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SUMMARY

We investigated the biogeographic properties and relationships of Scleractinia
in the North Atlantic. The North Atlantic was divided into 3 8 geographic regions
and each of the 134 North Atlantic species known from deeper than 200 m
was scored for each region, resulting in a data matrix of 5092 cells, The species
composition of each region was then analyzed by calculating a matrix of Bray-
Curtis distance coefficients and performing a cluster analysis (UPGMA) and
ordination (Non-Metric Multi-Dimensional Scaling) to determine biogeo-
graphic affinities and relationships of these localities. Three major clusters
(superclusters) were distinguished: western, eastern and North Atlantic. The
western Atlantic supercluster consists of the tropical and warm temperate west-
ern Atlantic regions and is characterized by 58% endemic species and a rel-
atively low percentage of deep-water species. It consists of three subordinate
clusters, which represent insular, continental and warm temperate areas. The
eastern Atlantic supercluster extends from the Faroe Islands to the Gulf of
Guinea, and is characterized by 38% endemic species and a disproportion-
ately high number of amphi-Atlantic and cosmopolitan species, as well as a
higher than average number of deep-living species. It also consists of three
subordinate clusters: a Lusitanian warm temperate group, tropical localities,
and a third cluster consisting of the Cape Verde and Canary Islands. The North
Atlantic supercluster is characterized not by endemic species, but rather by
a high number of cosmopolitan and amphi-Atlantic species, as well as a dis-
proportionately high number of deep-living, unattached, and flabellid species.
Two subordinate clusters correspond to the cold temperate northeast and
northwest Atlantic.

INTRODUCTION

There is a deep-rooted desire among people to organize data into systems of
classification (e.g., clusters). This probably originates in the need to organ-
ize multi-dimensional data into smaller packets that can be visualized and manip-
ulated by researchers, but also probably reflects a degree of real clustering in
natural systems. Within natural history, if species are the objects of classifi-
cation, then cladistics or phenetics may provide the algorithms used, but if
zoogeography is the subject under consideration, then geographic regions are
usually the units of classification and various clustering and ordination algo-
rithms are the tools typically used to synthesize these data. According to Clarke
and Warwick (1994) there are literally hundreds of clustering methods, indeed
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whole volumes (e.g., Hartigan, 1975) dedicated just to clustering algorithms.
Cormack (1971) warned that the “availability of ... classification techniques
has led to the waste of more valuable scientific time than any other ‘statisti-
cal’ innovation.” Nonetheless, a judicious use of clustering and ordination tech-
niques can lead to thought-provoking and valuable insi ghts about the distribution
of organisms and it is becoming increasingly common for authors of bio-
geographic analyses to include a clustering dendrogram and/or an ordination
to explore their data set. Several examples using cnidarian taxa are presented
below, in increasing order of sophistication, each with a slightly different method
and purpose for the analyses, but all using the Bray-Curtis or Jaccard simi-
larity coefficients and various clustering (typically UPGMA Sneath and
Sokal, 1973) and ordination algorithms (usually non-metric multi-dimen-
sional scaling, MDS; Clarke and Warwick, 1994).

For instance, Veron (1995) used clustering techniques in a simple way to
document patterns of geographic affinity of shallow-water Scleractinia from
adjacent geographic regions. Similarly, Wallace (1999) used clustering meth-
ods to demonstrate geographic affinities among acroporid Scleractinia, but
also analyzed the composition of her clusters based on the overall distribu-
tion of the component species. Ketchum and Reyes-Bonilla (1997) and Reyes-
Bonilla and Lépez-Pérez (1998), based on shallow-water Scleractinia, clustered
the regions of the eastern Pacific followed by an analysis of these patterns
for evidence of the presumed direction of colonization, and to test for the valid-
ity of zoogeographic barriers. In an elegant pair of papers based on shallow-
water corals, Sheppard (1997, 1999) used clustering and ordination (MDS)
to find the geographic affinities of various localities in the Indian Ocean and
then used these results to assess the role of the Chagos Archipelago as a pos-
sible stepping stone for dispersal. Clustering and ordination can also be used
for studying finer-scale ecological processes, such as assessing the relation-
ship between a circumscribed ecological zone of occurrence versus various
physical factors, such as light and substrate, as was done by Sanchez et al.
(1998) and Séanchez (1999) for shallow-water Caribbean Octocorallia on
selected reefs.

