the f i e l d  
period, and a l l  types of reefs  represented a t  Arno were investigated i n  
more o r  l e s s  de t a i l :  

Ine  Island - Seaward-leeward reef;  windward-legoon reef .  A 
three-mile s t r e t ch  on e i the r  side of Ine Village 
was mapped i n  d e t a i l  on a sca le  of 1:8000. 

Ta.kleb Island - Seaward-windward reef;  leeward-lagoon reef .  Mapped. 

Aotle and associated i s l e t s  - Seawzird-windward reef;  lagoon reef .  
Mapped. 

East Horn (Male1 t o  Lonar I . )  - Seaward-windrjard reef ;  lagoon reef 
(enclosed lagoon). Mapped. 

North iforn (beman-I3ikarej-Namwi) - Seaward-windward reef;  seaward- 
leeward reef;  enclosed lagoon 
reef ;  reef l'damll a t  north end. 
Mapped. 

Studies were made of the water temperature fluctuations on the reef --. - ? t r a c t  on the seavard. s ide of Ine ?::. L :L' ?is. 

Following the a r r i v a l  on 19 July of dredging gear from 'Washington, 
dredging was carried out nearly every day u n t i l  1 August, when the gear was 
re-packed f o r  shipment. Ear l ie r  attempts t o  dredge with a crude dredge made 
from material  a t  hand produced resu l t s ,  but were l e s s  t h m  sat isfactory.  
The regular  dredges were more successful, but the great  d i f f i c u l t i e s  i n  
operating from sa i l i ng  outrigger canoes emphasize t ha t  systematic dredging, 
a necessary pa r t  of any s c i e n t i f i c  study of an a t o l l ,  is possible only from 
a sizeable powered boat. Nevertheless, a s  a r e s u l t  of Mr. Squires' per- 
s is tence,  a number of bottom samples and zoological specimens were obtained 
from soqe 25 hauls i n  the lagoon, even though nearly half  of them were dry 
runs. 

C. Collections 

Corals. About 600 specimens, mostly cured, of reef and lagoon corals 
wele collected.  

Other, Insofar a s  possible, with only 2 gallons of alcohol, specimens - 
of mollusca, echinoderms, alcyonariens, foraminifera, crustaceans, etc. ,  were 
col lected f o r  the U.S. National Museum, a s  well  a s  sone dr ied material. k 
number of specimens were preserved but l a t e r  had t o  be discarded o r  dr ied 
because of lack of suf f ic ien t  preservative. Ten gallons of alcohol requested 
from Majuro l a t e  i n  June was f i n a l l y  delivered a t  lYejuro on the return journey. 



Some was aaded t o  tne one tank, but the r e s t  by tha t  time was of no use 
and was returned. 

18 
I n  all/wooden packing cases were f i l l e d ,  weighing about 1000 pounds 

and shipped back by surface transport .  The corals  a r e  s t i l l  being studied, 
and a complete l i s t  a t  t h i s  time i s  impractical, but it is estimated t h a t  
over 100 species representing about 45 genera of scleractiniawand hydro- 
zoan corals  were procured, with ecological data.  A l i s t  of these genera:is:  
appended. . . , .  , . .., 

fibout 350 photographs (Kodachrome) were taken, mostly of reef phenomena, 
including a number of underwater views. Five hundred f e e t  of 16-mm. color 
motion picture  fi lm were exposed, again mostly of reef features  above and 
below water, with unexpectedly good r e su l t s .  The motion picture  camera and 
tr ipod were a loan from the Navy through the Honolulu off ice  of the Pacif ic  
Science Board, and grateful  a c k n o w l e d ~ ~ m ~  of t h i s  is here made. 

11. Structure and Physical Processes 

A. General Statement 

Arno Atoll,  i n  the  southern Marshall Islands e t  approximately 172 deg. 
E. a ~ d  7 deg. N. ,  l i e s  i n  the northeast  trade wind b e l t  end in  the north 
equatorial  current.  The 1 a t t e r : i s .  deflected northwards during the summer 
months by the equatorial  co-mter current. It is i n  t h a t  par t  of the Pacific 
where-the surface water tenperatui-es d o n o t f l u c t u a t e  more than 1 deg. above 
o r  below 28 deg. C.  - the warmest pa r t  of the Pacific.  The temperature, '-. .:: ,  
c l a r i t y ,  and ag i ta t ion  or' the surface a r e  a t  the optimum f o r  reef coral  
development, but the planktonic food supply, on the other hand, despite the 
seasonal reversal  of oceanic currents, is lower then i n  areas f a r the r  . t o t h e  
southwest and coral  growth i s  below the maximum. 

Arno, l i k e  nany a t o l l s ,  departs from the common ides of c i rcu la r  atol?: '  
. . 

shape, being roughly rectangular with two extensions o r  "horns", one ex- . . 

tending to  the north about 5 miles from the north corner of the rectangl 'e: ' :  
(lrNorth Horntt). The otiner extends about 7 miles northeastward f roa  the east:'. 
corner (*East Hornu) (Figs. 1 and 2) .  Both horns a r e  peculiar i n  t h a t  each. 
encloses near i t s  t i 1 3  a small secondary lagoon separated from the main a t o l l  
lagoon. The t o t a l  area  enclosed by the seaward reefs  and lagoons is about 
147 sq. m i .  The surface reefs  cover about 16 sq. m i .  and on them 133 islands 
and i s l e t s  form about 5 sq. m i .  of dry land. The main lagoon encloses about 
125 sq. m i . ,  the secondary lagoon in the E ~ s t  Horn about 4.5 sq. m i . ,  while 
the l i t t l e  enclosed lagoon of the North Horn hes en area of only 1.5 sq. m i .  
(Fig. 4). The seaward reefs  extend continuously around. the en t i re  a t o l l ,  
except where they a re  broken by Tutu and Takleb Passes, which have threshold 
de2ths (15-25 fms.) nearly equal t o  the lagoon depth, three shallow ( 4  f c s  o r  
l e s s )  passes ehst  from Takleb and one shallow pass in to  the northwestpar t  
of the East Horn lagoon. The t o t a l  peripheral extent of the seeward reefs  i s  
abouk.65 miles, and except f o r  ninor pass in to  the East Horn lagoon, a l l  
breaks i n  the reef a r e  i n  the &mile windward s t re tch  of the northeastern face 
of the a t o l l  extending southeasterly from Tutu Pass toward Namej Isltind. 



The seairard slopes (Fig. 3) of the outer reefs  a r e  steeper t o  lee- 
ward than t o  windward. No precise da ts  a r e  available,  but it i s  obvious 
from an inspection of a e r i a l  photogr~phs of Amo, and indicated by H.O. 
Chart 6005, t ha t  there i s  a. decided difference. A t  Ine Anchorage a depth 
of 200 meters i s  reached about 150 meters out from the reef margin, a 
slope of 55 deg. A t  1700 meters the depth is 1000 meters, about 27 deg. 

