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An assessment of conservation units for the Sumatran rhinoceros (Dicerorhinus 
sronarretrsis) was conducted using a population aggregation analysis (PAA) of 
mitochondrial DNA site substitutions. Populations were defined ss  the three geo- 
graphically separated regions of West Malaysia, Sumatra, and Borneo. The intent 
of this assessment was to explore management options for this highly endangered 
lineage rather than conduct a traditional taxonomic revision. 

Individual DNA positions were not diagnostic for any population. A single 
haplotype provided a character as support for diagnosing the West Malaysian and 
Bornean population. The haplotypes on West Malaysia and Sumatra were more 
similar to each other than either was to the one on Borneo. These data, and a 
review of the morphological characters, support the option of treating Sumatran 
rhinos as a single conservation unit, providing managers with greater flexibility in 
managing the unique Dicerortline lineage. 0 1995 ~ i l e y - ~ i s s .  Inc. 
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INTRODUCTION 

The  Sumatran rhinoceros (Dicerorhi~irts srtrnatrerzsis) is a hizhly endangered 
species currently confined to a f e w  remnant upland forest areas in Peninsular Malaysia ,  
Sumatra. and Borneo. Like the other extant rhinos. the Sumatran rhino originally had 
an extensive distribution. Until the beginning of this century it ranged from India 
(Assam and Bengal) throuzh hlyanrnar. Thailand. Cambodia. Laos. Vier N a m .  China.  
Malaysia. and Indonesia (Sumatra and Kalimantan) [Groves. 1983; and Borner ,  19791. 
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While historically Sulluran rhinos used habitats that included lowland forests 
olons ex- and natural clearings. them pcsence in upland forest and mountainous re,' 

plains why the species has bsisted in more areas and in  larger numbers than the 
historically sympauic J a w  r+qno (R}~inoceros sondaicus). which is confined to low- 
land forests [Santiapillai and Qac~innon,  1993; Penny. 1988: and Van Suein, 19861. 
These n1ountainous areas he last to be deforested and the most difficult in which 
to hunt the surprisingly nimbg [Santiapillai and MacKinnon. 1993; Khan et 
al.. 19931- Sumatran rhino UckS have been found up to 2,000 m in elevation. 

Currently. the only P k t i a l l y  viable populations persist in Sumatra (Gunung 
Leuser National Park, Torgaiha Forest. Ker~nci-Seblat National Park. Barisan Se- 
]atan National Park- and Gunbz Patah). in West Malaysia (Tarnan Negara and Endau 
Rompin), and in Kaiimantiu b a n u m  Valley Consenfation Area. Tabin Wildlife 
Reserve, proposed Lower h.hatangan Wildlife Reserve, and possibly the proposed 
Pulong Tau National Park). the total number of animals is probably under 
400 (including 24 animals in cwive breeding programs). In addition to deforestation, 
the rhinos are threatened by %mercial hunting for their horn in both protected and 
nonprotected areas. In 1 9 w  at least ten rhinos were poached in Kerinci-Seblat 
National Park in Sumatra ISh)tiapillai and MacKinnon. 19931. An organized con- 
servation program is essential k, the survival of this species. 

The governments of InGasia  and Malaysia, as well as international conser- 
vation organizations (The WlkTfe Consewation Society, The World Wide Fund for 
Nature. IUCN Captive Breed% Specialist Group, and The Sumatran Rhino Trust). 
have mounted a major effon h conserve this species. Management plans include 
research. greater protection of hild populations. and a controversial captive breeding 

Progam. Since management %tegies may include u-anslocating animals or gametes, 
the question of ~0nselTation l&ts is of great imponance. 

Groves (19671 divides species into three subspecies ( D J .  nonatrensis 
[Sumatra and Malaysia]. D-s. l~rri,sor,i [Borneo], and D.s. lasioris [Myanmar and 
India]) based on measuremenb of lnorpholoeical characters. While there have 
been recent reports of rhinos U+ the Nags Hills area of Northern Myanmar [Rabino- 
nf iu  and Schaller. personal at this time the status of these popula- 
tions is unknown. For conservidion management purposes. we have investigated the 
three surveyed. geogaphically separated popula~ions of West Malaysia, Sumatra, and 
Borneo, even though Groves 119671 groups Sumaua and West Malaysia together. 

MATERIALS AND METHODS 

Seventeen Sumatran r h i w  representing the three populations (Table 1) were 
sequenced for 953 bases of 125 and 16s mitochondrial sequences. Individuals were 
sampled in a variety of manners as dictated by specific circumstances in the field and 
international collections. Sam@lcs included frozen blood, frozen tissue. blood pre- 
served in RT buffer (100 mM ? t ; ~ ,  100 mM EDTA, and 2 8  SDS) and stored at room 
temperature. and shed hair and skin kept dry and at room temperature. All samples 
were obtained without harm to [he study animals. Total genomic DNA was isolated 
for all of the blood samples ity previously described standard phenol/chloroform 
isolation procedures [Caccone p( a l . ,  19871. A method en~ploying a chelating resin 
(Chelex 100@ BioRad) optinlizrd for forensics samples [Walsh et al.. 19911 was used 
to isolate DNA from the shed I,,ir and skin samples. 
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TABLE 1. Sumatran rhinoceros s a m p l s  included in this study 

