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Abstract Long-tailed macaques (Macaca fascicularis fascicularis) are widely
distributed in Southeast Asia and are morphologically and genetically (Tosi et al.
in International Journal of Primatology 23:161-178, 2002) distinguishable on either
side of the Isthmus of Kra (ca. 10.5°N). We compared the somatometry and body
color of 15 local populations of long-tailed macaques in Thailand distributed over
areas from 6.5°N to 16.3°N and also a Thai rhesus macaque population at 17.2°N.
Limb proportions and body color variation follow the geographical trend. However,
contrary to a previous report, body size does not decrease with latitude in the
northern group and also in the southern (southerly distributed) rhesus macaque.
Relative tail length (RTL) and color contrast in yellow between the back and thigh
are the sole traits that distinctively separate the 2 groups: the southern group has a
long relative tail length (RTL >125%) and small color contrast, whereas the northern
group has a short RTL (<120%) and large color contrast. The southern rhesus
macaques appear to have somatometric and body color traits that follow the
geographical trend in long-tailed macaques, though they maintain their distinctive
species-specific traits of shorter RTL (ca. 55%), shorter relative facial length, and a
bipartite body color pattern. Researchers assume that the northern group of long-
tailed macaques and the southern rhesus macaques had undergone partial
introgression with each other. Montane refugia present during the glacial period
are localities in which introgression occurred in long-tailed macaques.
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Introduction

Macaca fascicularis have a wide geographical range both in peninsular and insular
Southeast Asia (Fooden 1995). Researchers have classified the species into as many
as 50 subspecies and even into several different species (Fooden 1995). However,
Fooden (1995) classified them into 10 subspecies within Macaca fascicularis
(Groves 2001), 3 of which range widely within the core area of the specific range.
One of the 3, the nominotypical subspecies, Macaca fascicularis fascicularis, is
distributed among the major islands of Indonesia and Malaysia, the southern part of
the Philippines, the Malay Peninsula, the Isthmus of Kra area (ca. 10°N), and the
Indochina Peninsula. The subspecies exhibits wide variation in morphology and
body color (Fooden 1995, 1997; Fooden and Albrecht 1999). It is separated into
northern and southern groups by the Isthmus of Kra based on morphological
differences and susceptibility to malarial infection (Fooden 1995), and also on the
pattern of female sexual skin swelling (Malaivijitnond ez al. 2007a).

Fooden (1995) suggested that morphologically, intergradation occurred in Macaca
fascicularis fascicularis, including intersubspecific intergradation with M. /. aurea in
the west and south (ca. 11-13°N) and interspecific intergradation with rhesus
macaques (Macaca mulatta) in the north (15-20°N). The latter may be one of the
reasons for the characteristics of the northern group of long-tailed macaques and
those of the southern rhesus macaques (Fooden 1964, 1995, 2000; Hamada et al.
2006). Genetic studies (Hayasaka et al. 1996; Tosi et al. 2000, 2002, 2003) and the
morphological similarity, e.g., penile morphology, suggest phylogenetic closeness of
the 2 species. Thus, the 2 species are members of the fascicularis species group
in Macaca, which also includes Taiwanese (M. cyclopis) and Japanese macaques
(M. fuscata; Fooden 1976, 1980).

Hybridization between long-tailed and rhesus macaques appears to be restricted to
the area close to the boundary zone in the Indochina Peninsula, at ca. 15-20°N, and
the spectrum of intermediate individuals does not occur in Laos (Duckworth et al.
1999). However, Tosi et al. (2002) claimed that all long-tailed macaque populations
in the Indochina Peninsula (northern group) have experienced introgression from
rhesus macaques, such that their Y-chromosomal genetic haplotype has been
completely replaced by that of rhesus macaques. Thus, there is a need to examine
the variations in both the long-tailed and rhesus macaques in the Indochina
Peninsula, particularly the areas close to the boundary zone.

The Isthmus of Kra certainly played an important role in the evolution of Macaca
fascicularis fascicularis; researchers have assumed it to be a barrier to gene flow
between the northern and southern groups. Pleistocene climate changes also greatly
influenced Macaca fascicularis fascicularis. In the Indochina Peninsula, it forced the
macaques to retreat into refugia, e.g., the Dawna Range in Thailand (including the
Huai Kha Khaeng Wild Life Sanctuary, 15°N, 99°E; Eudey 1980; Jablonski 1993;
Koenig et al. 2004). However, researchers have not thoroughly examined the
influence of climate and environmental change on long-tailed macaques.
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We surveyed morphological variations in Macaca fascicularis fascicularis over a
range that encompasses the Isthmus of Kra. We also compared the morphology of
long-tailed macaques with that of rhesus macaques inhabiting northeastern Thailand
(Hamada et al. 2006). We discuss the geographical pattern of variation in
morphology and body color, and the implications for the evolutionary history of
the long-tailed macaques distributed over the Indochina and Malay Peninsulas and
the southern rhesus macaques.

Materials and Methods
Subjects

We conducted field surveys on Macaca fascicularis fascicularis at 15 localities in
Thailand (Table I) between 6.5° and 16.5°N (Fig. 1; Malaivijitnond et al. 2005). The
local populations represent the variation of long-tailed macaques between the
Indochina and Sunda regions in peninsular Thailand. The southern sample, distributed
south of the Isthmus of Kra (ca. 10.5°N), comprises 5 populations: Yala, Songkhla,
Phang-nga, Surat Thani, and Chumphon. The northern sample, between 10.5° and
16.5°N, comprise 10 populations: Prachuab, Hua Hin, Petchaburi, Ratchaburi,
Nakhonpathom, Saiyok, Petchabun, Nakhonsawan, Kosumphi, and Pichit.