,Thus the prof i le  from reef edge sea.w&rd. i s  concave and steeper near the . .  
reefs ,  and gent le r  with increasing depth. On theseaward s ide t o  wind~ard 
off Takleb Island tine depth f+O0 meters out from the reef  edge i s  only 40 
meters, 2 7 deg. slope. I n  the  next 350 meters the depth increases t o  200 
meters, a slope of 25 deg., nearly the saae a s  the downward slope from 200 
meters on the leeward side.  A t  3500 meters from the reef margin a depth 
of 1000 meters is reached, a slope of 1.9 deg. from 750 meters. This slope 
is essen t ia l ly  convex near tine reefs,  thence gently concave. Tne presence 
o r  absence of a 10-fathom terrace l i k e  t h s t  a t  3 i k k i  is not  determined, but 
comparison of a e r i a l  photographs of corresponding pa r t s  of the two a t o l l s  
suggests strongly tha t  it i s  developed on the windwerd s ide  of Arno. 

The material  of which the reef and is lands of Arno iscomposed i s  wholly 
coral  reef limestone and i t s  derivatives: boulders, cobbles, pebbles,.sand, 
and f ine r  s i l t - s i ze  par t ic les .  Srnall patches of phosphatic limestone occur 
i n  the  i n t e r io r  of a few of the l a rge r  islands,  but rock materiel. other than 
limestone i s  very ra re  and accidental .  Early in tne 19th Century Chamisso 
noted t h a t  tine natives i n  the Raaack chain ( e a s t e n  Harshalls)  searched the 
beaches f o r  strariaed t r e e  trunks with tough rocks tangled.in t h e i r  roots,  f o r  
tools.  Stranded t m k s  from North America a r e  ~ c t u a l l y  not  uncommon on the 
Arno beaches, presumably carr ied i n  by the California and North Equatorial 
Currents. Two in par t icular  were noted i n  1750, one a huge cut f i r  log 
5 x 55 f ee t ,  the other a. redwood trunk in t h e r o o t s  of which were several  
sizeable chunks of a tough qua r t z i t i c  grey-green S€mdStone. The only other 
s t ray  "foreign" rocks on Arno a re  b i t s  of pumice ranging i n  s i ze  from small 
pebbles to rounded pieces the s i ze  o f  one's head, found both high on seaward 
and lagoon beaches and inlnnd. 

B. Struct~x-e of the a t o l l  islands.  (Pig. 5) .  

The beaches of the seaxsrd s ides  of the a t o i l  a r e  everywhere bordered, 
with very fetr exceptions such as  Ine Anchorags and s t re tches  o f l o w  reef 
t r a c t  cn which islands a r e  no t  ye t  developed, by boulder ramparts. These 
a r e  riZges of boulders and cobbles of water-worn coral  carried by..sforn waves 
from the co te r  slope and r iage of the reef over the reef C a t .  The rampart 
is 6 o r  7 f e e t  high on leeward sides of the a t o l l ,  but t o  xindward it i s  often 
a s  much ns 10 o r  12 feet .  

. . 

Boulder ramparts o r  r idges a r e  the f i r s t  stage i n  the developinent of 
islands.  I n  t h e i r  l e e  accumulate f i n e r  materials, s t r ay  boulders, pebbles and 
sand, carr ied over the ramparts and around t h e i r  crescentiform ends, spread 
out on a gentle slope toward the lagoon. tPnere the rampart i s  f a i r l y  s table ,  
chinks between the l z rge r  pieces become f i l l e d  i n  witin sanci znd pebbles from 
the beach zone, and between tide-marks it may be consolidhted by cementation 
i n t o  so l id  s t r a t a  of beach conglomerate with i n i t i a l  d ip  toward the reef f l h t  
t o  which i t  i s  welded. Beach conglomer~te i s  often exposed where a s l i g h t  
s h i f t  i n  wave eppi-oach removes loose surface material  and stands w i t h  the 



rampart a s  the second l i n e  of defence behind the reef margin. 
. . 

Vhere the seaward reef f l a t  is broad the h e r  par t  near shore may b6'  
covered by a rubble t r a c t  o r  sheet of l a rge  i r regular  coral  blocks t o  'a th5ek- 
ness of a s  much a s  3 o r  4 fee t .  Since they ' l i e  between t i de  marks, these sheets 
may here and there beconsolidated in to  a tough horizontal  stratum. A l l :  
gradations from fresh,  more o r  l e s s  angular rubble through rubble conglomerate 
t o  old congiomerate, corroded and decayed t o  the point of being mere remansnts 
more o r  l e s s  s tou t ly  welded t o  the reef f l a t ,  can be seen. 

The, beaches around islends a r e  r e l a t i ve ly  narrow, 3 t o  4 f e e t  high, 'and l i e  
between l o w  t ide  leve l  and the highest point  ordinarily reached by the waves a t  
high t ide .  Their slope i s  adjusted t o  the  normal we.ve ac t ion  i n  t h e i r a r e a .  On 
seaward s ide  of islands they a re  steep snd narrow, with slopes up t o  20'. On 
lagoon s ides  they are  wider with slopes of 5O-lo0. B few inches beneath the 
surfaces of mostsand beaches bordering the lagoon a r e  patches of beach sand- 
stone with i n i t i a l d i p  correSponding t o  the beach slope, developed a s  & r e su l t  
of cementation between t i de  marks, and often welded by t h e i r  lower, edges t o  the 
reef f l a t . - B e a c h  Sandstone, l i k e  beach conglomerate, i s  an Lmportant .. fac tor  . i n  
anchoring islands t o  the reef.  

. . 

Ano'ther s t ruc tu ra l  feature:% the sand dunes devel.oped o; the ?lagq& sides 
of some is lands where there is' a':sand beach facing the wind. 'The str6ng trades 
sweep over the beaches exposed a t  low t i d e  and move par t ic les  of sa.ndb.2-0.7' m. 
i n  s i ze  up the beach and drop thsm a t  the top, i n  mucn"the saide-maqer a s  dune 
a re  h u i l t  on other windward shores elsewhere. The clune sand i s  .'compbsed o f  more 
uniformly-sized pa r t i c l e s  than beach.sand. The dunes form noi% a r  l e s s  co~t inuous  
ridges 2 t o  5 f e e t  above the top of the beach. Eehind them the island, surface 
slopes gently toward the in t e r io r  o f  'the i s l snd  where the wind-ca~ried ,sand' . . 
mingles with the material  spread i n  the opposite direct ion from the baulder ram- 
part.: Such. a dune ridge extends almost continuously the length bf Ine' Islend. 
In  places it is  dcu?,le, the outer one being lower and newer thin the ianer  one. 
A t  one point, about a mile eas t  of Ine Village, the ridge i s  nearly 15 f e e t  above 
the beach (Arno's mountain) and 50-100 f e e t  broad. 

The in t e r io r s  of islands are  6 or  7 f e e t  above low t ide  leve l ,  and cocsis t  
of more o r  l e s s  horizontal  l'yers of mater ia i  derived from the seaward boulder 
rampart and lagoonwad dune ridge or  beach, often more o r  l e s s  consolidate< in to  
island o r  cay sandstone. 

Figure 5 shows o generalized'cross-section of an island on the l e e  side cf 
Arno Atoll.  