The current study seeks to use clustering and ordination analyses to
address many of the parameters described above. First, we seek to establish
how many species of Scleractinia occur in the North Atlantic below 200 m,
where they occur, and at what depths. Using these data, we then try to docu-
ment the relationships among the faunas of various regions, in both gross and
fine detail, based on the shared presence of these taxa. We attempt to char-
acterize these groupings based on physical characteristics of the environment
and the morphological characteristics of the species, in an effort to understand
why these various localities cluster in the way they do. In so doing we com-
pare our clusters to the traditional shallow-water zoogeographic provinces.
We also compare the results of traditional clustering with the results of the
ordination (MDS) in an effort to better understand the clusters. Finally, we
ask if those transitional localities that do not fit nicely within any single clus-
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Table 1. Taxa used in the analyses. Number: # assigned in data matrix (Table 3); those
species not assigned a number are endemic to one region, as indicated in column 2
(for abbreviations see Table 2). Pattern: pattern of distribution (or endemicity): w —
endemic to western Atlantic; e — endemic to eastern Atlantic; aad — amphi-Atlantic with
a disjunct distribution; aac — amphi-Atlantic with contiguous distribution; ¢ — wide-
spread (cosmopolitan) distribution. Coloniality: colonial (C) or solitary (S). Attachment:
attached (A} or free-living (F). C/F/D: caryophylliid, flabellid or dendrophylliid.
Depth: depth range in western Atlantic (w) and eastern Atlantic (e).
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1 Anomocora fecunda (Pourtalés, 1871) aad |C |F | C |w:37-640; e:130-350
2 Anomocora marchadi (Chevalier, 1966) ¢ |S |F {C |w:35-229; e:32-85
3 Anomocora prolifera (Pourtales, 1871) aad|S |F | C |w:30-329;e:110-125
4 Anthemiphyllia patera patera Pourtalés, 1878 w |S |F | - |w:500-700
5 Astrangia poculata (Ellis & Sclander, 1786) w |C A | - |w:0-263
6 Aulocyathus atlanticus Zibrowius, 1980 e |S |A [C |e450-1716
NWC | Balanophyllia bayeri Caims, 1979 w [S |A [D |w:i274-311
T Balanophyllia cellulosa Duncan, 1873 e |S |A | D |e:80-850
8 Balanophyllia cyathoides (Pourtalés, 1871) w IS |A | D |w:i45-494
9 Balanophyllia dineta Cairns, 1977 w |S |A | D |w:l27-274
10 Balanophyllia floridana Pourtalés, 1868 aad |S |A | D |w:13-220; e:29-95
SWC |Balanophyllia hadros Caimns, 1979 w IS |A | D |w:238-274
11 Balanophyliia palifera Pourtalés, 1878 w |S |A | D |w:53-708
12 Balanophyliia thalassae Zibrowius, 1980 e |S |A |D |e:380-1150
13 Balanophyllia wellsi Cairns, 1977 w |S |A | D |w:i412-505
14 Bathypsammia fallosocialis Squires, 1959 w |S |A | D |w:213-805
15 Bathypsammia tintinnabulum (Pourtales, 1868) [w |S |A { D |w:210-1115
16 Caryophyllia abyssorum Duncan, 1873 e |S |A | C |e732-2000
AZQ |Caryophyllia alberti Zibrowius, 1980 e |S A |C |e76-506
15 Caryophyllia ambrosia ambrosia Alcock, 1898 [c¢ IS |F | C |w:1487-2286;
€:1600-2300
18 Caryophyllia ambrosia caribbeana Caimns, 1979 |w |S |F | C | w:183-1646
19 Caryophyllia antillarum Pourtalés, 1874 w |S [A | C |w:150-730
20 Caryophyvllia atlantica (Duncan, 1873) e |S |A |C jel100-2165
21 Caryophyllia barbadensis Cairns, 1979 w |S |A | C [w:129-249
22 Caryophyllia berteriana Duchassaing, 1850 w |S |A | C |w:99-1033
23 Caryophyllia calveri Duncan, 1873 e |S [A | C |e91-340
24 Caryophyllia corrugata Cairns, 1979 w |S |A | C jw:183-380
25 Caryophyllia cyathus (Ellis & Solander, 1786) e |[S |A | C |e:70-300
AZO |Caryophyllia foresti Zibrowius, 1980 e |S |A |C |e:155-950
LA |Caryophyllia paucipalata Moseley, 1881 w |S |A [ C [w:714-843
26 Caryophyllia polygona Pourtalés, 1878 w [S |A | C |w:700-1817
27 Caryophyllia sarsiae Zibrowius, 1974 aad|S |A | C |w:1097-1200;
€:520-2200
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Table 1. Taxa used in the analyses (continued)