Interna~ional snrdbook number Location 

Dicerorhinw sumarrensrs 
6 Sumatra 

22 Sumatra 
24 Sumatra 
27 Sumatra 
38 Sumatra 
33 Sumatra 
17 Borneo 
26 Borneo 
3 1 Borneo 
38 Borneo 

1 West hlalaysia 
7 West Malaysia 

i 3 West hlalaysia 
l5 \Vest blalaysia 
19 West hlaiaysia 
20 West Malaysia 

\ 't 23 West Malaysia 

Fragments of the 12s and 16s ribosomal mitochondrial genes were PCR arn- 
plified with modified universal venebrate primers [Kocher et al.. 19891. PCR reac- 
tions were carried out in 100 p.1 reaction volumes with reagents from Perkin-Elmer 
Cetus Gene Amp Kit. Reactions were performed in  a Perkin-Elmer Cetus DNA 
Thermal Cycler with approximately 250 ng of template DNA and a magnesium 
concentration of 1.5 mM. Cycling conditions were 94°C for l min. 55°C for 1.5 rnin.  
and 72°C for 2 min for 40 cycles. Most often. unbalanced primers were used to 
accomplish asymmetric PCR [Gyllensten and Erlich. 19881. Single-stranded PCR 
products were cleaned and concentrated with centricon-30 columns (Amicon. Bev- 
erly, MA) and directly sequenced by the dideoxy method with reagents and protocol 

? from USB's (Cleveland. OH) Sequenase 2.0 sequencing kit [Gatesy and Amato, 
? 19921. Some sequences were obtained using an automated sequencer (model 373A. 

Applied Biosystems. Foster City. CA) following the manufacturer's protocols. Both 
strands were sequenced to assure accuracy. 

! Sequences were assigned to local populations defined by geographical location 
(i.e.. West Malaysia, Sumatra, and Borneo) (Table 2). Base substitutions were as- 

t sessed as either characters or traits as defined by Davis and Nixon [1992]. This 
method, population aggregation analysis (PAA), involves successive searches for 
fixed differences among aggregations of local populations. Characters are attributes 
that are not polymorphic and are unique within populations. Traits are attributes that 
may be polymorphic or are not unique to a population. An assessment of conservation 
units for Sumatran rhinoceros was considered in light of the population aggregation 
analysis. 

RESULTS 

Four haplotvpes were identified from the 17 Sumatran rhinos sampled. Only 
one haplotype was found in the samples from Borneo and one from'west Malaysia. 