In  summary: the islands and i s l e t s  represent constructional work of wind 
and wave with materials derived from the l i v ing  reefs.  They a r e  accunulations 
of loose material  pa r t l y  held together by a patchwork "endoskelston" o r  frame- 
work of beach conglomerate t o  seaward, beach sandstone lagoonward, and ' in ter ior  
isiznd sandstone. They a r e  seen i n  a l l  stages of development on Arno, from lone- 
l y  l i t t l e  b i t s  of rampart w i t h a  s ingle  sprouting coconut t o  broad islhnds 
suf f ic ien t ly  old t o  have smell patches of phosphstic limestone i n  t h e i r  in te r iors .  
They a r e  not,  a t  l e a s t  on Arno,as  some would have us  believe, the remains of old 
reef f l a t s  raised above sez-level by the more o r  l e s s  yecent 5 or  &foot lowering 
of sea-level coincident with the eccum~lation of the Greenland snd Antarctic ice- 
caps. Evidence of t h i s  eus ta t ic  s h i f t  i s  supposed t o  be widespread in the 
Pacif ic  but no feetures  st Arno need be ascribed t o  it. Speculation t h a t  the 



old reef surface elevated by eus ta t ic  change hzs been comple-tely plened 
axay a t  Arno seem unnecessary. Zmp'nasis by some observers t ha t  isolated 
messes of reef rock welded t o  the vzesent reef f l a t  i s  evi6ence of an older, 
now eleva.ted reef f l a t  overl.ooks the possibil3.ty suggested here t na t  i;hejr 
a r e  remnants of old cemented mbble t r ac t s .  

6. Surface processes and chenges. 

. . Everywhere on Arno evidence can be seen of mo6erate chznge due t o  shore- 
l i n e  processes, and here and there vast  changes due t o  occasional great  .' 

typhoons. The former a r e  more obvious on tine lagoon side,  the l a t t e r  on both 
lagoon and seaward sides,  2nd both a r e  most apparent on the lee  ~ i d e o f  the 
a t o l l .  

. . 

The thir teen-ni le  long lagoon chore of Ine Island hes a nearly continuous 
smd  bench. I n  places t h i s  beach i s  being aggraded, a s  a t  Ine Village. Some 
of the slow sand increnent i s  carried i n  from the lagoon reef f i a t ,  and s m e  i s  
shif ted along shore by waves from another p a r t  of the beacn .  Frox Ine Village 
westward f o r  some miles s t re tches  of gravel-cobble beach d t e r n a t e  with 
s t re tches  of beach sand. The gravel beacnes develop i n  p?.aces where vaves a r e  
strong enough to  aegrade, leaving concentrations of coErse material. This a l t e r -  
netion coincides with the a l te rna te ly  concave and convex par t s  of the reef and 
is land with respect t o  the lagoon. CegradatLonal gravel beaches occur along 
the sa l ien ts ,  aggredational. sand beeches i n  ~ e e n t r a n t s .  The lagoon reef i s  not  
ye t  wide enough to  s t ab i l i ze  the shoreiine - the geomorpholo~ists' Nirvana, a 
shoreline of equilibrium, i s  f a r  from reached, 

Active degradation of a sand beach i s  seen a t  the e a s t  end of I n e i s l a n d ,  
where f o r  $he l a s t  few miles the beech i s  narrow ana the uune ridge i s  strongly 

undercut  so t ha t  barf overhangs the top of the beach. Coconut palms haye 
toppled onto the beach i n  en almostevenrow and a re  slowly dying. About a,. 

, . quarter mile west of Ine Villhge, approaching a convexity i n  the island, un%er- 
cut t ing has proceded so f a r  inland tha t  the dune ridge has almost disappeared 
and a +foot c l i f f  of island sands-lone is now being cut  !.nto. A t  t h i s  s i t e  the 
i s l a rd  is unusuailg narrow, l e s s  Cnan 109 f ee t ,  and the i n i t i a t i o n  of the 
present slow undercutting i s  the r e su l t  of washing away of mos-t of the dune 
ridge and old beach sandstone by tvphshoan waves. The beach sandstone tha t  ley 
under the old beoch i s  now exposed a t  the water 's  edge a t  low t ide.  

More stkiking, however, than the normal shoreline changes, a r e  the 
e f fec t s  of the typhoons t h a t  s t r i ke  f,?e Southern Mzrshalls four o r  f i ve  times 
6. century. Yecords a:e ra re  and alder  nat ives  s r e  the ofilg source oZ eye- 
witness i n f ~ ~ m a t i o n ,  5ut t h e i r  recollections a r e  natural ly  vivid of such 
d i sa s t e r s  and a re  confirmed by the physical t r a c e s  of typhhoon ef fec t s  which. can 

". s t i l l  be seen. One old man, Lijhmar,  remembers four typhoons during h i s  l i f e -  
time, those of 1905 end 1918 being the l a s t  two, as  he re la ted t o  D r .  E. L. 
Stone i n  1.950. These a re  remezbered by others and t n e i r  diites seen f a i r l y  
certain.  Th2.t of 1905 w s s  the most violent. 

Previous t o  1905, according t o  L i j6mar  and others, a l l  of the is lands 
now scat tered along the reef from the ea.&em t i p  of Ine some 19 miles t o  
L'tingm Island st the t i p  of the E&st  Horn were one continGous island, with only 
onecanoe passhge (portage?) between the west end. of Ine and L'Angar, apparently 



apparently a mile or  so north of the pre'sent ea s t  end of Ine (Fig. 7 , f i ) .  
The typhoon of 1905 swept away long s t re tches  of t h i s  is land (Fig. 7 ,B)  so 
t h a t  where there wes a single long is land there a r e  now about 40 (Fig. 7,C), 
the smaller ones having been b u i l t  up since the typhoon, the l a g e r  ones 
being remnants of the or ig ina l  island. Confirmation of t h i s  extensive change 
i s  found on a small chart, corrected by o f f i ce r s  of the old "Albatrossv from 
a German hydrographic chart ,  published in 1903 by Alexander Agassiz 
(M.C.Z. Harvard, Mem., vol. 28, f ig .  4, p. 228), which shows a continuous 
s t r i p  of land from LtAngar t o  the west end of Ine, broken by a pass near the 
present ea s t  end of Ine and mother  about 5 miles west of Ine Village. I f  
these passes existed, they must have been merely canoe passes over the reef,  
o r  possibly porthges, f o r  no break in the  reef can be seen at  o r  near these 
places on a e r i a l  photographs, and kgassiz himself did not see them, saying 
"....there a r e  said to  be several  boat passes on the southwestern face of the 
lagoon." P-t any rate ,  two years a f t e r  the  corrected char t  was published, it 
was obsolete. 