; & &
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28 Caryophyllia seguenzae Duncan, 1873 e |S |F | C |e:1000-1400
29 Caryophyllia smithii Stokes & Broderip, 1828 |e |S |A | C |e:40-400
30 Caryophyllia zopyros Cairns, 1979 w |S |A [C [w:73-618
31 Ceratotrochus magnaghii Cecchini, 1914 e |S |A | C |e7-400
32 Cladocora debilis ME & H, 1849 aad [C |F | C | w:32-480; e:28-100
33 Cladopsammia manuelensis (Chevalier, 1966) |aad|C |A | D w:70-366; e:55-150
34 Coenocyathus anthophyllites ME & H, 1848 e |C |A |C |e65-250
35 Coenocyathus cylindricus ME & H, 1848 e |C |A | C |e:65-500
36 Coenocyathus parvulus (Cairns, 1979) w |C |A | C |w:97-399
37 Coenosmilia arbuscula Pourtalés, 1874 w |C A | C |w:74-622
38 Colangia immersa Pourtalés, 1871 w |C |A | C |w:0.5-347
39 Concentrotheca laevigata (Pourtalés, 1871) aad|S |A | C |w:183-576,
e:600-772
NWC | Crispatotrochus sp cf C. cornu Moseley, 1881  |w [S |A | C |w:220-241
40 Crispatotrochus squiresi Cairns, 1979 w [S |A | C Jw:686-822
GSN |Cryptotrochus carolinensis Cairns, 1988 w |8 |F | - |w:320-338
41 Dasmosmilia lymani (Pourtalés, 1871) ¢ |S |F | C |w:37-366; e:85-316
42 Dasmosmilia variegata (Pourtalés, 1871) ¢ |S |F | C |w:110-42];
€:185-600
43 Deltocyathoides stimpsonii (Pourtalés, 1871) aad|S |F | - |w:110-553;
€:200-600
44 Deltocyathus agassizii Pourtalés, 1867 w |S |F | C [w:494-1115
45 Deltocyathus calcar Pourtalés, 1874 w |8 |F | C |w:81-675
46 Deltocyathus eccentricus Cairns, 1979 aad[S |F | C |w:183-907;
€:300-1000
47 Deltocyathus italicus (Michelotti, 1838) aad|S (F | C |w:403-2634;
e:1500-2300
48 Deltocyathus moseleyi Cairns, 1979 aad S |F | C |w:201-777;
e:200-1372
49 Deltocyathus pourtalesi Caims, 1979 w |S |F | C |w:311-567
50 Dendrophyllia alternata Pourtalés, 1880 aad |C |A | D | w:276-900;
e:450-688
51 Dendrophyllia cornigera (Lamarck, 1816) e |C |A | D |e:80-600
52 Desmophyilum dianthus (Esper, 1794) ¢ |S |A | C |w:183-2250;
€:230-2460
53 Desmophyllum striatum Caims, 1979 w [S |A | C |w:277-823
54 Eguchipsammia cornucopia (Pourtalés, 1871)  laad [C |F | D |w:91-300; e:330-960
55 Eguchipsammia gaditana (Duncan, 1873) ¢ |[CJF | D |w:97-505; e:73-417
56 Enallopsammia profimda (Pourtalés, 1867) w {C |A | D |w:403-1748
57 Enallopsammia rostrata (Pourtalés, 1878) ¢ {C |A | D |w:300-1646;
e:480-2165
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Table 2: Description and abbreviations of the 38 North Atlantic regions used in
cluster analysis, ordered clockwise from west to east. Number of deep-water (over
200 m) species listed in parentheses for each region. Two outlier regions omitted from
ordination are bracketed.

[SPP]  St. Peter and Paul Rocks (6 species)

BZL Tropical coast of Brazil, including coast south of equator to Rio de Janeiro (32)

GUY  Guyana, Suriname, French Guiana (22)

SC Southern Caribbean: coasts of Venezuela and Colombia (29)

SWC  Southwestern Caribbean: offshore islands and banks from Panama to Nicaragua
(30)

NWC  Northwestern Caribbean: offshore islands and banks from Honduras to Yucatan
Channel (45)

WGM  Western Gulf of Mexico (36)

EGM  Eastem Gulf of Mexico (45)

LAV Lesser Antilles (off Venezuela): Los Testigos to Aruba (27)

LA Lesser Antilles: Virgin Islands to Trinidad (71)

HPR Hispaniola and Puerto Rico (35)

CUB Cuba and Cayman Islands (70)

JAM Jamaica (43)

BAH  Bahamas (64)

FLA Eastern Florida and Florida Keys (53)

GSN Southeastern U.S: Georgia, S. Carolina, N. Carolina to Cape Hatteras (40)

BER Bermuda and Muir Seamount (19)

CTU Cold temperate U.S. coast from Cape Hatteras to Gulf of Maine, including
Georges Bank (15)

C1C Cold temperate Canadian coast from Bay of Fundy to Cape Breton Island,
including: Browns Bank, Sable Bank, Grand Bank and Orphan Knoll (10)

[ARC] Arctic: off Labrador, Newfoundland, Greenland (3)

ICE Iceland, Reykjanes Ridge (9)

SCA Scandinavia: coast of Norway (6)

SHE Shetland, Faroe, Orkney, New Hebrides Islands; Rockall Bank (19)

GB North Sea and coasts of Great Britain, Ireland and France (Bay of Biscay) to
45°N (29)

SPA Southern Bay of Biscay (northern coast of Spain) (34)

POR West coast of Spain and Portugal (43°-37°N) (34)

IMG Ibero-Moroccan Gulf (37°-33°N) (33)

MED  Mediterranean (21)

MWS  Meorocco and Western Sahara (33°-22°N) (31)

AZO Azores (51)

MAD  Madeira (41)

CAN  Canary Islands (15)

CvI Cape Verde [slands (14)

SMA Seamounts and banks south of Azores: Pluto, Atlantis, Cruiser, Irving, Hyeres,
Great Meteor (17)

SMP Seamounts and banks between Portugal and Madeira: Gorringe, Gettysburg,
Ampere, Seine, Josephine (22)

MAU  Coasts of Mauritania and Senegal (22°-13°N) (15)

GG Gulf of Guinea (18)

IP Indo-Pacific: species having distributions outside Atlantic Ocean (23)
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Table 3. The data matrix (continued)
1 BER
2 GSN
3 FLA
4 BAH
5 WGM
6 EGM
7 CUB
8 HFR
9 JAM
10 LA
11 LAY
12 8C