In Thailand, there are 3 subspecies of Macaca fascicularis: M. f. fascicularis, M. f.
aurea, and M. f. atriceps (Fooden 1995). Macaca fascicularis fascicularis and M. f.
aurea have different hair patterns on the cheeks: a transzygomatic crest pattern in
M. f fascicularis and an infrazygomatic pattern in M. f aurea (Fooden 1995).
Because Macaca fascicularis aurea occurs in only 3 locations in Thailand
(Malaivijitnond et al. 2005; unpub. data), we selected M. f. fascicularis for our
study. Macaca fascicularis aurea may have influenced some of them. We also
compared southern rhesus macaques in the Loei troop (Hamada et al. 2006; 17.2°N)
with long-tailed macaques. The focal populations inhabit Buddhist temples or
recreational parks, and they are habituated and provisioned to different degrees. We
temporarily caught a total of 811 macaques for the collection of data and samples via
nets and box traps; however, we used data from 778 postinfant subjects (403 males
and 375 females).

We anesthetized the macaques via intramuscular injection with 10 mg/kg body
mass of ketamine hydrochloride (Ketalar; Sankyo). After we inspected them and
confirmed their full awakening, we released them back to their habitats. We followed
the guidelines of Chulalongkorn University, Thailand, for handling research subjects
and the chief monks and the local government permitted our surveys.

Dimensions Measured and Indices

We measured 20 somatometric dimensions (Hamada 1982, Iwamoto 1972),
including skinfold thickness at 3 sites: belly, back (subscapular), and waist
(suprailiac: Table 2). We used an anthropometer, spreading calipers, sliding calipers,
a tape measure, skinfold calipers, and a balance for measurements. We estimated the
age of the subjects via standard dental eruption tables (Smith ez al. 2007). In addition
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Fig. 1 Locations of sampled
troops of long-tailed (circles) i
and rhesus (solid triangle) mac-
aques in Thailand. The popula-
tions are indicated by the codes

. 106°E
in Table 1.
_ — 1 18N
AlLoei
O .
Kosumphi
P T 16°N
Cx Petchabun
Northeast
o
Nakhonpathom' 14N

Phang-nga

to body mass, we used crown-rump length (CRL) to compare body size in linear
dimensions, instead of the head and body length (HBL). We calculated relative sizes
and indices and used them to compare body proportions. We obtained relative tail
length (RTL in %) by dividing tail length by CRL, and multiplying by 100. We
obtained intermembral index (%), which reflects the locomotor behaviors and
substrates —arboreality or terrestriality (Fleagle 1999)— from [(arm length +
forearm length)/(thigh length + leg length)] x 100. We obtained relative facial length
(%) from [(upper facial height)/(head length)] x 100. Upper facial height is the
distance between the foremost point on the maxilla (midsagittal point between the
gingival central incisor contact points, a proxy for prosthion and a point at the nasal
root (the midsagittal deepest point between the medial canthi; a proxy for nasion).

Body Color
We measured body color via a reflectometer (Color Analyzer'® CR-200) at 11 sites:
crown (vertex of the head), back (interscapular), arm, forearm, hand, waist

(suprailiac part of trunk), thigh, leg, foot, posterior thigh (posterior aspect of the
proximal one-third of the thigh), and face (side of nose; Hamada ef al. 2005a, b,
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Table II Somatometric sizes

of Thai long-tailed and a rhesus macaques; mean (standard deviation)