The destructive e f f ec t s  of typhoons on a t o l l  i s lands can be seen a t  many 
places on the leeward side of Arno. Mention hhs been m6de of the washing away 
of a s t r e t ch  of lagoon beach ju s t  west of Ine Village, exposing island end . .  
beach sandstone. About 2 miles f a r the r  west beyond Jab'u, tine island narrows 
t o  l e s s  than a t h i rd  of i t s  normal width and i n  places i s  scarcelg 30 f e e t  wide 
(Fig. 8) .  For half  a mile the dune ridge is very much lower 2nd between it. an$ 
the boulder ridge on the other s ide of the  is land the sand seems.to have been 
scooped. out i n to  miniature box canyons with steep heads toijard the ranpar$. 
About 50 f e e t  from the beach remnants of the old behch sanastone can be seen a t  
low t i d e  on the lagoon reef f l a t ,  indice.ting the former greater  width of the 
island. This change the r e s u l t  of x a t e r  piled up on the leeward s ide during 
the 1918 typhoon whshing completely over the  island in to  the laglon, csrrying 
away land, dune, and lagoon beach. Since then a new beach, underlain by freshly- 
formed beach sendstone, ant; a nev dune ridge have developed. Similar washouts 
were seen a t  the eas t  end of Kilange near the base of the East Horn. On the next 
islaridwest,  Malel, a r e  large numbers of prostra te  breedfruit  t rees ,  s t i l l  a l ive,  
which were downed by the same storm. 

. .. Eastward froin h e  Village extend two old pathsbordered by beach send- 
stone slabs; one paral le l ing the lagoon beach, the other swinging south and paral- 
l e l i n g  the seaward shore j u s t  ins ide the boulder rampart. Beyond Stony Point, a s  
one approaches the next "pointrT, the  beach swings inward crossing the trend of 
the path which ends abruptly a s  i f  cut  off .  For several hundred ycrds beyond, 
the southern pa r t  of the is land has apparently been carried away by a typhoon t o  
the extent  t ha t  on the next point the old island sandstone core i s  now exposed 
a t  the edge of the reef f l a t .  

The 1905 typhoon washed away pa r t s  of the former long is land between 
L'iingar and Ine 2nd l e f t  long stretcheshetween with only the bare bones of 
former land, -- a. low ridge of beach sandstone on the lagoon side,  a rubbly 
band i n  the former islend in t e r io r  and a new seaward boulder ranpart (Fig. 6). 
Over the  lagoon reef opposite these places a r e  strewn masses of rubble, now 
corroding, the f i ne r  materials having been bypassed into  the lagoon. Dark l i nes  
of old beach sandstone, marking the s i t e  of former beaches and land, show well on 
a e r i a l  photographs end can be traced nearly continuously between islands from 
L'Angar almost to  Ins .  The aaount of larid l o s t  during t h i s  typhoon on t h i s  pa r t  
of the a t o l l  was about 16G acres, m l y  5?. of the t o t a l  lend on Arno now, but 
nearly 253;. of the area of the for-ner isl.and. 



Typhoons and destruction of land on Brno w i l l  occur again and again. 
The forces tending t o  construct new lend are  slowly but s teadi ly  operating, 
but i n  the &4 years since the l a s t  great  st,orm, they heve not replaced the 
land l o s t  tAen. It has not  been possible t o  determine how many of t,he smell 
isionds i n  the are2 of major destruction a r e  xemnsnts and how many are  re- 
placements, but cer ta inly l e s s  than 10% of the  l o s t  Ecreage has been made up. 
The typhdon of 1918 probably destroyed pa r t  of the ga.in, and tha t  of 1950 may 
heve vashed awzy s t i l l  more. The long narrow is lands of Prno inv i t e  typhoon 
damage, f o r  they a c t  a s  bar r ie rs  t o  the heightened t i d e s  and waves of the,qtonn, 
and the only egress f o r  the piled-up waters is over the land. 

From these observations it would appear t h a t  the windward s ide of  tolls 
i n  tine Southern i k r s h a l l s  are  sa fe r  and l e s s  susceptible t o  damge than the 
leeward. Typhoons i n t h i s  region come from a soutinerlg direction and the 

normally leeward s ide bears the brunt of the shock. The leerierd r e e f , i t s  
is lands,  and the iagoon hbsorb and weaken the rush of water, and.&es i n  the 
lagoon can hardly r i s e  a s  high a s  the open see waves. . ~hewi,ndwkrd"i~lands 
suf fe r  m i n l y  from the high winds instead of being overwhelm6d by.-uzterduring 
a great  s t o n .  Unfortunately, most of the land on Arno is on the iee  o r  t?ghoon 
weather side. 

. .  ,. 

. . Li t t l e ,  i f  anything, can be done d i r ec t ly  by man t o  lessen, much less '  
prevent, l o s s  of lend o r  s o i l  by typhoon damage. This should be kept in. . mind . 

if kttempts aye ever made to  increase s o i l  ;~roducti.vity on a t o l l  islantls. 
Grehter s o i l  productivity leads not  necess:,rily t o  higher or be t t e r  st&n+rds of 
l iv ing,  but t o  la rger  populations. Well-intentioned attempts 6,o improve '&& 
. l o t  of tine nat ive populations of a t o l l s  thus might well Jeopardize2 more 1.ives. 
than ever when the inevito.ble typhoon sweeps in ,  and l e d  to  appalling drops i n  

. .. 
population and lower l iv ing  standards than now obtain f o r  the survivors. TTI, 
the Indian Ocean a t o l l  of Cocos-Keeline has been almost completely devasteied, : 
sev&r&l times i n  the l a s t  cectury by t;rphoons .and still  comfortably supports 'a 
very much denser population than any Pcc i f ic  a t o l l .  But Cocos has capite.1 
wealth obtained from other sources than the a t o l l  s o i l  and i s  populated by E. 

highly energetic group of people under a strong patriarchy. 

D. Reef tyoes. 

' The seaward reefs  a t  Bikini Atoll  i n  tne  Northern Marshalls were recently 
ciassi.2ied by Tracey, Ladd, end Hoffmeister (19L8, G.S.A. Bull., vol. 59, p. 870), 
Sargeiy.cn the basis  of the character of the reef margins, a s  follows: 

I. Strongly grooved. 

A. Lit;lothamion ridge lov, uncut by grooves. 
9. Lithothamion ridge prominent, cut  by grooves. 

1. Room and p i l l a r  s t ruc ture  developed. 
2. Algal mounds and biowholes developed. 

11. Grooves weak or  absent. 

A. Margin smothly scalloped. 
B. Margins made i r r e g u l s r  by. erosion.. 

(two subtypes) 
. . . .  , . 



The d is t r ibu t ion  of these types a t  Bikini is shown on Figure 3 of 
the ,paper c i t e d .  .. Uppllc&ion: of t h i s  cla.ssification t o  the Hrno reefs  i s  
shown i n  Figure 2 of  t h i s ,  ..report .. , Compsrison~of the two' shbws one s t r ik ing  

. , 
difference . a n d  a number .o$ similar.ities. T h e  difference" is the almost 
complete absecce o f  reefs  of., Type 11, inwhich t h e  grooves down the upper 

" 

p a r t  of the s$yp$:''&e o r  absent, a t  Amo, whereas a t  Bikiiii they a re  
character is  tic..of .$he ,le:ew&rd stretches.  According t o  Tracey , Ladd, and 
Hoffmeister,, where re:efs o f  t h i s  type a r e  developed there i s  no evidence 
of a te ,sr ice .  . A t  ' ~ r n q  there is n o  evidence of a t e r face  on the leeward 
slopes, .but. .a strongly grooyed, steeply sloping reef margin of Type I A ,  with ' 

. , I . /  

low' a l g a l  ridge, i s  developed. A typ ica l  p r o f i l e o f  such a leeward reef of 
t h i s  type a.t Arno i s  shown i n  Fig. 9. 