Locale/Taxa

13 SWC
14 NWC
15 GUY
16 BZL
17 SPP
18 CTU
19 CTC
20 ARC
21 SCA
22 ICE
23 SHE
24 GB

25 SPA
26 POR

27 MED
28 IMG
29 MWS
30 MAU

DEEP-SEA CORALS

0
i

0

iH]

0
0

<

0
0
0

(=N}

0
0

<

0

1 BER
2 GSN
3 FLA

4 BAH
5 WGM
6 EGM
7 CUB
8 HPR
9 JAM
10 LA

11 LAV

Table 3. The data matrix (continued)
12 SC

Locale/Taxa

13 SWC

14 NWC
15 GUY
16 BZL
17 SPP
18 CTU
19 CTC
20 ARC
21 SCA
22 ICE
23 SHE
24 GB
25 SPA
26 POR
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27 MED
28 IMG
29 MWS
30 MAU
31 GG
32 AZO
33 SMA
34 SMP
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36 CAN
37 CVI
38 IP



St NYWHVYHD T HdTVH ANV SNHIVD ' NIHJILS

-159m 2y} ur a8uer yidep ‘wonnqrysip yo uieyed jersuss s)t :saads yoee 10
eiep syuesaid | o[qe], “BXE] JO I2QUUNU 2Y) [[IM SB UONOI[[0D [BUONIPPE UM
9511 AJurelrsd [[im o3euaorad siyy ‘soroads 9say) JO UOTINGLIISIP U3 JO UOTIBLLIL
-xo1dde pood & aq 03 1y3noy s1 Syl Y3noyy|y ‘[B101 941 JO 941 77 10 ‘L7 St
(X1IjBUL 9] UI §, | ) SPI0921 99uasa1d-saroads JO IoqUINU 2y [ "€ S[qe], Ul pAjuas
-a1d s1 (S[[22 Z60S) BXEY $€1 Aq SanI[ED0] §€ JO XINBUI Blep Sullie)s [810] oy

SLINSHA

"BJEP POZIWOPUEI YIIM ()G PUE BIED [B3I UIIM Of TBjep oyl ySnory
SUNI (G PUe SUOTEINI (O PAPNOUW yorgm ‘sopnuiur ] Apreunxordde ooy
‘uondo  ySnoxoy; pue so[s,, 3y} uo spow jJo[idojne ay} uo uiu ‘siskjeue SN UL
‘Apuarpadxa viep oyl pojpuey (6661 ‘PIOHRIN pue 2undoIN) #(THO-Dd ‘uon
-BUIpJO pue SULISISN]D Y)Oq I0] SOSATRUR 953U} Ul Pasn SIBMIJOS oY) IoAIMO]
1 A1dde 0 pepasu oumy uoneindurod Fuo] a3 sem 1sed oy ur SOIA Sursn
J0 SoFeIUBAPESIP M3] 91 JO JU() 'SIAYIILISAI JO SPaau 21} Yiism dn jySned sey
pue apeoap 1sed 2y} 10A0 Af1eaId 08 posearoul sey Jomod Surnnduiod jey) mou
Areroadse ‘sesAyeue oryderfosgorq ut zendod A[Suisearour Sunuosaq st pue
‘eyep (20130092 I0] 9sn 0) anbiuyoa] UOTIBUIPIO 1529 o) A[paiqnopun st SN
(6661) PIOPIIA Pue SUNDOTAL PUB (66 1) MOLMIEAN PUE SHIBLD) O} SUIPIOOOY “JUSUI
-0AOW [EUOTIIPPE )M PaAoIdull 105U0] OU ST 11 2] uaym sdojs pue X1Ijeul 20UE)
-SIp Sunels 9y} JO YOS S} UM BIEP 911 JO 11J JO SSIUPO0S oY} SOMSBow
11 days goea 1y "punose syurod saaoul A[ealssardord pue ooeds ur ejep ayj Jo
uonenSIuos € Yim 100 sue)s 1 siseq sy uo joid o3 saonpoid pue ‘sanjea
9)NJOSqE JOU ‘SaNJeA NUBI 0] SaN[eA AJLIB[IIUIS STUN-ARIG 9] [[B SLISAUOD 11
je1] Ul ‘Aem DLIOWI-UOU B UL SIY} S20p 3] “sajdures [[e Suowe AJLIB[IIUISSIP oY)
sjuasaidal isaq jey (suoi8ar “oy) sojdures pazATeueR o1f} JO (SUOISUIUILP 99I1]} 10
oml Jo Aqrensn) dewr e soonpoxd SN ‘paress Ajduis (SANIAIN 10 SIAIN sawn
-oUIOS ‘S(TIA) SUI[eoS [BUOTSTSWI(]-T}[TJA] SLNAJA-UOCAN] SeM BJBD 9Sa1[) 9ZATEUR
0} UASOT2 WIPIIOT[E UONLUIPIO oYL, (F661 “[OIMIep PUe 3R fE/6]1 eS8
pue Mesus) (VD) SISATeuY 2ouspuodsalio)) papuana( pue (VD) SIsA[euy
souspuodsanio)) (VD) sisAeuny syusuoduwo)) [edmurr] Suipnjour ‘suoljeu
-1pI10 o1yde1809801q/[e21301009 0] S[qR[IRAR 218 SPOUJSUT JUIIIFIP AUBIA
"JYS1om SSI] USAIT
2IE $)[NS2I 1) ‘PIII0ISIP AIDA 218 PUE IS0 OB SSOID SISSNIO a1} J] "ISNqol
A[9ATIB]21 P2IaPISUOD 248 S1[NISAT Y] US1] ‘LI0LS o1 A[2AIER[AI [31m pasoduur
-12dns 2q UBD SI19)SNIO 2} J] "SINSI UOHBUIPIO PRngLIsIp A[SNONULUOD U
uo pasodurtiadns oq ueo sIsAJeue 191$n[0 21} £q pejesrpur sFurdnois sy jey
ur Arepuawojduwiod osye are sasAeue Jo sadA) omy o], ‘sesA[eUR INO 10 958D
oyl sem sIyT uasaid are yey) spual) Jo[eW 9Y) MOYS OS[E [IM PUE ‘Bjep a1y
u1 Juasaid sourLIBA 91 JO }SOU JOJ JUNODOR 1Y) SUOLRUIPIO 2onpoid [jim sos
-ATeUe 1S “XLIJBW OOUESIP a1} Ul Juosard UOIIBULIOIUI 9} JO SWOS 950] 0} Spu2)
OS[e pu® ‘BIBp 3] JO AJI[RUOISUSIUIP 2} SUIONPLT WIOI] UOLIO]SIP SWIOS 90Np
-0IjuL 01 SPuU9) SI) YySnoy)y jussaid uonenea Jo surened o) uo Furpuadap
‘oa1q) 10 om1.A[[eord4) ‘SUOLSUSWIP JO I2qUITIU PR2Tpal AI9A B UT “BJEp [BUOIS
-ULUWIIP 9§ 2107 “XI1IJBWI 29UE]SIP [RUISLIO 91 UI BJEP 21} SJU2sa1d UOTIBUIPIO Uy