Locality Troop n Body Total Crown- Anterior Tail L Biacromial Bi-iliac ~ Bitrochanteric Bimamalial
no. mass  skinfolda rump Lb trunk L N w w w
(kg)
Female
1 Yala 2 368 710 420.00 284.00 541.00  94.00 70.00 91.50 (0.71)  42.00
(0.46) (0.99) (8.49) (424)  (9.90) (0.00) (2.83) (0.00)
2 Songkhla 12 5.58 18.22 436.17  291.67 559.00  102.58 84.42 104.67 (5.99) 51.67
(0.98) (4.95) (21.68) (16.59) (26.68)  (8.96) (6.13) (7.85)
3 Pang-nga 12 429 12.92 406.75  268.00 540.55  98.83 78.00 95.58 (6.01) 44.75
(0.89) (4.15)  (19.19) (20.58) (28.26)  (5.61) (7.08) (6.51)
4 Surat Thani 6 4.33 16.55 406.67 270.50  520.33  94.00 77.50 93.17 (6.43) 42.17
(0.72) (9.46) (12.26) (8.41)  (39.15) (5.18) 3.27) (2.40)
5 Chumphon 6 471 1433 430.67 279.50  565.83 109.00 84.83 98.50 (7.34) 45.67
(1.09) (5.72)  (26.52) (19.45) (40.76)  (9.32) (9.06) (11.38)
6 Prachuab 8 6.18 16.34 45563  300.75 49850  107.75 89.50 106.88 (5.38) 50.00
(1.15) (435 (12.63) (12.27) (28.88) (12.23) (7.95) (7.05)
7 Hua Hin 7 7.63  31.63 45143  295.00 523.14  111.14 99.14 116.86 (7.22) 51.86
(1.25) (9.19) (17.57) (16.15) (28.39) (7.01) (6.44) (6.44)
8 Petchaburi 31 4.94 10.80  441.65 29321 518.67  96.20 82.76 104.32 (5.51) 42.88
(0.80) (3.67) (18.32) (15.07) (35.01) (5.70) (4.95) (6.95)
9 Ratchaburi 6 4.53 426.50  277.67  465.33 116.33 81.50 103.00
(0.83) (17.74)  (8.36)  (25.10)  (10.35) 6.57)  (12.49)
10 Nakhonpathom 5 6.91 29.92 44420 290.80 525.50  110.80 94.80 108.60 (5.90) 59.60
(1.23) (13.31) (14.82) (11.48) (27.44) (8.58) (8.76) (12.18)
11 Saiyok 7 416  9.17 42371 273.57  499.71  99.29 78.29 94.86 (5.40) 43.71
(0.65) (2.03)  (16.60) (20.60) (20.76)  (7.13) (5.44) (8.20)
12 Petchabun 13 458 13.79  417.92  281.00 470.15  90.83 72.50 100.00 (8.15) 49.00
(0.82) (2.67) (1536) (11.42) (27.98) (6.42) (4.36) (4.57)
13 Nakhonsawan 13 5.21 420.62  279.08  482.38 107.62 83.15 108.69 (9.40)
(0.94) (14.45) (11.69) (30.80)  (7.09) (4.65)
14 Khosumphi 15 6.77 16.57 461.86  310.80  500.79 108.31 93.92 116.77 (9.43) 49.23
(1.27) (7.16)  (20.71) (13.85) (33.12) (7.54) (6.87) (6.98)
15 Pichit 14 522 16.71 448.50  299.21  486.93 100.43 84.36 103.43 (8.05) 50.50
(0.98) (5.34) (11.49) (10.56) (32.90) (5.52) (7.28) (8.56)
16 Loei rhesus 12 640  21.19  456.50 305.67 247.92 105.17 83.58 107.75 (6.55) 48.50
macaque (1.16) (6.29)  (22.06) (18.24) (18.73) (8.64) (6.04) (5.47)
Male
1 Yala 1 532 99 450 290 631 117 78 99 48
2 Songkhla 3 773 11.33 492.67 326.67 636.33 126.00 89.67 11433 (2.52) 51.33
(0.87) (1.50)  (8.08)  (5.51)  (8.39) (5.20) (5.13) (10.41)
3 Pang-nga 3 757 18.47 482.00 325.00 636.67 118.00 89.33 111.67 (7.64) 52.67
(1.96) (15.40) (30.61) (22.65) (69.74)  (6.00) (8.39) (6.03)
4 Surat Thanic 3 4.75  7.33 43033  275.00 578.00  106.67 79.67 98.33 (5.13) 46.67
(0.56) (7.16)  (9.50)  (6.24)  (35.17) (1.53) (2.89) (2.52)
5 Chumphon 0
6 Prachuab 7 1057 2841 508.71 332.71 58729  134.86 106.57  127.14 (7.13) 64.29
(2.26) (14.15) (28.20) (24.84) (3525) (8.88) (10.69) (10.16)
7 Hua Hin 351093 3571 508.20 33040  556.66 128.04 107.85  132.19 55.07
(3.01) (13.25) (28.69) (20.30) (105.65) (12.45) (11.85)  (12.80) (8.26)
8 Petchaburi 9 859 11.82 504.44  325.78  599.22 125.67 96.89 122.44 (6.29) 50.00
(0.84) (0.96)  (10.48) (13.01) (34.46) (6.71) (5.58) (5.48)
9 Ratchaburi 2 10.20 478.00 304.50 566.00  125.00 105.50  142.00 -
(0.99) (7.07)  (6.36)  (15.56) (2.83) (14.85) (14.14)
10 Nakhonpathom 2 9.03 19.65 507.50  323.50  608.00 127.50 95.50 122.00 (5.66) 62.50
(2.86) (14.92) (17.68) (9.19)  (22.63)  (4.95) (2.12) (6.36)
11 Saiyok 0
12 Petchabun 4 6.55 11.48 481.00 308.25 533.67  121.75 87.50 117.75 (6.40) 50.75
(0.60) (3.01) (22.20) (10.18) (33.31) (5.38) (3.87) (5.06)
13 Nakhonsawan 4 8.90 480.25 307.00 495.00  131.75 97.25 125.75 (2.22) —
(2.65) (23.47) (16.45) (53.08) (3.77) (8.26)
14 Khosumphi 10 8.98 16.42 505.20  339.00 555.43 128.00 96.00 122.60 (8.04) 49.70
(1.18) (4.89) (31.24) (24.00) (24.28)  (5.66) (7.21) (5.21)
15 Pichit 13 7.62 16.17 498.08 32546 566.54  121.77 92.23 120.92 (6.91) 53.23
(1.60) (5.74)  (16.29) (14.88) (29.98) (6.72) (5.43) (6.34)
16 Loei rhesus 1 645 69 509 341 280 143 84 114 50

macaque

?Summed skinfold thickness at belly, back (subscapular), and supraiiac.
*L=length; W=width; G=girth.

“We measured only subadults.
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Thoracic ~ Thoracic Thoracic G Arm L Forearm Thigh L Leg L Ulnar hand Radial Hand W
w depth L L hand
L

66.00 96.50 (3.54) 306.50 123.00 119.50 131.50 117.00 81.00 (1.41) 72.00 25.50
(2.83) (6.36) (1.41)  (0.71) (4.95) (1.41) (1.41) (0.71)
84.08 101.25 365.08 126.25 127.67 142.42 129.17 86.92 (1.83) 79.25 27.33
(6.16) (10.15) (31.90) (4.09)  (5.50) (7.45) (6.39) (2.18) (1.50)
77.92 99.83 (7.70) 331.42 120.50 123.25 132.92 122.00 79.25 (3.05) 70.92 26.58
(5.30) (32.41) (4.34)  (4.63) (6.26) (4.63) (3.32) (1.98)
78.33 91.33 (5.50) 321.33 12333 124.83 136.67 122.33 81.67 (3.56) 73.67 27.50
(3.98) (31.85) (1.63)  (2.99) (4.41) (6.09) (2.58) (1.38)
88.50 107.00 359.00 13133 131.83 142.33 128.00 88.67 (3.27) 78.83 28.00
(11.00) (12.47) (47.94) (7.09)  (4.26) (7.89) (5.33) (2.93) (1.90)
86.00 105.00 370.88 136.38  144.38 156.50 139.50 88.50 (3.82) 80.13 27.75
(12.93)  (12.36) (37.75) (5.95)  (4.10) (8.57) (4.24) (3.18) (1.83)
94.29 121.43 426.86 135.71 137.29 152.14 137.71 88.57 (2.64) 79.57 30.29
(1128)  (12.09) (29.13) (5.19)  (5.22) (5.11) (3.77) (3.82) (1.70)
80.56 97.56 (6.90) 342.56 128.50 134.96 146.90 132.38 86.46 (3.67) 76.93 28.86
(6.71) (23.07) (4.59)  (5.80) (5.68) (5.00) (2.93) (1.18)
79.50 83.00 (5.97) 119.17 131.83 137.50 131.00

(7.89) (6.62)  (3.60) (10.01) (7.35)