. . . . 
. . 

' .Iieefs of Type IB2, with strongly developed a l g a l  ridge,'ia&' found a t  
corresponding windward s i t e s  a t b o t h  a t o l l s ,  a l t e r n a t i n g  with Type l k  which is 
developed on s t re tches  l e s s  exposed t o .  the northefisterly and easterlji 'traaes'; '. !! . . . . 
A t  A~qo there  does not  appear $0 be the :close re la t ion  'between islands and ' 

,' 

Type' I B  reefs  and s t re tches  .between i s l a n d s  and Type I A ,  observed a t  Bi'kini.., ,., 

I n  areds where there a r e  is lands . o r  i s l e t s  on. the r ee f ,  'open spaces between , ' .  ' : 
~S . islands' a r e  narrow a.nd water f h w  8cross the f l a t  is impeded by rub5l.e. .., : .  . .. . . . ..I . .  .. 

A t  oniy one s i t e  a t  krno i s  a reef of Type I1 (grooves weak or  sbsent) 
developed. H s t re tch  of about 300 meters northwestward from StonyPoint  on the 
seaward' leeward side a t  Ine Anchors-ge i n  a Shallow bay between two crescentif'oi$ 
swelLings'pf Ine Island best  fits TypeIIA. Grooves a r e  absent and t h e . . m a r ' & ~ ' .  
slopes v e r y  steeply,  p rac t ica l ly  ve r t i ca l ly  st f i r s t ,  l e s s  so below about '10 ." ) ; 
meters, with an average slope of 55 deg. t o  200 meters. There a r e  inore 'o r . l e&si  
regula~.m+entrants . . .  3 t o  10 meters deep, 2 t o  10 meters wide, with sandy or  rock$': 
f loors .  .One o r  two of these a r e  interconnected by open channels, i so la t ing  . 

. '  
flat-topped p i l l a r s ,  but there i s  no evidence of collapse aue t o  erosion. Wind''. 
waves'are negligible st t h i s  s i t e  and the strong swells from the ea s t  a r e  'p?duc& 

.. . : . . . . .  
by the: projection of Stony Point. . .  . , 

. .. .. :.:.,, . . .  . ..., 

E. Laeoon Reefs 

The lagoon reefs  &re not  so continuously developed a s  the seaward reefs  
although banks on which reefs  might e x i s t  a r e  continuous. They a r e  best  developed 
along the windward lagoon s ide of the west, south, snd north sides, where there i s  
l i t t l e  or  no wash of sand and other d e t r i t u s  from the seaward reefs.  The'only . . 
development of leeward lagoon. reefs  on the windward Side o f  the a t o l l  i s  i n  the ' . 

v ic in i ty  of the txo threshold passes, Tutu and Tekleb. The sand bcnks developed ' 
on the lagoon s ide of the windward r ee f s  from wash from these reefs  are  rapidly 
extenciing in to  the lagoon. They slope steeply downward toward the lagoon f loor  
a t  about 35 deg., the normal angle of repose. 

I n  the enclosed lagoons of the North and East iiorns the reefs  a r e  dis- 
t r ibuted a s  i n  the ?lain lagoon but again coral  growth is patchy owing t o  the sznd 
cover of %he f l a t s  end lagoon slopes. 

I n  the North Horn (Fig. 4), which has'no pass whatever t o  seaward a special 
s i tua t ion  has developed. On a l l  s ides  except the north, the seawa.rd reef f l a t s  
a r e  b u i l t  up ei5her with is lands o r  thick riibble t o  a leve l  above low tidn level.  
On the eestern side the rubble firees betmen islands a r e  penetrated by send- 
floored channels from the la.goon side,  usually with z moderately r i ch  growth of 
cora.ls, but about ha1fwa.y t o  the seaward margin they become very shoe1 and choked 

8 



< .. '. ..% , .. 
by rubble which often i smore  or: l e s s  cemenked. Except, t o  the ~ o r t h  t h i s  
ri& 5.3 1 to  2 fee:V~&& low tior; l e v e l ,  b l ~ t  i s  2 to, 3 f e e t  beio? high t i de  
level .  '&en t i d e  l eve l  Tails 'Eelow the r i m  !:eve1 %tie excess i iater flows north- 
ward cnd pa r t  of it escapes over the lower r i m  between the ends of the ~inclward 
and leeward reefs.  The r e s t  of it f l o w  outvard thraugh the ci~annels onto the 
seaward reef f l a t s .  Foxnerly most o f  the excess fiowed out by the northern out- 
l e t ,  which was  covered or  crossed by a rsef  f l a t  b u i l t  t o  within about a foot 
of low t ide  level .  Ynis rapidly moving water, however, supy~orted a profuse, 
growth of cors l s  and calcareous algae which have now,Grown up across the opening, 
forming a low, broad, convex. rampart, one edge of whichslo;3es steeply in to  the 
lagoon, the other 'gently down in to  the scat tered microatolls around the embay- 
ment i n  tine northern end of the .horn. At p&sent t h i s  d&m has E. uniform c re s t  
of et  l e a s t  2 f e e t  sbove low t ide  leve l  on the seaward s ide,  and over i t s  en t i r e  
surfece there is a steady but diminishing outflow of water a s  the t i de  ebbs. 
Coral growth is r i ch  but the depth of water on the spi&lwqyslope a t  each low 

, % : .  . k ide  i s  now hardly more thkn an inch andbro3.d s t r e t chm .a re  exposed, and c o r d  
. . . .  cdlonies s r e  low and spreading. Thzs t h e w a t e r  level. i n  the.enclosed Nortin Horn 

lagoon never f a l l s  a s  l o w a s  .the l eve l  &a.ched a t  1 0 1 . t i d e . ~ ~  the seaward reefs.  

This 'enclosed North Horn lagoon i s  much shallover than the main kgoon or  
the enclosed East Horn lagoon, and sowdings shown on the H.O. chart  indicete a 
naximam depth of 10 fathoms. Coral knol ls  are  nunerous, and the lagoon'.is pro- 
ba'bly f i l l i n g  ra ther  rapidly. Because o f t h e  absence of even a. shallow pass in- 
t o  t h i s  legoon circulat ion of the lower leve ls  of water i n  i t  must be res t r ic ted ,  
but .unfortunately it was not possible t o  obtain bottom samples bearing on t h i s  

, 
pbiht' . . .  . . 

. . . . . . . . . .  3', 
. .  , . ., . 

, . . . . . . .  . . . , . :  . . :  
, . 