STVvHOD Vi5-d33d 4

*XLIJBUI 9OUER)SIP SUUes 2y} Sulsn pue ejep owes aU) U0 UOTBUIPIO UB uLioj1od 01
‘POPUSTLIUIONAI PUE “UOUIIOD ST 1 ‘(stiajied aso1f JO $S3UISNQOI 91 JO UOTIROIPUL
Ue) SJ[NS2I 950Y) JO UONEWLIIU0D juspuadapul Ue j295 0] pue SWeIFoIpuap sy
Fursn payynuepr sdnoid o) usamiaq sAiysuonieal Al SZI[BNSIA 19132 01 I9pI0
Uy "(3[0S21 21} JO SSOUNJIsnh 3} SZIUS009I 0] ISyoIeasal oy 01 dn ‘skemye se
‘S1 J1) UOIO3UUOD 9Y: JO ISUaIS U} JO SSa[pIedal 191sn[o B 91BIaUaS [[Im SIS
-A[eUR 199ST[O © JBY) 108] 2U) pue ‘(uonoun( yoea 18 AJ921] 918101 UBD 519)0RIq
ay}) Isyjoue suo 031 Jade(pe peoejd 9q Aew SUOISAI IB[IWUISSIP [JIYM UL UOL
-se] AIRIIQIE 21 ‘SOTII[BO0] 2IOW PUE 210U I0J sanfea Jayiado) Suidelssr woxy
1I0S31I JeYy} WEIS0IpUap 23 JO 1YSLI 27} 0) Son[eA [Jasn sso A[aA1ssa1301d oy

‘dog Jv aj0s U0 PADIPUL GLIDJIUIS U] 66 = SUIUIDYD JU22UF
‘sua1pa) asno daddn Aq sd21snp2 JU2UOAWIOD 2Y) “SPABWNY UDWIOY Aq PAIVIIPUL SI2ISNIOLBANS
auy1 ‘BuLiaIsmy2 PO 241 Aq paonpoad suoiSal §¢ ay1 fo wp4doipusp Y] 7 a4ndlq

dds
1D
29
3 o w} D III
— diS
S S e )
a3n
SMN
avin
v ozv
ol ~V I
Hod
vds
a9
ELES
301
+ 2 an
i i
! 019
y — nm} Y1
I: AND

| 1 | | T 1 |

o Se 05 St ool
Xopu AjLrequug




23/17
18/17
3/9
18/20

2/20
10/17
1/5
2/9

2/12
2/9
0/0
13/19
2/11
9/15
2/10
5/18
2/10
6/25
1/17
1/33

12/9
10/10
2/6
7/8
4/7

712

1/5
4/18
5/29
2719
1/9
7710
3/16
7411
1/5
2/7
1/5
2/8
0/0
0/0

CFD Ratio

C
75/56
54/52
22/69
47/51
32/53
29/48
13/68
12/55

9/53
10/45
7164
36/53
10/53
33/53
12/57
15/53
13/62
14/58
3/50
1/33

Attached

B86/64
62/60
15/47
55/60
34/57
29/48
12/63
10/45

B/47
10/45

5/45
38/56

8/42
31/50
17/81
15/54
11/52
14/58

2/33

1/33

Colonial
30/22
21/20
10/31
20/22
18/30
13/22

6/32
6/27
5/29
6/27
7/27
17/25
3/16
16/26
8/38
8/29
9/43
11/46
4/67
1/33

over
1000 m
50/37
18/17
3/6
18/20
4/7
7/12
5/26
16/73
12/71
8/36
5/45
32/47
11/58
32/52
3/14
8/29
6/29
9/38
1/17
3/100