TABLE 2. 12s and 16s rnitochondrial D S A  scquencrs* 

AAACCTAAAT GATTTCCCCC 
ACTTGGCGGT 
AACCTTACCA 
AGGAACTAAA 
GGATGGAGAG 

AACARAATCA TTCGCCAGAG TACTACTAGC 
AGCCTGTTCC 
TATACCGCCA 
TAAABACGTT 
TACAAGAACA 
TAGCBGTAAA 

AACTCAAAGG 
AACCCCGATA 
ACCCTAAAAA 

GCTTTATATC 
ACCCTTGCTA 
GTAAGCACAA 
AAATGGGCTA 

CCCCTAGAGG 
ATTCAGCCTA 
GTATAAGACA 
CATTTTCTAC GTAGCTTATG 

30; ACAATTATCC 
3b1 TTAAGAACAG 

SumRhinoS*12S 
1 GCTTAGCCCT 

61 AATAGCCTAA 
121 ATAACCGATA 
181 TCTTCAGCAA 
241 AGGTCAAGGT 
301 ACAATTATCC 
361 TTAAGAACAG 

AAACGAAAGC 
AGAGCTTAAT 

CCCCATGAAA 
TGAACAAGGC CATAAAGCAC 

AAACCTAAAT 
AACTCAAAGG 
AACCCCGATA 
ACCCTAAAAA 
GTAGCTTATG 
AAACGAAAGC 
AGAGCTTAAT 

GBTTTCCCCC 
ACTTGGCGGT 
AACCTTACCA 
AGGAACTAAA 
GGATGGAGAG 
CCCCATGAAA 
TGAACAAGGC 

AACAAAATCA TTCGCCAGAG 
CCCCTAGAGG 
ATTCAGCCTA 
GTATAAGACA 
CATTTTCTAC 
AAGGAGGATT 
G C 

TACTACTAGC 
AGCCTGTTCC 
TATACCGCCA 
TAAAAACGTT 
TACAAGAACA 
TAGCAGTAAA 

GCTTTATATC 
ACCCTTGCTA 
GTAAGCACAA 
AAATGGGCTA 
CTAAGGGCTA 
CATAAAGCEC 

SumBhinoBLZS 
1 GCTTAGCCCT 

61 AATAGCCTAA 
121 ATAACCGATA 
181 TCTTCAGCAA 
241 AGGTCAAGGT 
301 ACAATIATCC 
361 TTAAGAACAG 

AAkCCTAAAT 
AACTCAAAGG 
AACCCCGATA 
ACCGTAAAAA 
GTAGCTTATG 
AALCGAAAGC 
AGAGCTTAAT 

GATTTCCCCC 
ACTTGGCGGT 
AACCTTACCA 
AGGAACTAAA 
GGATGGAGAG 
CCCCATGAAA 
TGAACAAGGC 

RACAAAATCA 
GCTTTATATC 
ACCCTTGCTA 
GTAAGCACAA 
AAATGGGCTA 
CTAAGGGCTA 
CATAAAGCAC 

TTCGCCAGAG 
CCCCTAGAGG 
ATTCAGCCTA 
GTATAAGACA 
CATTTTCTAC 
AAGGAGGATT 
GC 

TACTBCTAGC 
AGCCTGTTCC 
TATACCGCGA 
TAAAhACGTT 
TACAAGAACA 
TAGCEGTAAA 

SumRhinoWflL2S 
1 GCTTAGCCCT 

61 AATAGCCTAA 
AAACCTAAAT 
AACTCAAAGG 
AAGCCCGATA 
ACCCTAAAAA 
GTAGCTTATG 
AAACGAAAGC 
AGAGCTTAAT 

GATTTCCCCC 
ACTTGGCGGT 
AACCTTACCA 
AGGAACTAAA 
GGATGGAGAG 
CCCCATGAAA 
TGAACAAGGC 

AACAAAATCA 
GCTTTATATC 
ACCCTTGCTA 
GTAAGCACBA 
AAATGGGCPh 
CTAAGGGCTA 
CATAAAGCAC 

TTCGCCAGAG 
CCCCTAGAGG 
ATTCAGCCTA 
GTATAAGACA 
CATTTTCTAC 
AAGGAGGATT 
G C 

TACTACTAGC 
AGCCTGTTCC 
TATACCGCCA L21 ATAACCGhTA 

182 TCTTCAGCAA T A A ~ ~ A C G T T  
TACAAGAACA 241 AGGTCAAGGT 

301 ACAATTATCC 
361 TTAAGAACAG 

TAGCAGTAAA 

SumRhinoBLbS 
00 CACCTCTAGC 

L20 CGCGGTATCC 
180 TGAATGGCCA 
240 GTGAAGAGGC 
300 TTCBCAAAAA 
360 CAATTTCGGT 
L20 TAACCAGTCA 

ATACCCAGTA 
TAACCGTGCA 
CACGAGGGTT 
GGGGATAACG 

TTAGAGGCAC 
AAGGTAGCAT 
TTACTGTCTC 
CAACAAGACG 
AACCTATATC 
TCGGAGAACA 
ATCACTTATT 

TGCCTGCCCA 
AATCACTTGT 
TTACCTTCAA 
AGAAGACCCT 
TAAGGAATAA 
AAACAACCTC 

GTGACATCTG 
TCTCTAAATA 
TCAGTGAAAT 
ATGGAGCTTC 
CAAAATTTCG 
CGAGTGATTA 
ATTGATCAAC 

TTTCBACGGC 
AGGACCTGTA 
TGACCTCCCC 
AATTAACTAA 
ATTGAATTAC; 
AATTCTAGAC 
GGAACABGTT 

. . . - . - . . . . - - 
CAAAACCTTC 
TGCGGTGACC 
ABAATAATAC 

~ ~ - - - -  
GATCCAAATT 

480 ACCCTAGGGA TAACAGCGCA ATCCTATTCT AGAGTCCATA TCGACAATAG GGTTTACGAC 
540 CTCGATGTTG GATCAGGACA TCCTAATGGT GTAACCGCTA TTAATGGTTC GTTTGTTCAA 
553 CGATTAAAGT 

SumRhinoS1bS- 
60 CACCTCTAGC 

120 CGCGGTATCC 
180 TGAATGGCCA 
240 GTGAAGAGGC 
300 TTCACAAAAA 
360 CAATTTCGGT 
420 TAACCAGTCA 
480 ACCCTAGGGA 
540 CTCGATGTTG 
553 CGATTAAAGT 

SumRhinoSLbS 
60 CACCTCTAGC 

120 CGCGGTATCC 

CCT 
- - -  - - -  

TTTCAACGGC ATACCCAGTA 
TAACCGTGCA 
CACGAGGGTT 
GGGGATAACG 
CAAAACCTTC 
TGGGGTGACC 
AAAATAATAC 
TAACAGCGCA 
GATCAGGACA 
CCT 