94.00 103.40 400.00 130.60 132.20 145.40 128.20 85.40 (2.88) 76.40 29.20
(10.75)  (11.59) (27.60) (3.78)  (3.27) (11.76) (4.15) (3.21) (1.10)
78.71 96.57 (8.83) 327.57 125.14 129.43 139.29 126.43 79.43 (3.31) 70.86 27.29
(6.73) (29.85) (5.37)  (6.19) (8.14) (4.83) (2.54) (1.25)
78.42 95.17 (8.68) 336.69 126.23  129.08 144.54 127.92 82.85(3.08) 75.31 26.85
(4.76) (14.38) (5.45)  (5.09) (7.98) (6.18) (3.09) (1.72)
82.00 87.15 118.54 127.54 140.15 136.69

(11.20) (11.30) (7.74) (8.32) (9.71) (7.11)

92.85 115.69 394.67 134.67 136.87 156.87 137.60 89.00 (4.37) 79.43 28.54
(8.32) (10.03) (31.91) (5.18)  (3.40) (7.57) (5.03) (3.92) (1.51)
81.71 102.14 352.00 121.50 124.14 139.57 125.29 84.00 (3.46) 75.43 32.07
(9.01) (8.46) (31.59) (8.60)  (5.30) (6.99) (6.32) (3.11) (15.89)
95.75 109.83 380.42 135.00 138.92 160.75 141.50 96.42 (3.06) 86.58 30.50
(11.57) (10.50) (30.24) (6.69)  (6.65) (6.76) (5.65) (2.71) (1.73)
72 98 345 137 138 148 140 93 80 29
93.00 121.00 403.33 144.00 147.00 162.00 143.33 97.67 (2.52) 89.67 3233
(5.57) (6.08) (30.02) (3.61) (8.72) (5.00) (1.53) (1.53) (1.15)
98.67 112.00 411.00 137.00 142.33 153.00 138.33 91.67 (6.03) 82.33 30.33
(5.51) (9.64) (66.57) (4.36)  (4.04) (12.17) (5.86) (6.11) (4.16)
81.00 93.33 332.00 134.00 13533 152.67 135.33 93.00 (1.00) 84.00 30.33
(4.36) (10.12) (18.73) (3.00) (5.13) (7.57) (2.31) (1.00) (0.58)
101.00 126.86 457.29 157.86 168.14 179.43 160.71 105.57 96.57 34.57
(8.74) 9.96) (33.22) (11.52) (11.80) (13.83) (7.04) (2.76) (2.30) (1.51)
104.52 132.00 471.32 151.91 157.00 176.38 154.47 102.83 91.97 34.90
(11.86) (16.30) (58.99) (9.43)  (8.79) (8.79) (7.86) (5.40) (4.70) (2.37)
97.89 124.22 417.11 151.44 15622 172.00 154.56 100.11 89.11 34.67
(6.27) (5.83) (18.40) (7.72)  (8.01) (4.09) (4.33) (4.59) (4.11) (2.92)
101.00 118.50 147.00  151.00 170.50 152.50

(2.83) 9.19) (14.14) (2.83) (6.36) (2.12)

102.00 121.00 444.00 165.00 156.50 176.00 154.50 96.50 (4.95) 87.50 33.50
(1.41) (11.31) (72.12) (12.73)  (3.54) (8.49) 0.71) (4.95) (3.54)
84.25 112.00 384.50 154.00 155.25 172.75 151.25 100.25 89.50 31.00
(9.36) (9.42) (25.59) (4.97)  (6.65) (7.68) (6.13) (6.95) (5.97) (1.41)
97.75 103.50 137.25 146.25 166.75 156.25

(10.63) (13.99) (11.27) (5.97) (6.75) (6.50)
95.40 116.70 434.00 148.50 154.70 175.80 151.00 99.10 (4.86) 89.20 32.40
(5.93) (7.51) (20.74) (4.65)  (6.68) 9.04) (5.42) (3.94) (1.26)
89.46 119.08 407.31 143.54 148.00 168.15 149.00 99.77 (4.57) 89.46 33.38
(9.47) (8.22) (39.06) (5.78)  (5.35) (7.12) (5.46) (4.18) (1.89)
68 105 368 143 156 168 152 108 96 35
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Table II (continued)