cos
23/17
20/19
10/31
18/20
15/25
12/20
6/31
10/45
8/47
22/100
6/55
18726
9/47
18/29
8/38
8/29
8/38
8/33
3/50
2/67

aac
4/3
4/4
1/3
141
/2
4/7
1/5
4/18
4/22
2/18
4/6
3/16
4/6
0/0
1/4
1/5
2/8
0/0
1/33

aad
20/15
20/19
6/19
19/21
15/25
15/25
5/26
1/5
1/6
0/0
20/29
0/0
18/29
3/14
725
6/29
4/17
2/33
0/0

Zoogeographic Pattern
26/19
3/14
3/27
26(26)/38
7(1)/37
22(4)/35
10/48
12(1)/43
6/29
10(1)/42
0/0
0/0

W
61/46
60(60)/58
15/47
29(1)/48
29(4)/48
7137
4(1)/18
4(1)24
1/17
/0

Atlantic [104]
Cluster ID [32]

Atlantic [22]

Atlantic [68]
Shetland [19]

Cluster IB ("insular™) [92] 54(19)/59
Cluster IIA [17]

Cluster IC ("cont.") [60]

Cluster 1A [60]

Bermuda [19]

Supercluster II: North
[St. Peter & Paul Rocks] [6]

Mediterranean [21]
[Arctic] [3]

Indo-Pacific [22]

Cluster IIB [11]
Supercluster III: Eastern

Cluster IT1A [62]

Cluster I1TB [28]

Cluster II1ID [21]

Cluster I11C [24]
Outliers

the percentage this number constitutes of the total number of species in this cluster. Numbers in brackets are total numbers for the cluster

clustering and MDS. The first number of every pair is the absolute number of species in the cluster having this quality, the second number
or region; numbers in parentheses are endemic species. Abbreviations as in Table 1; cos — cosmopolitan.

Table 4. Some of the characteristics of the various clusters, unclustered regions and outlying regions, as determined by Bray-Curtis

Superclusters/Clusters

North Atlantic [134]
Super cluster I: Western

DEEP-SEA CORALS

ern and eastern Atlantic, coloniality, attachment, and whether the species is
a caryophylliid, a flabellid, or a dendrophylliid, the three major taxonomic
groups that occur at these localities.

The results of the UPGMA clustering are illustrated in Figures 2-3. After
segregating the two outlier regions of St. Peter and Paul Rocks and the Arctic,
the dendrogram shows three superclusters: western Atlantic, eastern Atlantic,
and cold temperate North Atlantic. The western Atlantic grouping is the most
highly supported supercluster, containing four discrete clusters and one unclus-
tered outlier: Bermuda. The North Atlantic supercluster contains two com-
ponent clusters. The least well-supported supercluster, the eastern Atlantic,
contains four clusters and two outliers: the Shetland Islands and the
Mediterranean. Table 4 lists various biological parameters that characterize
those clusters and superclusters, as well as the outlier regions. Each cluster
can be compared to the North Atlantic average (Table 4), i.e., the 134 species
of deep-water scleractinians known from the North Atlantic. For instance, among
all the North Atlantic deep-water corals, 46% are endemic to the western
Atlantic, 19% endemic to the eastern Atlantic, 15% are disjunct amphi-
Atlantic, 3% are continuous amphi-Atlantic, and 17% are widespread outside
the Atlantic, if not cosmopolitan. Furthermore, 37% of this general group occur
at depths greater than 1000 m (the deepest record being at 4822 m), 22% are
colonial, 64% are attached, and the ratio of caryophylliids:flabellids:den-
drophylliids is 56:9:17.

The results of the MDS ordination, done using the program PC-ORD4
(McCune and Mefford, 1999), are illustrated in Figure 4, with the clusters from
the UPGMA cluster analysis overlain on the plot. The outliers (St. Peter and
Paul Rocks, and the Arctic) are not shown and were not used in this analysis
as they would have had an overly large effect on the results; the outlier analy-
sis already indicated they are very different from the other localities and each
other and we have interpreted the results with this in mind. The plot was also
rotated 190° from the PC-ORD4 output to optimize the graphic representa-
tion of the results, a cosmetic change that has no effect on the inter-relation-
ships of the points but makes the results graphically more congruent with the
geography. The resultant two-dimensional ordination plot clearly shows the
three superclusters and component clusters in a more graphic way than that
obtained from the dendrogram. This combined presentation of the results forms
the basis of much of the discussion that follows. In general, however, one can
immediately see certain relationships that bear further analysis. For example,
the component regions of cluster ID are not contiguous; Bermuda is placed
closest to cluster IA; the outlier Mediterranean is central to the eastern Atlantic

region; the North Atlantic is closer to the eastern than western Atlantic; and
the Shetland Islands, although clustering with the eastern Atlantic, are tran-
sitional between the North and eastern Atlantic superclusters. All of these results
are discussed in further detail below, resulting in the slightly modified MDS
plot of Figure 5.
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DISCUSSION