TTAGAGGCAC 
AAGGTAGCAT 
TTACTGTCTC 
CBACAAGACG 
EACCTATATC 
TCGGAGAACA 
ATCACTTATT 
ATCCTATTCT 
TCCTAATGGT 

TGCCTGCCCA 
AATCACTTGT 
TTACCTTCAA 
AGAAGACCCT 
TAAGGAATAA 
AAACAACCTC 
GATCCAAATT 
AGAGTCCATA 
GTAACCGCTA 

GTGACATCTG 
TCTCTAAATA 
TCAGTGAAAT 
ATGGAGCTTC 
CAAAATTTCG 
CGAGTGATTA 
ATTGATCAAC 
TCGACAATAG 
TTAATGGTTC 

AGGACCTGTA 
TGBCCTCCCC 
AATTAACTAA 
ATTGAATTAG 
AATTCTAGAC 
GGABCAAGTT 
GGTTTACGAC 
GTTTGTTCAA 

ATACCCAGTA 
TAACCGTGCA 
CACGAGGGTT 

TTAGAGGCAC 
BAGGTAGCAT 
TTACTGTCTC 
CBACAAGACG 
AACCTATATC 
TCGGAGAACA 
ATCACTTATT 
ATCCTATTCT 
TCCTAATGGT 

TGCCTGCCCA 
AATCACTTGT 
TTACCTTCAA 
AGAAGACCCT 
TAAGGAATAA 
AAACAACCTC 
GATCCAAATT 
AGAGTCCATA 
GTAACCGCTA 

GTGACATCTG 
TCTCTAAATA 
TCAGTGAAAT 
ATGGAGCTTC 
CAAAATTTCG 
CGAGTGATTA 
ATTGATCAAC 
TCGACAATAG 
TTAATGGTTC 

TTTCAACGGC 
AGGACCTGTA 
TGACCTCCCC 
AhTThACTAA 
ATTGAATTAG 
AATTCTAGAC 
GGAACAAGTT 
GGTTTACGAC 
GTTTGTTCAA 

180 TGAATGGCCA 
240 GTGAAGAGGC 
300 TTCACAAAAA 
360 CAATTTCGGT 
420 TAACCAGTCA 

GGGGATAACG 
CAAAACCTTC 
TGCGGTGACC 
AAAATAATAC 
TAACAGCGCA 
GBTCAGGACA 
CCT 

450 A ~ ~ C T A G G G A  
5-40 CTCGATGTTG 
553 CGATTAKAGT 

SumRhinoWMlbS 
60 CACCTCTAGC 

120 CGCGGTATCC 
Lao TGAATGGCCA 

ATACCCAGTA 
TAACCGTGCA 
CACGAGGGTT 
GGGGATAACG 
CAAAACCTTC 
TGGGGTGACC 
AAAATAATAC 
TAACAGCGCA 
GATCAGGACA 
CCT 

TTAGAGGCAC 
AAGGTAGCAT 
TTACTGTCTC 
CAACAAGACG 
AACCTATATC 
TCGGAGAACA 
ATCACTTATT 
ATCCTATTCT 
TCCTAATGGT 

TGCCTGCCCA 
AATCACTTGT 
TTACCTTCAA 
AGAAGACCCT 
TAAGGAATAP. 
AAACAACCTC 
GATCCAAATT 
AGAGTCCATA 
GTAACCGCTA 

GTGACATCTG 
TCTCTAAATA 
TCAGTGAAAT 
ATGGAGCTTC 
CAAAATTTCG 
CGAGTGATTA 
ATTGATCAAC 
TCGACAATAG 
TTAATGGTTC 

TTTCAACGGC 
AGGACCTGTA 
TGACCTCCCC 
AATTAACTAA 
ATTGAATTAG 
AATTCTAGAC 
GGAACAAGTT 
GGTTTACGAC 
GTTTGTTCAA 

240 GTGAAGAGGC 
300 TTCACAAAAA 
360 CAATTTCGGT 
420 TAACCAGTCA 
480 ACCCTAGGGA 
540 CTCGATGTTG 
553 CGATTAAAGT 

*Four haplotypes were identified in 17 rhinoceros salllplcs. Localities: S .  S' = Sum;~lm: Wh.1 = Wesl 
hfala~sia; B = Bornco. 
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T.ABLE 3. Sumatran rhino variable nucleotide sites* 

Site number SS SS' SW SB 

'SS = Sumauan rhinos #22,24,27.28.33; SS' = Sumatran rhino #6: SW 
= Sumatran rhinos # 1. 7, 13. 15. 19. 20. 23: SB = S u m a m  rhinos P17. 
26. 31, 38. 

and two haplotypes from the animals on Sumatra. Four sites were variable (Table 3). 
These sites were position # 133, 179, and 194 in the 12s sequence and position #313 
in the 16s fragment. In total, the Bornean haplotype differed by two positions from 
Sumatran and three positions from West Malaysian. West Malaysia and Sumatra vary 
by one position for one of the Sumatran haplotypes and by two positions for the other 
Sumatran haplotype. 

None of the positions, when considered individually. fit the definition of char- 
acter as defined by Davis and Nixon [l9921 (Table 3). Rather, they would be con- 
sidered haits. If the suite of substitutions is considered an attribute, then one character 
suppons the separation of the three defined populations (wjth a polymorphic Suma- 
wa) . 

These few variable sites show a greater similarity between West Malaysia and 
Sumatra than either of those populations compared to Borneo. Position #l79 and 194 
supports Groves's [l9671 subspecies desigation placing the Malayan and Sumatran 
populations together as D.s. surnarrensis with the Borneo population as D.s. harris- 
soni. 

DISCUSSION 

The results of the population ag-mgation analysis (PAA) of Sumatran rhinos for 
determining conservation units were equivocal. Single sites were homoplastic and 
thus not characters by a PAA definition. The use of an entire haplotype as a single 
character is complicated by the fact that the population on Sumatra is represented by 
two haplotypes. If we consider these two haplotypes as character states, then we have 
a single character suppon for three phylogenetic species at the minimum level of 
distinction. 

It is interesting but not surprising that the populations on West Malaysia and 
Sumawa appear slightly more similar than either does to Borneo. The isolation of 
Borneo by the submersion of the Sunda Shelf probably occurred a little eiirlier than 
the isolation of Sumatra from the mainland [Whitten et al., 19871. In general. there 
is a trend of increasing morphological differences in birds and mammals as one 
proceeds from mainland Southeast Asia out along the Indonesian archipelago until the 
abrupt change that occurs in Sulawesi [Whitten et al.. 19871. A number of authors 
have described this as originally reflecting a cline through the areas that are part of 
the Sunda Shelf that were last connected about 12.000 years ago. 