~ h ~ s e ~ d h & a c t e r i s ' t i i  struc%&ks of' at&: lagoons, often loosely referred 
t o  a s  "coral. $eadsu, a r e  abundant i n  a l l  tkie' krno 'lagoons (Figure 1 shows only 
2 very 'few dvkhe  knol ls) .  Some of them a re  ~Gff ' io ien t iy  developed a s  t o  be 
&wash o r  evhn .&xposed 2 t o  4 f e e t  a t  l ~ $  t ide. . :  %''&he main lagoon t h e r e a r e  s i x  
a reas  where' they e r e  concentrated:' 1) i n  the a r e a a t  the  base of the North Horn 
gene ra l lykes t  of Eneweto Island, 2) a i a rge  c lu s t e r  fanning out from the break 
jl, t i e  reef  south of Jarkul 1~12-nd, 3) across the imer  end of Tutu Pass, 
4 )  ha?.fway across the lagoon between Takleb ?ass and Ine Village, 5) i n  the south- 
ea s t  corner of the lagoon, and 6) i n  tine secondary embayent a t  the base of the 
East Fiorn. 
. . 

s..:l : . 
:: . .  .. The d is t r ibu t ion  of tne knoll  c lu s t e r s  seems l e s s  than fortuitous. '  

. .  , , .Three .are i u  corners of tine lagoon, and tiro e r e  associated with threshold passes. .,.. 
,.T@ r g ~ a i n i n g  one, the large Jarkul c lus te r ,  i s  probably c lso of the second group. 
The ;broad break i n  the reef southeast of J a r c u l : ( 2  miles northwest, of Tutu I.) 
suggests a f i l l ed- in  threshold pss.  "The absence'of a strong seawcrd reef &t' 
t h i s  point  s t i l l  enables the windwavss and s i ;e iTsto sweep i n  &d' t r&nsport  'large 
quant i t i es  of sand which a r e  b u T l d i n i  a "delta" irit,o the iagoon over the s i t e  of 
the former pass. Aroundthis "delta", 'within a radius of about i.25 miles there 
a r e  a t  l e a s t  65 knol ls  v i s ib ie  on i e r i e l  '.photographs in  addition t o  two large 
s h o d s .  The chs te r  around Tutu Pass i s  smailer - 22 - md none is v i s iMe  i n  
the immediete v i c in i ty  of "ikleb Pass. The l a t t e r  is shalloirer than Tutu and l e s s  
t o  windward, but the large c lu s t e r  i n  the lagoon t o  the south, beginning about 
a mile from the pass,' may be re la ted t o  it. Are these knoll  c lu s t e r s  re la ted t o  
the  develbpmentaS stage of the passes with which they a r e  associated? 

. . 

9 



A somewhat s imilar  d i s t r ibu t ion  of knol ls  may be found i n  the lagoon 
of Mejuro Atoll,  suggesting-an in te res t ing  minor research problem. 

111. %ef Zdnation 

A .  Seaward Reefs 
~. 

U s  indicated,above, three reef types of the Tracey-Ladd-Hoffmeister . '  

c lass i f ica t ion  aredeveloped a t  Amo: I A ,  IB,  and I I A .  
. . 

1. Type . . I A .  

- T h i s  i s  t h e  dominent type a t  Arno, and extends a h o s t  uninterruptedly 
from the west s ide of theNor th  Horn southward around the l e e  side of the a t o l l  
t o  the eastern end o'f the East Horn. k typical  section of t h i s  type of r e e f , '  
s trongly grooved with a loti a lga l  ridge uncut by the grooves, i s  shown i n  
Figure 9. The broad rock f l a t ,  seemingly barren, supports no coral  growth 
e x c e p t i n  occasional depressions where small patches of Pori tes  lichen and a few 
other forms grow .feebly. A t p r a c t i c a l l y  a l l s i t e s ,  however, except on open 
s t re tches  unbroken by development of is lands (i .e. ,  NE of Kilomon, E. of Takleb) , 
there i s  an extensive overgrowth of a. curly, disreputable-looking b r o w  alga(~icra.  

d i * i y y  e~aM&;r)n the fronds of which l i v e  vast  numbers of Calcarina. Associated with these-.aFe 
'many individuals of the large,  closely-adh@fent 'pelecypod which resemble' 
projections of rock about the s i ze  of one's f i s t .  This i s  the Calcarina-Chama 
zone. This zone i s  t ru ly  barren only where there a r e  prominent convexities i n  
t he  reef (Fig. 8). bhere t h i s  f l a t  begins t o  slope gently down as  the sfalgal  
ridge" toward the upper ends of the grooves, low and broadly adherent colonies' 
of Pocillopora a r e  usually dominant, (with fewer spec,hens of Acropora 
Astreopora, Porites,  e t c . ) ,  on the.weak encAstat ion of lithothamnion,: the 
Pocillopora zone, .a t  the outer end of the waves of t rans la t ion  a t  low t ide.  
Beyond th i s ,  i n  the surf zone, P o c i l 1 o d o r ~ ' i s  replaced, by Gropora (A. bectinata, 
A. d ig i t i fe ra ,  e tc . ) ,  fonninga  zone extending well down' i n to  the upper p a ~ t  of 
the grooved area. Other commongenera i n  the Acropora zone Ere: Astrebpoka, 
P o ~ ~ t e s ,  Millepora, Favites, etc.  

2. Type IB.  . ..i 

This seaward reef  type, with r e l a t i ve ly  high, prominent a lga l  ridge, i s  
character is t ic  of the exposed windward reef t rac t s ,  and i s  .replaced by Type I A  
only where some p r o t e c t i o n ' i s  afforded by concavities i n  the reef margin. The, 
usual zonation of t h i s  type i s  shown i n  the ~ e c t i o n ,  Figure 10. The rocky f i t i t  
i s  usually l e s s  r ich ly  endowed with the a l g a - C a l c a r i n a - w  association and the 
ridge i s  not & place of vigorouscoral  growth.' The surge channels are  usually 
shallow, rarely  roofed over,  and oftkn par t ly  fy l led  with coarse boulders. 
Occasional small colonies of Bcropora -a a re  foimd, Gut l e s s  commonly than . -. 

i n  the corresponding zcne on r e e f s  of t h i s  type a t  ~ i k i n i .  ' Nowhere i s  t h i s  
reef a s  broad a s  a t  Bikini, end no t race of an inner &lfopo'ra zone was noted. 

., . . , 
. , . . , . . 

3. Type IIA. , . 

. . 

A s  previously noted, t h i s  ty2e i s ' f o k d  only i n  a limited erea a t  Ine 
Anchorage (Fig. 8). It i s  d i s t i nc t ly  zoned by corals  e s  sho%m i n  the section, 
F'vn-e 11- Follow~na an inner barren zone, esnosed f o r  long periods tit pract ical1  



every low t ide ,  i s  a broad t r a c t  t h i ck ly  s e t t l e d  by extensive co3.onies of 
bpjntipora ranosa, -- a neorly exclusive society, here and there rep]-aced by 
'$itches o'f ACrOpOra h e m  or  alcyoniid "sof t  coralsl '(Lobularia). 0CcaSi0nal 

. . . colonies of -- Synaraea, Leptastresi, Por i tes  (especially & s q ~ e r f u s a )  , and m, 
also, occur. A t  low t ide  the depth is from zero t o  a b o g t f i f l e e n  inches, and the 

w a t e r i s  p rac t ica l ly  undisturbed by swells o r  waves of t ransla t ion.  The outer 
' l i m i t  .of t h i s  zone. i s  a t  ahout the inner. extent of the ordinary low t ide  waves 
of i r r a s l a t i o n ,  where it i s  succeeded by a zone dominated by Acropora, 
especially species of the corymbose~Aectinatn tfpe, vhich extends t o  the 
reef &?gin. m a  scutar ia  is common ii t h i s  zone. It is the zone of r ichest  
var ie ty  of corals  and other reef enimals. Calcareous Qae &re re la t ively very 
mimportant. Species of a t  l e e s t  33 genera of scleract inisns  and hydrozoans 
have been collected i n  the zone, but Acroaora accwnts  for.around YC$ of a l l ,  
colonies. Over the reef  edge and i n  the re-entrants along the edge the next 
zone, marked. by the pedestzl colonies of ii. re t icu la ta ,  begins ekout 6 f e e t  be- 
low-low t i d e  l eve l  i n  water only sl igh-tly ag i te tea  by the constant but low swells, 

-rse. and. extends down t o  ahout 30 fee t ,  where coral  growth becomes very s y  
k n g i a  scutar ia ,  -F. fungitee, end F. c o l i c i ~  are  very common. 