Analysis of Clusters

The western Atlantic supercluster (I), consisting of 104 species that occur
deeper than 200 m, is the best supported of the three major clusters in the analy-
sis, containing 60 species (58%) endemic to the region (Table 4).
Zoogeographically, it consists of the tropical and warm temperate western
Atlantic realm (Briggs, 1974). Statistically it approximates the North Atlantic
averages for most parameters, except for depth of capture; only 17% of its
species occur deeper than 1000 m.

In an earlier analysis, Caimns (1979:205) distinguished several patterns
of distribution of the deep-water corals of the western Atlantic, but stopped
short of delimiting zoogeographic subregions characterized by endemic
species, stating that the entire western Atlantic deep-water fauna was prima-
rily one Caribbean province with depauperate extensions to the north and south.
However, these analyses suggest that there are four deep-water subregions in
the western Atlantic that can be defined and distinguished by species com-
position and various other parameters, as quantified in Table 4.

For instance, the largest cluster (IB), consisting of 92 species (including
19 species endemic to this cluster), unites the Greater and Lesser Antilles, as
well as the far offshore islands and banks of the western Caribbean. Like the
main cluster it belongs to, it is average in most parameters, including having
a paucity of deep-water species, but geographically it consists of species that
occur off islands. Even the records in the western Caribbean are found on the
slopes of islands or banks often hundreds of km offshore (e.g., Arrowsmith
Bank, Roatan, Rosalind Bank, Serrana Bank, Serranilla Bank). This insular
pattern of distribution is similar to Ekman’s (1953) Antillean region, Briggs’
(1974) West Indian Province, Antillean pattern 2A of shailow-water azoox-
anthellates (Cairns, 2000), and deep-water coral distribution patterns 2 and
3 of Cairns (1979). It is also similar to the insular distribution pattern of sty-

lasterids in the western Atlantic (Cairns, 1992), and may have a similar eti- -

ology, i.e., composed of species than require full oceanic salinity and clear
water (not interrupted by low-salinity, sediment-laden water from riverine
runoff) and an abundance of hard substrate (not muddy soft substrate).

A closely related cluster (IC), consisting of 60 specics, groups the dis-
junct regions of the continental margins of Brazil, northern South America,
and the Gulf of Mexico (Figures 2-3). It is essentially a subset of cluster IB,
having only four species different from that cluster (dstrangia poculata,
Dasmosmilia lymani, D. variegata and Trochocyathus laboreli, the last
endemic to the subregion), and statistically (Table 4) is similar to cluster IB,
except in having an even lower percentage of deep-living species. This pat-
tern does not correlate well with traditional zoogeographic regions based on
shallow-water organisms, for instance including three provinces described by
Briggs (Brazilian, Caribbean and Carolinian), but does correspond to conti-
nental pattern 3B of shallow-water azooxanthellate corals (Cairns, 2000). Tt
is suggested that the species of this “continental cluster” are more resistant
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to salinity and sediment fluctuations and perhaps more able to exist on soft
substrates, conditions that are more common off continental margins than an
insular setting.

Cluster ID groups two disjunct and disparate geographic areas (the islands
off Venezuela and the continental slope off Guyana and Suriname), regions
not only separated geographically but ecologically. Logically, the islands off
Venezuela should group with the insular cluster, and in fact have a complete
overlap in species except for two, and the Guyana/Suriname region should
cluster with the continental cluster, and in fact all the species from that region
do occur in the continental cluster. Thus, cluster ID is considered to be invalid,
a mathematical anomaly of the clustering algorithm perhaps created by the
relative low number of species in these regions and perhaps reflecting inad-
equate sampling of those regions. Based on their geography and species com-
position, we would thus prefer to place these two geographic regions adjacent
to the clusters suggested above.

Cluster IA consists of 60 species, including four endemic to the cluster
(Labyrinthocyathus squiresi, L. facetus, Cryptotrochus carolinensis and
Thalamophyllia gombergi), and zoogeographically corresponds to the warm
temperate western Atlantic Carolinian Province. It is thus a fairly well dif-
ferentiated group in both the cluster and ordination analyses, characterized
by having species that have a relatively high amphi-Atlantic component, few
species occurring deeper than 1000 m, and a higher than average percentage
of free-living species. It corresponds to Briggs’ (1974) Atlantic coast section
of the Carolinian Province, pattern 4 of Cairns (1979) based on deep-water
corals, and pattern 5 (Carolinian) of Cairns (2000) based on shallow-water
azooxanthellates. Bermuda, having a deep-water fauna of only 19 species, does
not cluster with any other region, but does fall within the domain of the west-
ern Atlantic (I) supercluster by standard clustering and ordination analyses.
It has no distinctive endemic species, but does have an unusually high per-
centage of amphi-Atlantic and cosmopolitan species at the expense of a rel-
atively low number of endemic western Atlantic species. In fact, one species,
Caryophyllia sarsiae, is known only from the warm temperate eastern Atlantic
and Bermuda, an indication of the independent nature of the Bermudian deep-
water corals from the tropical western Atlantic. These faunistic components
ally it closer to cluster IA (warm temperate w. Atlantic) and even to the North
and eastern Atlantic superclusters instead of the tropical western Atlantic
region (e.g., cluster IB), where conventional shallow-water zoogeography would
place it.