The question of determining conservation units is cornplicaced in this particular 
case [Amato et al.. 1993: Amato and Ryder, 1993: Amato and Wharton. 1993: and 
Wharton and Amato, 19931. The populations are currently isolated on the mainland 



400 Amato et al. 

(West Malaysia) and on two islands (Borneo and Sumatra). T h ~ s  temporal and spatial 
separation is sufficient reason to refer to these populations as separate for taxonomic 
purposes. However, with the goal of preserving the evolutionary novelty that is 
represented in the Dicerorhine lineage, can we consider the three populations as part 
of the same conservation unit? Applying the PAA assessment of phylogenetic species 
does not argue against diagnosing them as a single consentation unit unless we consider 
the Sumatran haplotypes as character states. If we consider the haplotypes as a single 
character supportin: three phylozenetic species, it clearly is the weakest support 
possible from this data set. These same gene regions (12s and 16s) have shown fixed 
sequence differences between closely related bovid species [Gatesy et al.. 19921 and 
subspecies of crocodilians [Amato and Gatesy. 19941. Expanding the research to more 
variable regions is problematic due to the available number of samples. Since the three 
existing populations are greatlj reduced in number, the chances of identifying highly 
variable characters that unite them simply because the intermediates are missing is 
likely. Also. traits that unile small. fragmented populations can reflect inbreeding or 
the localized presence of a rare mutation in related individuals. 

Groves's [1967. 19931 subspecies des~gnations are based on only eight mor- 
phological characters (all measurements as opposed to presence or absence) using a 
smaller sample size than this study. His West Malaysian and Sumatran measurements 
overlap extensively. Only Borneo is less similar. The results reported in this paper are 
not in serious conflict with the results from Groves's [l9671 morphological data. 

The only other large mammal that has a similar dismbution. and that has been 
assessed on status as subspecies/consen~ation unit. is the orangutan (Pongo pyg- 
mnaeus). Orangutms are found on both Sumatra and Borneo (and prehistoric remains 
have been found on the mainland) and may be assumed to have been isolated for the 
same length of time. Three studies [Caccone and Powell. 1989; Janczewski et al.. 
1991: Ryder and Chemnick. 19931 support the division of the two orangutan popu- 
lation~ into minimally distinct species. This apparent conflict with the Sumatran rhino 
results may reflect such factors as generation time. the orangutan's obligate arboreal 
life style. and differences in dispersal abilities. among others. I t  is worth noting that 
the two orangutan populations interbreed readily and successfully in captivity, with 
no signs of reduced fitness after several generations. 

It is also worth noting that rhinoceros are chromosomally very conservative 
[Houck et al.. 19941. Indian, Sumatran. and white rhinos all have a karyotype of 
2n = 82 even though they last shared a common ancestor more than 15 million years 
ago. This chromosomal conservation reduces concerns about cytogenetic incompat- 
ibility. 

There is no strong evidence supporting more than one conservation unit for 
Sumatran rhinos. Chromosomal conservation and degree of sequence divergence 
make outbreeding depression IJempleton, 19861 an unlikely outcome if individuals. 
or their gametes. are translocated as part of a conservation management plan. While 
this research. like all scientific research. is falsifiable by the addition of further data. 
it is unwise to be paralyzed into inaction while waiting for more studies. The question 
of when enough studies have been conducted to "prove" that there is only one 
conservation unit becomes a question of trying to prove rather than reject the null 
hypothesis. This is an epistemological problem rather than a scientific problem and 
should not prevent us from developing a conservation management plan to preserve 
this unique taxon. 
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Thc importance of this study is in providing support for flexibility in  our 
management options. There is no evidence from this study. or any other study. to 
suggest that there would be biological problems resulting from the interbreeding of 
Sumatran rhinos from different parts of their range. That is not to say that other 
molecular markers mi,oht not identify subdivision below the species level. However, 
while most local populations reflect varying degrees of subdivision (and certainly the 
geographically isolated populations are not currently exchanging genes). this does not 
mean that we should treat each local population of every species as our unit of 
conservation. While there is as yet no immediate urgency to exchange animals among 
the three regional in  situ populations, the current captive population would clearly 
benefit from exchanges in order to address uneven sex ratios. I t  is our recommen- 
dation that proposals to move animals between regional plans that would likely 
increase reproduction be acted upon immediately. 

CONCLUSIONS 

1. Evidence for significant evolutionary differences between geographically 
separated populations of Sumatran rhinos based on mitochondrial DN.4 sequence 
divergence and morphological characters is lacking. 

9. The threat of extinction of the evolutionarily distinct Dicerorhine lineage is 
high. 

3. Animals should be moved between regional ex situ plans and into protected 
reserves in order to mziimize opportunites for reproduction and maintain demograph- 
ically and eenetically healthy populations. regardless of historical subspecies desig- 
nations. 