Locality First Third Foot L Foot W First toe Third toe Arm G Thigh G Max leg G Min leg G Head L
no. fnger L finger L L
L
Female
1 17.50  41.00 115.00  27.00 2450 4450 118.00 194.00 115.00 63.00 81.50
0.71)  (2.83)  (1.41) (141)  (2.12)  (0.71)  (5.66) (5.66) (1.41) (0.00) (3.54)
2 1850  44.92 124.00  28.08 24.67 47.75 137.42 221.83 128.08 75.42 83.58
(1.17)  (1.93)  (3.19) (1.83) (1.72)  (2.49) (13.20) (15.65) (10.13) (7.49) (2.23)
3 17.83 42.00 117.67 2742 2183 43.83 122.83 185.58 120.00 73.17 82.67
(1.60)  (2.90)  (4.70) (2.07) (1.17)  (2.14)  (18.58) (17.66) (12.74) (8.08) (3.47)
4 17.33 42.00 117.50  28.00 22.83 44.67 121.17 199.33 125.00 73.83 77.83
(1.03)  (1.67)  (3.51) (126) (1.47)  (2.07) (14.33) (17.73) (10.70) (8.13) (1.17)
5 18.83 4533 128.17  29.50 24.33 49.33 131.67 203.50 123.17 70.33 82.50
0.98) (1.21)  (4.67) (2.07)  (1.37)  (3.20)  (16.68) (17.35) (10.11) (7.20) (4.55)
6 18.50 45.13 133.88  28.00 2575 49.13 138.00 213.50 131.38 77.00 85.00
(2.00)  (2.64)  (3.60) (1.93)  (2.12)  (230) (12.54) (18.56) (6.23) (1.77) (3.12)
7 18.43 45.14 130.00  31.86  24.57 47.14 167.71 240.43 155.57 94.86 90.43
(1.72)  (1.07)  (3.11) (1.57) (244 (1.77)  (19.30) (19.92) (14.71) (11.77) (2.88)
8 17.21 42.57 12943 29.68 2336 46.68 133.12 206.23 123.23 72.85 82.41
(1.52)  (2.06) (4.41) (1.39)  (1.97)  (2.13) (11.24) (15.54) (8.64) (5.54) (4.16)
9 81.00
(3.41)
10 18.40 43.00 126.40  28.80 2280  46.00 153.40 233.40 140.60 86.80 87.40
(1.14)  (2.45)  (4.67) (1.48)  (0.84) (255  (12.07) (28.90) (17.04) (4.97) (2.07)
11 16.71 38.57 120.57  27.86 20.71 42.43 126.71 195.43 118.00 64.86 80.14
(1.38)  (0.98) (2.76) (0.90) (1.80) (2.44) (7.99) (12.46) (7.48) (3.34) (3.18)
12 15.46 43.15 122,69  27.15 21.77 45.77 126.31 204.85 121.77 68.54 81.85
(1.56)  (2.41)  (4.21) (1.77)  (2.55)  (1.96)  (7.67) (15.16) (6.22) (4.24) (3.48)
13 84.23
(2.80)
14 18.54 4531 132,13 2833 25.53 49.13 155.64 224.67 138.93 71.57 86.08
(1.90)  (2.93) (5.10) (2.06) (2.03) (3.00) (17.56) (18.67) (12.23) (6.43) (3.75)
15 19.21 41.86 122.14 2871 22,50  47.50 138.00 219.29 122.50 74.00 81.71
(9.03)  (3.16)  (4.69) (1.49) (228) (259 (1511 (18.52) 9.12) (6.48) (3.05)
16 19.08 48.75 138.00  30.42 2533 48.58 151.75 227.42 142.08 82.92 85.00
(1.98) (249) (3.54) (1.31)  (1.37)  (7.65)  (13.39) (29.79) (14.49) (11.11) (3.30)
Male
1 19 48 138 29 24 54 153 212 133 73 89
2 20.67 49.67 14033 32,67  29.33 52.67 177.33 253.67 150.67 82.33 93.00
(2.08)  (1.15)  (3.79) (1.53)  (2.08) (1.53) (13.32) (8.62) (6.66) (4.62) (6.56)
3 19.33 46.00 135.67  33.00 25.00 50.33 169.00 236.33 149.00 79.00 93.33
(1.53)  (3.46) (7.51) (3.00)  (2.000 (3.79) (13.11) (5.77) (12.53) (8.72) (5.69)
4 20.33 48.00 13533 30.67 25.67 52.00 140.00 197.00 128.00 74.33 83.67
(4.04)  (1.00)  (5.51) (0.58)  (0.58)  (2.00) (15.13) (30.81) (10.15) (4.04) (6.03)
5
6 21.71 51.00 154.86  35.00 31.57 56.57 187.00 275.86 164.29 95.14 97.00
(1.38)  (443) (7.24) 0.58)  (391) (270)  (12.27) (18.92) (10.87) (9.41) (4.90)
7 21.70 51.56 150.94  35.85 29.64 55.14 202.41 285.24 177.63 103.52 97.82
(1.68)  (3.51) (6.74) (2.18)  (1.95)  (2.86)  (21.65) (25.52) (20.37) (12.93) (5.86)
8 20.67 50.11 147.89  34.44 26.67 54.78 180.89 249.56 153.56 90.89 95.11
(1.41)  (1.90)  (6.51) (142)  (1.66) (2.49)  (8.99) (16.85) (8.82) (5.04) (6.57)
9 - - - - 95.00
(4.24)
10 21.50 46.00 149.00  34.00  26.00 53.50 181.00 263.50 156.00 93.00 96.00
(2.12)  (2.83) (424) (1.41)  (1.41)  (3.54)  (39.60) (55.86) (31.11) (9.90) (2.83)
11
12 19.25 51.25 149.25 3275 25.75 56.00 159.75 228.50 143.75 80.25 91.50
(0.96) (2.22) (6.55) 0.96) (222) (2.58) (13.62) (14.66) 3.77) (8.77) (3.11)
13 - - - - 92.75
(4.03)
14 21.00  50.20 149.80  32.20 28.10 53.80 191.50 266.00 162.00 89.70 94.80
(1.05)  (3.29) (6.61) (1.40)  (2.23) (2.86)  (9.83) (22.73) (10.78) (3.89) (3.29)
15 20.00 50.38 14477 34.08 27.30 56.92 175.77 258.46 148.77 89.23 91.08
227)  (2.84) (6.97) (229 (229 (3.73) (15.87) (23.69) (11.86) (6.78) (3.62)
16 22 57 158 35 32 58 167 260 153 86 90
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Head  Bizygomatic Bigonial Upper Facial Nasal External Interna; Nasal  Total Head EarL EarW
w w w facial  height height canthic canthic W W head height
height w height

63.50  68.50 (0.71) 39.50  42.50 55.50 32.50 3850 7.50(0.71) 12.00 76.00 35.50 34.00 25.50