?do main types of lsgoon r ee f s  may be distinguished k t  Arno. One is  
found on the leeward s ide of reef t r a c t s  on the win6ward s ide of the a t o l l ,  o r  
on the leeward side on long s t re tches  where islnnds a r e  not  ye t  developed. The 
other  i s  developed on the vindward s ide of the island-flecked reef t r a c t  on the 

. . 
leeward s ide  of  the &to l l .  

1. Leeward 'lTpe. 

The f i r s t  type i s  developed i n  the enclosed lagooas of the North and 
East Horns (Fig. I? ) ,  and i n  places along,%hd,'sheltered leeward s ide of t,he 
reef t r a c t  between the horns (Fig. 12).  The immediate substratum i s  primarily 
the sand we.shed in to  the lagoon margin from the oquter reefs,  e i t he r  across the 
f l a t s  o r  sround the passes. Tnkse sand t r a c t s  slope steeply (35 deg.) a t  t h e i r  
inner edges, which may be from'a very few to  sever& hundred f e e t  out from the 
shore, down t o  the lagoon f loor .  On t h i s  incecure base h x w i a t  coral  patches 
a r e  scat ter ingly developed, r i s ing  with more or  l e s s  cibmpt s ides  from depths 
of a foot  o r  so, orten very close t o  the beach, t o  12 or  1.5 f ee t .  The spaces 
bet~deen them a r e  f l a t  and floored with ssnd on which few corals  grow. The 
charac te r i s t ic  coral  of t h i s  zone is Pori tes  andrewsi, a ramose form found & 
the same environsent a t  Bikini &rid other nort,herm Karshal l  e t o l l s .  Rlsc common 
i n  t h i s  zone is  Acropora pal i ferawhich ~ f t e n  forms nu.ge coloziies i n  shdlower 
pa r t s  of the sandy interspaces. E'ungia i s  co'mon. The icropora ~ t i c 7 d a t a  
zone, f0w.d below about 5 f e e t  on the Type I I A  seeward reef ,  extends e s  might 
be expected an these protec%ed legoon reefs  well  i n t s  the & n d r e u s i  zone, 
i n  a s  l i t t l e  u s  2 or  3 f e e t  of va te r  c ~ t  low tZe. I t  does not  appear t o  extend 
downward much below about 20 fee t .  

2. Uindvard 

The second type of lagoon r e e f  a t  Arno, e x e ~ p l i f i e d  by the section, 
Figure 14, extends from nezr the southeastern corr,er 6f the lagoon 1.10ng the 
windward southern s ide of the 1a.goon the en t i re  leneth of Ine Is lcna t o  Arno 



Island, about 13 a$les,, end beyon'. J t 3 s  the broadest. of Arno r e e f s  of any I:. 

type, averaging about 1500. feet. from. beech tol margih.. ..The f l a t  consis ts  oY.;ai 
patchy veneer of send and s iLt .  on an WeVetX, corroded reef rock f l a t  which. l i e s  
from 6 'inches t o  ' 3  f e e t  below low t i d e  leve l .  I t  i s  shallower near shore:,; 
deepening t o  about 3 f e e t  a t  the midpoint, then shoaling near the margin;.which 
i n  a few places i s  exposed a t  low t ide .  Beyond t h i s  low ridge the rock surface, 
often qu i te  bare o f .  sediment, slopes gently a t  about  10. deg. to  t he .  sandy f loor  
of the lagoon a t  15 o r  20-fathoms. C o r a l  growth over t h i s  type of reef i s  
sporadic and nowhere rich,and flourishifig. The :width and depth o f .  the t r a c t  
enable the wind waves t o  oroceed well i n  towa.rd shore where thev keea ' the  sand 
and s i l t  well s t i r r e d  a t  high t ide ,  inh ib i t ing  the growth of a l i  but 'a few 
colonies of such hardy f o r m  a s  Pori tes  lutes and P o c i l l o p o r ~  damicornis. 
Hippopus i s  common in  t h i s  brier zone. I n  the deeper va te r  beyond and neerly 
t o  the margin, Astreopora i s  abundant, forming massive heads up to  5 f e e t  
across. Many large dead colonies of Acropora pa l i f e r a  ~ n d  & gemmifera, 
occasional l a rge  Pocillopora, and discouraged Pori tes  andrewsi a l so  occur. 
On the bare, p i t t ed  and i r r e w l a r  marginal slope i s  found tine widest var ie ty  - 
of forms, b;<no one species appears domitsnt.- Especially common a r e  s e ~ ~ e r L 1  . . 
species of s o f t  alcyoniid corals (Lobularia and Lobophytum). i s  absent. 
Litknothamion is only occasional and n o t  flourishing. From a depth of about 5 
f e e t  dovm the slope, Acropors r e t i cu l a t a  i s  dominant, often forming:'huge : . . 
spreading brackets 3 t o  8 f e e t  across. This zone extends nearly t o  the lagoon 
f loo r  i n to  the Acropora formosa habitat .  

. . 

A t h i rd  type. of lagoon reef ,  witin on a lgu l  ridge and zonation similar 
t o  tha;t of seswerd reefs ,  i s  developed a t rBik in i  around the western end of 'the 
lagoon, where wind waves developed over a fe tch  of about 20'miles~proauce a ' 

strong surf .  This type i s  not found a t  Arno where nowhele do prevail ing winds 
have a fetch of more than 10 miles. . . 

, , . . .  . . . .. , .  , . ,  . . 
, . , .  . . . , . . .. 

I V .  . Reef T e m p e r a t .  . .  . 
. . . . . :  . . . 

; . .  ' .  . .. 
. ~. . . 

. ' For mid-Pa.cific reefs  there .  is, so f a r  as. the. wri ter  i s  aware, 'bnly .one. 
de ta i ledrecord  of water temperatuce var ia t ions  ;across a aefinit 'e reef t r ac t .  
In  '19i8,:R. G. Meyer published ,(Game& Ins t .  gn.sh., Pub. 2 pp. 31-34, f'ig.9) 
an sccount of t h e .  temperetures on the Maer Island coral  reef,' Torres Straits ,--  

., . 
a frin$in(: reef about 198 f e e t  wide. In  general he showed tha t  while d&il$ 
temperature changes a t  the  seaward.margin have a narron range (3.5 deg. C.):, the 
range increases,  toward shore t o  a s  much a s  12.5 deg. (C.) , and concluded tha t  
the high'teinperatures experienced thing pa r t  of the  year must be suf f ic ien t  to 

. .  . k i l l  a l l  corals  within 450 f e e t  of 'oh; shore. 
. . 