ACKNOWLEDGMENTS 

Special thanks 20 to Mohd. Khan Mornin Kahn and the Department of Wildlife 
and National Parks. Peninsular Malaysia. Thanks also to P. Andau, J .  Doherty. T. 
Foose. W. Conway. R. DeSalle, M. Milinkovitch, 0. Ryder. and B. Dresser. E. 
Bennett, A. Rabinowitz. and S. Rabinowitz made helpful comments on early drafts 
of the manuscript. Financial suppon for this research has come from the Wildlife 
Conservation Society, the Institute for Museum Services. the Conservation Endow- 
ment Fund of the American Zoo and Aquarium Association, Mrs. L. Emery Katzen- 
bach. and the Charles E. Culpeper Foundation. 

REFERENCES 

Amato, G.: Gatesy, J .  PCR assays of variable nu- 
cleotide sites for identification of conservation 
units. Pp. 215-226 in MOLECULAR AP- 
PROACI-1ES TO ECOLOGY AND EVOLU- 
TION. B. Schienvatcr; B. Sueit: G.  Vagner; R. 
DeSallc. eds. Basel. Birkhauser. 1994. 

Amato, G.; Whanon. D. A systematic approach to 
identifying units of conservation: Examples of 
progress and problcms. 4. 83-87 in PRO- 
CEEDINGS. AMERICAN ASSOClATlON O F  
ZOOLOGlCAL PARKS AND AQUARlUMS 

ANNUAL CONFERENCE. Wheeling, WVA, 
1993. 

Amato, G.; Ryder, O.A. Rhinoceros systematics. 
In Rhino Global Captive Action Plan. Edited by 
T.J. Foose. 1992 (Published) by IUCNtSSC Ap- 
ple Valle)., MN: USA Captive Breeding Special- 
ist Group. 

Ama~o,  G.: Ashlcy, M.V.: Gatesy. J .  bfoleculx 
evolution in living species of rhinoceros: lmpli- 
cations Tor conservation. Pp. 1 14-122 in PRO- 
CEEDINGS O F  THE IhTERNATlONAL 



402 Amato et al. 

CONFERENCE ON RHINOCEROT rnNSEK- 
Vh'I'lOii AND BIOLOGY. O.A. KyJcr. cJ. San 
Ilicgo. Zoological Society of San D~epc~,  1993. 

Borner. M. A FIELD STUDY OF THE SUMA- 
TRAN RHINOCEROS Dicerorhinus srtmurret~- 
sis FISCI-IER 1814. ECOLOGY AND BEHAV- 
IOR CONSERVATION SITUATION IN 
SUMATRA. Ph.D. dissertation. University of 
Basel, Switzerland. 1979. 

Caccone. A.; Powell, J.R. DNA divergence 
among bominoids. EVOLUTION 43:995-942. 
1989. 

Caccone, A.; Amato. G.D.; Powell. J.R. Inmspe- 
cific DNA divergence in Drosophila: A case 
study in parthenogenetic D. mercurorum. MO- 
LECULAR BIOLOGY AND EVOLUTION 
4:343-350. 1987. 

Davis. J.I.: Nixon, K.C. Populations, genetic vari- 
ation, and the delimitation of phylogenetic spe- 
cies. SYSTEMATIC BIOLOGY 4 1:47 1-435. 
1992. 

Gatesy, J.; Amato, G. Sequence similarity of 12s 
ribosomal segment of mitochondrial DNAs of 
&aria1 and false ehxial. COPELA 1992941- 
543, 1992. 

Gatesy, J.; Yelon. D.: DeSalle. R.; Vrba, E. Phy- 
logeny of the bovidae (Aniodac~la ,  Mamn~alia) 
based on mitochondrial ribosomal DNA sc- 
quences. MOLECULAR BIOLOGY AND EV- 
OLLJTION 933433446. 1992. 

Groves, C.P. The rhinoceroses of Southeast Asia. 

Groves, C.P. ~ h ~ l o ~ e n y  of the living species of 
rhinoceros. ZEITSCHRIFT FUR ZOOLOGIS- 
CHE SYSTEMATIK UND EVOLUTIONFOR- 
SCHUNG 21293-313, 1983. 

Groves. C.P. Testing rhinoceros subspecies by 
multivariate analysis. Pp. 92-97 in PROCEED- 
LWGS OF THE INTERNATIONAL CONFER- 
ENCE Oh' RHINOCEROS CONSERVATION 
AND BIOLOGY. O.A. Ryder. ed. San Diego. 
Zoological Society of San Diego, 1993. 

Gyllensten, U.B.; Erlich, H.A. Generation of sin- 
gle-stranded DNA by the polymerase chain reac- 
tion and its application to direct sequencing of h e  
HLA-DQA locus. PROCEEDINGS OF THE 
NATIONAL ACADEMY OF SCLENCE OF 
THE UNITED STATES OF AMERICA 85: 
7652-7656, 1988. 

Houck. M.L.; Ryder. O.A.; Vahala, 1.; Kock, 
R.A.; Oosterhuis, J.E. Diploid chromosome 
number and chromosomal variation in the white 
rhinoceros (Cerarorherium simum). JOURNAL 
OF HEREDlTY 85:30-34, 1994. 