0.71) (636)  (3.54) (0.71) (3.54) (0.71) 0.00) (1.41) (2.12) (141) (0.71)
69.17  75.00 (2.34) 33.67 4275 58.00 3225 4208 9.75(1.22) 13.67 87.58 4042 3617 27.50
(2.29) (239)  (3.25) (2.66) (2.09) (1.24) (1.07)  (4.93)  (432) (225) (1.68)
68.42  71.92 (3.00) 33.50 39.67 5425 3233 4142 942 (1.00) 1342 83.00  42.67 37.17 2742
@.11) @4.19)  (3.96) (3.22) (3.58) (2.61) (1.00) (3.52)  (3.14) (2.52) (2.15)
6633 69.67 (2.42) 33.00 42.83 5550 34.00 3833 9.50 (0.84) 11.83 84.83  38.67 34.00 25.17
(2.07) (2.83)  (4.17) (2.88) (4.00) (2.25) (1.17) (445 (575 (1.79) (1.17)
66.83 73.83(1.17) 37.83  43.67 59.17 3433 4033 1050 13.00 83.00 3883 43.00 2933
(2.23) (2.56) (333) (3.13) (1.63) (1.03) (1.05) (141) (6.03) (1.83) (5.18) (1.75)
7238 77.88 (2.75) 40.00 4688 62.13 3638 4338  10.88 1275 8875 4175 42.63 28.88
(2.56) @.73)  (5.17) (4.82) (3.89) (3.34) (2.10) (0.89) (3.62) (3.01) (2.33) (1.25)
7143 79.14 2.79) 37.00 4529 6257 37.00 4271  11.00 1243 9200  39.86 4357 3143
(3.99) (337)  (3.64) (2.51) (3.92) (2.50) (1.91) (140) (3.74)  (5.67) (223) (2.99)
67.67 75.07 (3.10) 38.81 4400 61.16 37.19 4208 11.12 1327 88.60 4256 40.00 28.69
(2.65) (3.86) (3.82) (329) (3.07) (2.58) (1.58) (128)  (4.09)  (3.40) (2.93) (2.15)
65.67 68.67 (2.07) 39.67 38.17 58.17 32.17 4233  11.00 11.67 8317  43.17
(1.51) (547 (337 @17 (3.06) (1.75) (1.26) 0.52) (621)  (6.62)
70.60  75.20 (3.83) 37.20 42.80 60.80 33.80 4540 11.00 1320 91.80 4440 41.80 30.00
(1.82) (148)  (5.12) (4.76) (327) (1.67) (0.71) (0.84) (3.90) (2.30) (3.03) (3.00)
6543 71.14 (3.76) 3500 4571 5771 3414 4257 1029 13.57 8386 3857 37.86 28.57
2.57) (2.83)  (2.63) (243) (273) (3.15) (0.49) (127)  (422)  @461) (1.95) (1.27)
6585 7215 (3.69) 3477 4146 57.08 3562 4200 11.85 1350 8508  39.85 38.69 30.54
(2.30) (3.00)  (2.93) (343) (2.63) (2.00) (1.91) (1.09) (3.68) (195 (2.56) (2.50)
6331 70.69 (4.11) 3823 3938 6023 3508 43.62 1131 1269 8323 3515
(3.95) 487)  (431) (337) (4.03) (233) (1.18) (149) (438)  (6.27)
7231 7938 (2.57) 3600 5221 67.07 3838 4392 1038 1346 9707 4293 4123 2985
(2.63) (4.88) (4.58) (4.84) (345 (287) (1.19) (1.76)  (5.28)  (2.23) (3.52) (1.99)
66.50 7336 (3.00) 32.00 4279 5857 37.64 44.14 1257 1579 8829 4143 4114 31.07
(3.16) (2.86)  (3.60) (4.03) (2.95) (129) (0.94) (1.19)  (4.08) (2.53) (3.13) (2.56)
7208 74.67 (3.31) 40.08 4142 5575 3125 4367 1242 1408 9042 4375 39.67 29.92
@.71) (7.12)  (4.19) (3.02) (441) (2.02) (1.78) (131) (375  (280) (3.63) (243)
77 79 39 52 64 42 41 11 15 86 39 39 30
80.67 92.67 (4.04) 38.33  55.00 72.00 40.67 47.00 11.67 18.00 101.00 40.67 42.67 29.67
(6.11) (1.15)  (4.58) (3.61) (2.31) (3.61) (0.58) 0.00) (624) (3.06) (4.62) (3.06)
83.00 88.00 (1.00) 38.00 4833 67.67 41.67 4633 12.67 1633 97.67  43.67 4367 31.00
(4.58) (1.00)  (5.03) (6.11) (416) (1.15) (2.08) (153)  (4.16)  (4.04) (0.58) (1.00)
7467 7633 (2.08) 32.00 5033 6533 40.67 40.00 1133 1267 9133 4033 3667 26.00
(2.52) (436)  (0.58) (1.53) (0.58) (2.00) (0.58) 0.58) (2.52)  (0.58) (2.52) (1.73)
86.43 9743 (3.36) 5171  57.00 77.14 4686 49.71  14.00 1557 10343 4229 50.86 33.14
(2.07) 423)  (2.83) (3.63) (2.61) (1.60) (1.73) 0.79) (443)  (3.64) (3.02) (3.13)
81.65 89.94 (7.59) 41.81 5581 73.96 46.04 4674 13.56 1578 102.85 42.15 4848 33.93
(5.43) (497)  (634) (5.68) (3.93) (3.08) (2.21) (1.63)  (6.70)  (3.35) (4.64) (2.70)
78.67 9433 (4.53) 47.00 5922 79.89 4922 4756 1344 17.11 10744 4422 4656 33.89
(3.16) (5.59)  (5.19) (4.83) (427) (274) (1.51) (1.69) (7.80)  (2.54) (4.67) (2.09)
81.00 85.00 (2.83) 43.50  46.50 73.50 40.00 13.00  51.00 1600 101.50  37.00
(4.24) 4.95)  (0.71) (0.71) (141) (0.00) (2.83) (2.83) (9.19)  (2.83)
83.00  94.00 (0.00) 48.00 54.50 76.00 4650 49.50  15.00 17.50 10550 4350 4550 29.50
(5.66) (141)  (495) (7.07) (3.54) (0.71) (0.00) (0.71) (12.02) (0.71) (2.12) (0.71)
75.00  87.00 (5.48) 45.00 5350 7225 4575 47.00 1425 1725 9625  39.00 4625 35.75
(2.94) (46)  (2.89) (275 (222) (3.74) (2.22) (1.71)  (2.63) (337 (126) (2.63)
78.00 8450 (1.29) 43.50 48.00 73.00 4350 1450 4725 1525 9350 3875
(3.27) (6.56) (2.58) (3.37) (1.00) (2.89) (2.50) 171 @G.11)  (9.18)
84.00 93.50 (3.06) 43.00 58.80 74.60 4530 4730 13.00 1510 10650 42.60 4420 32.30
(3.33) 424)  (397) (433) (343) (1.64) (1.63) (137) (4.74)  (331) (3.94) (2.00)
7638 8731 (3.07) 39.54 53.15 7077 4631 4869 15.69 2123 9892 4015 46.62 32.92
(3.07) (323)  (329) (446) (3.28) (2.56) (1.49) (9.88) (535  (6.00) (2.79) (1.89)
76 84 63 52 69 43 48 14 18 103 47 41 32
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2006). In the limb segments, excluding the posterior thigh, we measured the color in
the middle of each at the lateral or dorsal aspects. For feet and hands, we measured
the color at the center of the third metatarsal and third metacarpal, respectively. The
reflectometer illuminates a circular area 8 mm in diameter with a standardized
flashing light (D65) and measures the reflected light. We used the L*a*b* color
system (Hamada et al. 1988), wherein L* represents lightness (0—100, blackish to
whitish), a* represents the hue of green (—60) to red (60), and b* represents the hue
of blue (—60) to yellow (60). We excluded data on 15 yellow monkeys in the
Kosumphi population (Hamada et al. 2005a, b) from the quantitative comparison.