. . 
~ u r i n ~  the month .of June, 1950,, a number of tempereture traverses were 

made across the Ine Anchorage Peef along the section l i n e  of'li'ig. 11, a t v u r f o u s  
times of ,day and s t a t e s  of t ide .  The temperatures were meesufed a t  the' height 
of coral  growth,.usuallysbout a foot from the botton?, a t  39-foo't in te rva ls  across 
the 450-foot width of the reef.  The r e s u l t s  ore suznmarized i n  %he chert', ~ i g u r e  1 5  
and presented i n  the same form a s  Mayerls c i t ed  above. On the Sasis  .of Mayer's 
r e su l t s  and theoret ical  considerations, the r e su l t s  obtained a t  A r n o  might have 
beenpredicted.  The l e a s t  range i s  found e t  the seaward edge, the greates t  
nearest  shore, regerdless Df the s t a t e o f  the t ide .  Coral growth on the reef i s  
closely correlated with th i s .  I t  i s  r i ches t  s t  the reef margin where the '  
tenperatures a r e  nore constant, end neokest:or &sent near shore where temperaturs 
ranges ore  greatest .  This correlation,  of course, i s  not exclusively due to  



temperature control. Agitation and water movemats a r e  grea tes t  near the 
edge; s a l i n i ty  fluctuations due t o  heavy r a i n f a l l  a r e  greates t  i n  the very 
shallow w ~ t e r  near shore, among other controll ing factors .  

The f l u c t ~ a t i o n  i s  diurnal. Early i n  tne morning, before the sun 
shines on the reef f l a t ,  temperatures acrcss tne reef a n  nearly uniform, 
usually a degree l e s s  nearer shore than the normal 28 deg. C.  a t  the reef 
margin, bvt within a few hours tempera.tures neer shore, ev?n a t  high t ide,  

. .. 
a r e  much higher than a t  the margin. 

Of par t icular  i n t e r e s t  a r e  the two s e t s  of s e r i a l  t empera t~res  
graphically analyzeci i n  Figwe 16. These-were run a t  50-foot in te rva ls  
along a l i n e  lOCO f e e t  long and pa ra l l e l  t o  the reef edge 2nd about 200 f e e t  
from shore, approximately on the boundary between the Acropora and gontipora 
zones. A t  the ea s t  end t h i s  l i n e  cuts  across the  trzasverse section lS.e of 
s e r i a l  t.emperatures shom i n  F i y r e  1:. A t  high t i d e  (1O:jO a.m., 21 June) 
the  water along t h i s  l i n e  was about 3-4 f ee t  deep, snd l i t t l e  var ia t ion i n  
temperatwe was expected o r  found. Nith t h i s  de2th of water the swells are  
l i t t l e  impeded and broken bj the reef margin and no cause f o r  f luctuation i s  
developed. 8ut  a t  low t i d e  (4:OO p.m., 23 Zune) gree.t variation was found: 
from 28.2 t o  30.9 deg. a t  more o r  l e s s  regular in te rva ls  alo3g tile t r ac t .  The 
highs were about 200 f e e t  apar t  cnd a l te rns ted  with the lows. These represent 
wedges o? cooler water extending in to  the shoyewerd band of warmer water, or  
contrawise. The separation of these wedges is s t r ik ing .  A t  one spot a 
tempereture difference of 1.5 deg. was found i n  a. distance of only 25 fee t .  

The explanation of these wedges of warm and cool water a t  low t ide  
i s  not h a d  t o  find. There is a e l m e  correls.tion between the wedzes and the 
re-entrant channels i n  the reef mergfn. The cooler water wedges a r e  opposite 
the re-entrants, the Warner wedges extend outward opposite the se l ien ts .  A t  
low t i d e  the constant swells from the southeast, refracted a r m d  the easter ly  
s ide of the x t o l l  from the no-theast, a r e  slowed by b e  sa l i en t s  but mov- ,, un- 
diminished in to  the re-entrants. A wave of t ransla t ion forms a t  c l e  head of a 
re-entrant irnd i s  reinforced by refracted swells from the sa l i en t  on ei.ther side. 
This drives a mass of cooler water onto the reef f l e t  a t  each re-entrant. R;p 
currents moving outward onto the sa l ien ts  then s h i f t  the displaced Warner water 

. . toward the sa l ien ts .  
. .. 



Jppendix: L i s t  of C o r d  Genera Occurr in~ a t  Arno 

A. Scleract inia  . . . .  

Acanthastrea 
iicrhelia -- 
Acropora 
Alveopora 
hacropora  
hstreopora . . 
Coscinaraea 
Culicia 
Gyphastree , 

Echinopore 
Favia - 
Ffivites 

Goniast- 
Goniopor~ 
HelomiC,ra 
Herpoli thz 
Hydrovhora 
Leptastrea 
Leptoseris 
Leptoria 
Lobopnyllia - 
Merulina 
Montioora 
Ucediwn 
Pfivona 

" (Polyastra) 
" (Pseudocolumnastraea) 

Flatygyra 
P les ias t rea  
Pocillopora 
Por i tes  

" (Synareea) 
Psammocora 

f~ (Ples ioser is)  
II  ( Stephanaria) 

Heliopora 
'I'ubipora - 

Distichopora 
Milleoore 
S ty las te r  

s e r i ~  topor? 
S ty locomie l la  
C tylophorz 
pnphyllie 

Ulophyllia - 



FIGURE I. D~sTRIBUTION OF REEF TYPES, ARNO. 



FIGURE 2 ,  PHYSIOGRAPHIC DIAGRAM, ARNO ATOLL  
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FIGURE 3. TRUE SCALE CROSS SECTION, ARNO ATOLL. 
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FIGURE 4. DETAIL MAP, NORTH HORN, ARNO 1:8000. 



FIGURE 5. (IENERALIZEO SECTION OF ISLAND AND REEF. 



FIGURE 6. SECTION OF ISLAND SWEPT BY TYPHOON. 
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SURGE CHANNELS R E E F  F L A T  B E A C H  
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POCILLOPORA CHAMA - CALCARINA Z O N E  

FIGURE 9. SEAWARD REEF, TYPE IA,  I N  E I. 



FIGURE 10. SEAWARD REEF, TYPE IB, TAKLEB I. 
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FIGURE I I .  SEAWARD REEF, TYPE I I A ,  INE ANCHORAGE. 
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FIGURE 12. LAGOON REEF, LEEWARD TYPE, TAKLEB I. 



LAGOON SLOPE REEF F L A T  B E A C H  

FIGURE 13. LAGOON REEF, ENCLOSED LAGOON, NORTH HORN. 
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FIGURE 14. LAGOON REEF, WINDWARD TYPE, INE I .  
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FIGURE 15. WATER TEMPERATURES ACROSS I N E  ANCHORAGE REEF, JUNE, 1950. 
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FIGURE 16. WATER TEMPERATURES ALONG INE ANCHORAGE REEF, INNER 

EDGE OF ACROPORA ZONE. 