Janczewski, D.; Karesh, W.B.; Fm- ie r -Tay1  H.; 
Sajuthi. D.; Andau. M.; Gombek. F. Genetic 
characterization of free ranginp orangutans of 

Bl~rr~co and Sunlaua Sectron 6.3.5. in PKO- 
CEEDlNGS OF THE GREAT APES CONFEK- 
ENCE. CONSERVATION OF THE GREAT 
APES IN THE NEW WORLD ORDER OF THE 
ENVIRONMENT. 1991. 

Khan. M.K.M.; Nor. B.H.M.; Yusof. E.; Rah- 
man, M.A. In-situ consenvation of the Sumavan 
rhinoceros (Dicerorhittus sumarrensis). A Ma- 
laysian experience. Pp. 238-247 in PROCEED- 
INGS OF THE INTERNATIONAL CONFER- 
ENCE ON RHINOCEROS CONSERVATION 
AND BIOLOGY. O.A. Ryder, ed. San Diego. 
Zoologcal Society of San Diego, 1993. 

Kocher, T.C.: Thornab, W.K.; Meyer, A.; Ed- 
wards, S.V.: Paabo. S.: Villablanca. F.X.; Wil- 
son, A.C. Dynamics of mitochondrial evolution 
in animals: Amplification and sequencing with 
conserved primers. PROCEEDINGS OF THE 
NATIONAL ACADEMY OF SCIENCE OF 
THE UNITED STATES OF AMERICA 86:377- 
382. 1989. 

Penny, hi. RHINOS: ENDANGERED SPECIES. 
New York, Facts on File Publicauons. 1988. 

Ryder. O.A.; Chemnick. L.C. Chromosomal and 
mitochondrial DNA variation in orangutans. 
JOURNAL OF HEREDITY 84:406-4G9, 1993. 

Santiapilla. C.: MacKinnon. K. Conservation and 
management of Sumatran rhino (Dicerorhinus 
sutnarrensis) in Lndonesia. Pp. 257-263 in PRO- 
CEEDINGS OF THE INTERNATIONAL CON- 
FERENCE ON RHINOCEROS CONSERVA- 
TION AND BIOLOGY. O.A. Ryder, ed. San 
Diego, Zoological Socicty of San Diego, 1993. 

Templetoa. A.R. Coadaptation and outbreeding 
depression. Pp. 105-1 16 in CONSERVATION 
BIOLOGY: THE SCIENCE OF SCARCITY 
AND DIVERSITY. M.E. Soule, ed. Sunder- 
land. MA, Sinauer Associates. 1986. 

Van Smen. N.J. THE SUMATRAN RHINOC- 
EROS DICERORHINUS SUMATRENSlS (FIS- 
CHER, 1814) IN THE GUNUNG LEUSER NA- 
TIONAL PARK, SUMATRA, LNDONESIA; 
ITS DISTRIBUTION, ECOLOGY AND CON- 
SERVATION. Hamburg, Verlag Paul Parey, 
1986. 

Walsh. P.S.; Metzger. D.A.; Higuchi, R. Chelex 
100 as a medium for simple exuaction of DNA 
for PCR-based typing from forensic material. 
BlOTECHNlQUES 10:506-513, 1991. 

Whanon. D.; Amato, G. The subspecies dilemma: 
An overview and recommendation. Pp. 46-50 in 
PROCEEDINGS. AMERICAN ASSOCIATION 
OF ZOOLOGICAL PARKS AND AQUARI- 
UhJS ANNUAL CONFERENCE. Wheeling, 
WVA, AZA (publisher) 1993. 

Whitten. A.J.: Damanik. S.J.; Anwar. 1.; Hisyam, 
N. THE ECOLOGY OF SUMATRA. Yogy- 
akana, Gadjah Mada University Press, 1987. 



ZOO BIOLOGY 
EDITOR, Donald G. Lindburg 
Zoological Society of San Diego 

REVIEWS EDITOR, Anna Marie Lyles 
The Wildlife Conservation Society 
Central Park Wildlife Center 

SPECIAL ADVISOR TO THE EDITOR 
Terry L Maple, Founding Editor. Zoo Biology 

Zoo Atlanta; Georgia Institute of Technology 

ASSOCIATE EDITORS 

Jeanne Altrnann 
Universrfy of Chicago 

Kurt Benirschke 
UCSD Medical Center 

David Chiszar 
University of Colorado 

Thornas J. Fooae 
lnlembbnal Rhino Foundam 

Michael Hutchlns 
AfAA Conservation Center 

Russell A. Mittermeier 
Conservatron International 

Michael H. Robinson 
Natronal Zwlogical Park 

Ulysses S. Seal 
IUCNICBSG 

Alan H. Shoemaker 
Riverbanks Zoological Park 

Davld S. Woodruff 
Unrversrfy of Calrfornia. 