Statistical Analyses

We calculated fundamental statistics, means and standard deviations, and examined
the significance of the differences in means via a #-test. We examined geographical
clines using correlation and regression analyses, and applied principal component
analysis and factor analysis to the somatometry and body color data, respectively, via
S-Plus 4.0 (MathSoft).

Results
Body Size and Proportions

Body mass We used data from macaques >7 yr to compare body sizes between
populations (Table II). Yala (6.5°N) long-tailed macaques are the lightest: females,
3.68 kg and males, 5.32 kg. Hua Hin (12.5°N) long-tailed macaques are the heaviest:
females, 7.63 kg and males, 10.93 kg. The body masses of Loei (17.2°N) rhesus
macaques are intermediate in the range of Thai long-tailed macaques: females,
6.40 kg and a male, 6.45 kg.

Body mass is greatly influenced by nutritional condition, as reflected by skinfold (SF).
The average total skinfold thickness (sum of SFs of 3 body sites) ranges from 7.1 mm in
Yala females and 8.1 mm in Surat Thani (9.1°N) males to 31.6 mm and 35.7 mm in Hua
Hin females and males, respectively. The linear dimension of the body. e.g., CRL, also
influences body mass. Via generalized linear model analysis, we described the
relationship of the body mass (BM [kg]) of Thai long-tailed macaques with CRL (mm)
and SF (mm) as follows: BM=0.028 CRL + 0.10 SF — 8.53 (R*=0.69) for females, and
BM=0.034 CRL + 0.12 SF — 10.53 (R*=0.72) for males. Thus, the skinfold
(subcutaneous fat) considerably influences body mass in long-tailed macaques.

Crown-rump length (CRL) The Surat Thani (9.1°N) and Phang-nga (8.4°N)
female populations had the shortest CRL, 406.7 mm and 406.8 mm,
respectively, and the Kosumphi (16.3°N) and Prachuab (11.8°N) populations
had the longest CRL, 461.9 mm and 455.6 mm, respectively (Table II). Yala
(6.5°N) male long-tailed macaques were the shortest, 450.0 mm, and Nakhonpa-
thom (13.8°N), Prachuab, and Hua Hin (11.8°N) male macaques were the
longest, ca. 508 mm.
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The CRL variation in Thai long-tailed macaques does not exhibit a simple, clear
geographical cline (a relationship with latitude; R*=0.18 and 0.16 in males and
females, respectively; Fig. 2). The southern sample, comprising 5 populations south
of the Isthmus of Kra (ca. 10.5°N), exhibits no geographical pattern with respect to
CRL, with females ranging from 406.7 mm in Surat Thani (9.1°N) to 436.2 mm in
Songkhla (7.2°N), and males ranging from 450.0 mm in Yala (6.5°N) to 492.7 mm
in Songkhla. In the northern sample, with the exception of the Pichit and Kosumphi
populations, CRL exhibits a significant negative correlation with latitude (R*=0.788)
in females. However, CRL in males of the northern sample exhibits no geographical
trend (R*=0.192; Fig. 2).

Loei rhesus macaques have CRL, 456.5 mm and 509 mm in females and males,
respectively, comparable to those of the largest long-tailed macaques: 455.6 mm in
Prachuab females and 508.7 mm in Hua Hin males, respectively.

Tail length (TL) and relative tail length (RTL) We compared tail lengths (TLs) via
the data of subadult and adult subjects (=6 yr) and relative tail lengths (RTLs) via the

Fig. 2 Geographical variation
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data of all postinfant subjects (>1 yr) because the growth change in RTL is
insignificant after infancy. The northern populations tend to have shorter tails than
those of the southern populations. Female long-tailed macaque TL is shortest in
Ratchaburi (470.2 mm) and longest in Chumphon (565.8 mm, Table II). Male long-
tailed macaque TL varies widely from the shortest in Nakhonsawan (495.0 mm) to
the longest in Phang-nga and Songkhla (ca. 635.0 mm).

A comparison of RTL (Fig. 3) clearly reveals that there are 2 groups, northern and
southern, of Thai long-tailed macaque populations. The 5 southern populations
between 6.5°and 9.9°N have tails longer than 125% of the CRL (ranges: 129.2—
140.2% in males and 128.2—132.5% in females). The 10 populations between 11.8°
and 16.5°N have tails shorter than 120% of the RTL (ranges: 109.3-119.5% in
females and 103.3-118.7% in males). Though the coefficient of correlation (R?)
calculated from all 15 populations is as high as 0.78, the variation within each of the
southern and northern samples does not correlate significantly with the latitude
because R is <0.05 in each of them (Fig. 3). Therefore, the high correlation in Thai
long-tailed macaques as a whole reflects the gap between the 2 samples. Loei rhesus
macaques have RTLs (54.3% in females and 55.0% in males) only half those of the
northern populations of Thai long-tailed macaques.