The eastern Atlantic supercluster (11I), consisting of 68 species, is also
well supported by 26 species (38%) endemic to the region, although it is less
well defined than the western Atlantic supercluster. Zoogeographically, it extends
from the Faroe Islands to the Gulf of Guinea and thus includes the cold and

* warm temperate and tropical eastern Atlantic realms. As indicated in Table4,

this supercluster has a disproportionately high number of amphi-Atlantic and
cosmopolitan species as well as a higher than average number of deep-living
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not enough to formulate a meaningful analysis. All three species are deep-
living cosmopolitan species, suggesting an affinity with the North Atlantic
supercluster rather than the warm temperate region.

Amphi-Atlantic Depth Distributions

Zibrowius (1980: 221) noted that in general, the upper bathyal (200-1000
m) azooxanthellate corals of the eastern Atlantic were often found in deeper
water than those in the western Atlantic, lamenting the fact that he had to trawl
deeper in the east to get the same species Cairns obtained at shallower depths
in the west. He hypothesized that each coral species has a temperature range
preference and that corresponding isotherms were deeper in the eastern
Atlantic. This is a logical explanation with which we agree, but we would
like to elaborate. Azooxanthellate corals need not only the proper tempera-
ture range, but also a certain minimum amount of space (substrate) to popu-
late and within which to evolve. The largest, most diverse, and most favorable
region in the western Atlantic for deep-water azooxanthellate corals is the
tropical Caribbean, some subregions of this province (e.g., Cuba, Lesser
Antilles) having as many as 70-71 deep-water species. The warm temperate
western Atlantic region is geographically compressed, does not have many
offshore islands, and has a much smaller species diversity. In the eastern A tlantic,
the region having the greatest geographic complexity, volume and species diver-
sity is the warm temperate Lusitanian Province. In this case, the eastern
Atlantic tropical region is latitudinally constricted, has narrow shelf and
slopes, few islands and seamounts, and is thus less favourable for marine life,
including deep-water azooxanthellate corals. Thus, if one were to consider
an amphi-Atlantic species that had a temperature preference for 5-10°C, one
might expect to find it at 500-1200 m in the tropical latitudes of the Antilles,
but at 1300-1800 m in the warm temperate latitudes of the eastern Atlantic,
the depths at which corresponding temperature ranges are found (Zibrowius,
1980). Indeed, among the 14 deep-water amphi-Atlantic Scleractinia, eight
are known only from the tropical west and warm temperate east, in five cases
the eastern populations occurring at significantly greater depths (no signifi-
cant difference in one species); another eight species are known from the trop-
ical and temperate west but only the warm temperate east, in four cases the
eastern populations occurring at significantly greater depths (no significant
difference in three species). Thus, among the 16 amphi-Atlantic species with
asymmetric distributions, nine species were found at greater depths in the east,
three at greater depths in the west, and there was no appreciable difference
between east and west with the remaining four. The data in Table 4 also con-
firm that, in general, eastern Atlantic species tend to occur at greater depths
than western Atlantic species.

CONCLUSIONS

The first step in conserving or managing a resource such as the deep-water
corals of the North Atlantic, is to know the number of species, and their dis-
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tribution and abundance within that region. Tables 1 and 2 address that issue.
But knowing other biological and zoogeographic information about the species
and species clusters to which they belong may also allow some predictions
about the stability or vulnerability of the fauna of various regions. These fac-
tors are quantified in Table 4. For instance, one would assume that a fauna
having a higher-than-average percentage of cosmopolitan and amphi-Atlantic
species and a low percentage of endemic species would constitute a more sta-
ble fauna, since the extirpation of one or more species from such a region would
more easily be replaced from an adjacent region, and there would be a lesser
chance for an endemic to go extinct. Likewise, faunas having a higher-than-
average percentage of deep-water species {(over 1000 m) would be more sta-
ble than one having numerous shallow-water species. If these assumptions
are correct, the most stable region in the North Atlantic is cluster ITA, specif-
ically the cold temperate U.S. and Canada (region CTC), which has 60% cos-
mopolitan, 30% amphi-Atlantic and 10% endemic components, and 90% of
whose species occur deeper than 1000 m. Conversely, the most vulnerable
region or cluster appears to be IB (insular western Atlantic), which has a 27%
endemic component, and only 20% of whose species occur deeper than 1000
m. This is somewhat ironic in that this most vulnerable region has the high-
est species diversity in the North Atlantic, and the CTC one of the smallest,
but this may be due to a combination of a faster adaptive radiation of deep-
water corals in the tropical western Atlantic than in the more temperate
regions, and little or no decrease by extinction as yet.
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