San Drego 

MANAGING EDITOR 
Unda L Lindburg 

CONSULTING EDITORS 
David H. Abbott 
Wisconsin Primate Cenler 

Cheryl S. Asa 
S!. Lours Zoabg~cal Park 

Jon Ballou 
Nalional Zoological Park 

Benjamin B. Beck 
N a t m l  Zoabgml Park 

Evan S. Blumer 
fhe w i ~ s  
Janine L Brown 
NZP Conservaobn and 

Research Cenler 

Arnold Chamove 
Massey Unrve~ity 
Ellen S. Dlerenfeld 
WiMIrfe Conservabon Sodefy 

Betsy L Dresser 
Center for Reproduction of 

Endangered Wildlile 

Susie Ellis 
IUCN/SSC Capeve Breedtng 

Speaalrst Group 

Kenneth Gould 
Yerkes Pnmate Cenler 

Kelth Hodges 
Deutsches Pnmatenzentrurr: 

Williarn B. Karesh 
Wrldlrle Conservalron Society 

Devra Kleiman 
Smithsonran Inslrlubon 

Robert Lacy 
B M e l d  Zoo 

Blll Lasiey 
Unrverrrfy af Calilornra Dans 

Jeffrey B. Uarllave 
V a m e r  Publrc Aquanum 

Jill D. Mellen 
Washrnglon Park Zoo 

Dennis k Meritl. Jr. 
bnwln Park Zoologrcal Gardens 

Hugh Qulnn 
Cleveland Metro~afks Zoo 

BNC~ Read 
S. Lwrs Zoologrcal Park 

C. Dietrich Schaaf 
Zoa Atlanta 

David Shepherdson 
Metro Washrngron Park Zoo 

Elizabeth Stevens 
Zoo Atlanta 

Michael Stoskopf 
NoM, Cadrna Stare Unwersny 

S t e m  D. Thompson 
bncdn Park Zoologrcral 

Gardens 

Ronald L Tllson 
The Mrnnesota Z w  

Duane E. Ullrey 
M W  Slate Univenity 

Beat Wechsler 
Umer~ta t  Bern 

Christen Wernmer 
N IP  Gxls8rvaton and 

Research Center 

Published in affiliation with the 
AMERICAN ZOO AND AQUARIUM ASSOCIATION 

Officers: J. Stephen McCusker, President. Thomas Otien, President-Elect, David L Towne, Vtce-Presjdent Roy A Shea, Immediate 
Past President. Sydney J. Butler, Executrve Director. Drrectors: Betsy Dresser, Terry Maple, Karen Sausman, Rlchard LaHis. 
Kathryn Roberts, Jan Schweltzer. Ted Beattie, Hayes Caldwell. Patrlcla Slmmons 

€I 1995 Wtley-bss. Inc All nghts reserved No part of this publ~cabon may be reproduced In any form or by any means, e x m t  as permfled 
under sealon 107 or 108 of the 1976 Un~ted States Copynght Act, wlthour elther the pnor men pemwsston of the publrsher. or 
authanzatton through Me Copynght Clearance Center. 222 Rosewwd Dnve Danvers MA 01923. 1508) 750-&400. tax (508) 750-4470 
Requests to the publisher for pennlsslon should be addressed to the Permlsslons Depanment. John Wiley 6 Sons, lnc 

ZOO BIOLOGY (ISSN 0733-3188) IS published bimonthly by Wiley-hss. Inc.. adivision of John W~iey B Sons. Inc.. 605 Third Avenue. New 
York. NY 10158-0012. Send subscription Inquiries to: John W14y 8 Sons, Inc.. Subscription Deparlrnent. 9th floor. 605 Third Avenue. 
New York, NY 101 58. (21 2) 850-6543. Ottprint sales and lnquirles should be directed to the Custwner Service Depanrnent. John Wiley 8 
Sons. 605 Third Avenue. New York. NY 101584012, (212) 850-8776. Subscription Information: Volume 14. 1995 (six ~ssoes): $558 wlthin 
U.S., 5618 in Canada and Mexiw, $640.50 outside North Amenca. Personal rate: For 1995. $125 mth~n North America, S155 outside Norlh 
America. Members of the AZAA should call the Assodaton lor informatron regard~ng the Privileged Members ate. All svbscnptlons outside 
U.S.A. will be sent by air. Paymenl must be made In US dollars drawn on a US bank. Change of address: Please send m puMlsher six weeks 
pnor to move: enclose present mailing label wth change of address. Claims for missing Issues: Clalms lor undelrvered copies will be 
accepted only after Ihe following issue has been recalved. Please enclose a copy of the maillng label or cote your subxriber reference number 
in order to expedite handbng. Missing copies will be suppl~ed when losses have been sustacned rn tranvi and where reserve stock permits. 
Send claims to John Wiiey B Sons. Inc., Customer Service, 605 Th~rd Avenue. New York. NY 10158. ll claims are not resolved satisfactorily, 
please write to Susan Malawski, Director. Svbscnption Fulfillment and Sales. John W~ley 8 Sons. Inc.. 605 Tlnrd Avenue. New York. NY 
10158. Cancellatlons:,Subscription canceltalons will not be accepted aher the llrst Issue has been mailed. POSTMASTER: Send address 
changes to Zoo B~ology. Susan Heaney. Subscnpton Systems and Dtstnbutron Manager. John Wtley 8 Sons. Inc.. 605 Th~rd Avenue. New 
Ywk. NY 10158. Indexed by: BlOSlS Data Base Cambr~dge Sc~entific Abstracts Chemical Abstracts Cunenl ContentsCite Sciences 
Sclence C~talion Index Sctsearch Current Pr~mate References Focus on Veterinary Scence 8 Medlane lnsld~te of Sctentlfic 
Information-Soviet Unlon. Prlnted In the Unded States of Amenca Copyr~ght t' 1995 Wtley-bss. Inc. 

This journal is printed on acid-free paper. 