Limb proportion Long-tailed macaques exhibit no significant geographical cline in
the intermembral index, with R*=0.17 in males and 0.37 in females (p > 0.05,
Fig. 4). However, there is a negative trend with latitude in females, and when we
exclude the Songkhla data, which are outliers, the correlation is significant (R*=
0.58). The maximum indices are 97.7% in Nakhonpathom males and 97.6% in Yala
females, whereas the minimum indices are 92.3% and 91.9% in Kosumphi males
and females, respectively.

The indices of Loei rhesus macaques (93.4% in males and 90.7% in females)
are close to the minima of Thai long-tailed macaques, particularly to those of
Kosumphi macaques.

Fig. 3 Geographical variation 140
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Relative facial length Relative facial length exhibits no significant geographical
cline: R*=0.01 in females and R? < 0.01 in males. However, there are considerable
differences between populations. Female Kosumphi macaques have the longest faces
(60.5%), and Nakhonsawan (48.0%) and Phang-nga (49.0%) female macaques have
the shortest faces. Male Chumphon (64.9%) and Petchaburi (62.4%) individuals
have the longest faces, and Ratchaburi (49.0%) and Nakhonsawan (51.8%)
macaques have the shortest faces.

Loei rhesus macaques have short faces (48.7% in females and 57.8% in males),
comparable to the shortest-faced Thai long-tailed macaques.

Principal component analysis We applied principal component analysis to the
somatometric data of 13 populations of female long-tailed macaques and a
population of Loei rhesus macaques. We excluded the Ratchaburi and Nakhonsawan
populations from the calculation because some somatometric data are missing. The
14 somatometric dimensions are crown-rump length, biacromial width, bi-iliac
width, arm length, forearm length, thigh length, leg length, foot length, foot width,
head length, head width, bizygomatic width, bigonial width, and upper facial height.
The results for the males are similar to those for the females.

The first component accounts for 71.3% of all variance, and exhibits component
loadings of large magnitude in almost all traits, e.g., 0.97 in crown-rump length.
However, the magnitude for upper facial height (0.41) is rather small. Thus, the first
component represents a size factor in general, excluding facial length. The second
component, accounting for 9.71% of all variance, expresses limb segment lengths as
shown by their positive loadings, e.g., arm length (0.51), forearm length (0.51), thigh
length (0.42), and leg length (0.48). The third component, accounting for 6.30% of
all variance, expresses biacromial width (-0.64) and bi-iliac width (—0.53).

Figure 5 is a scatterplot of the first and second component scores (population
averages). A conspicuous deviant is the Pichit population, which has a much smaller
second component score, indicating shorter limbs relative to other body dimensions;
when we removed the score, the remaining populations exhibited a major trend
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connecting Yala macaques (the lower and left end) with Prachuab macaques (the upper
and right end). Surat Thani, Petchabun, and Chumphon populations have relatively
longer limbs. Other populations occur on or near the trend line. The datum point for
Loei rhesus macaques is also close to the trend line for long-tailed macaques.

Body Color Variation

We pooled the data for body color in males and females because it does not differ
significantly between the sexes.

Lightness The coefficient of correlation between lightness and latitude is significant
and high for many body parts (Fig. 6). The highest coefficient is for the back (R*=
0.74, p < 0.05), and even the lowest one —for the crown— is significant (R*=0.32,
p <0.05). The face, thigh (lateral), and waist exhibit higher coefficients of regression
(inclination): 1.53, 1.12, and 0.93, respectively. Therefore, the body parts clearly
reveal a geographical cline; the southernmost population, Yala has the darkest face and
thigh (L*=34.5 and 36.3, respectively), and the northernmost population, Kosumphi,
has the lightest face and thigh (L*=51.1 and 48.4, respectively). Thus, Gloger’s rule,
expressing the relationship between latitude of habitat and the lightness of the body
color of animals, is applicable to the Thai long-tailed macaques.

However, there are some deviants from the geographical trends. We evaluated the
degree of deviation from the geographical trend via the difference of lightness
estimated from the regression equation and observation, standardized by the estimate
and multiplied by 100: [(observed value — estimate)/estimate] x 100%.

The Songkhla population tend to be lighter than the estimate and the deviation is
positive and somewhat large at some body sites such as the crown (8.4% of the
degree of deviation), waist (9.6%), hand (10.7%), and foot (10.8%). The deviation in
the Saiyok population is negative and large at body sites such as the waist (-9.1%)
and foot (-5.0%).
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Fig. 6 Geographical variation of the lightness (L*) of body color at the crown, back, thigh, and foot in
long-tailed and rhesus macaques. Solid diamonds are for Thai long-tailed macaques and * for Loei rhesus
macaques.

The data points for Loei rhesus macaques (Fig. 6) are close to the trends of Thai
long-tailed macaques, though the crown (5.1%) and posterior thigh (—6.9%) of the
former deviate substantially. Unlike long-tailed macaques, mature rhesus macaques
have glabrous sexual skin on the posterior thigh, which is poorly developed in long-
tailed macaques.

In general, the body color profiles of lightness (Fig. 7) appear to be similar among
the populations, though lightness as a whole differs between populations. The crown
and back are the darkest of all body sites. The color becomes darker distally in the
forelimbs. The waist is lighter than the back, and the thigh is as light as the arm. The
leg is lighter than the thigh and foot. The face is as light as or darker than the foot,
with the exception of the Kosumphi long-tailed and Loei rhesus macaques. The
posterior thigh is considerably lighter than other body areas because it is covered by
whitish hairs similar to those covering the belly.

The lightness profile of Loei rhesus macaques is almost the same as that of
Kosumphi long-tailed macaques and parallels that of the other long-tailed macaque
populations.

In the color profile, there is a difference among populations in the contrast
between the crown and back. The difference in contrast, (L*cown — L*pack), 1S
statistically significant between the populations. The contrast is positive, i.e., the
crown is lighter than the back, in 3 southern populations —Yala, Songkhla, and
Phang-nga (range: 0.69-1.18, Fig. 8)— whereas it is negative in the other 2 southern
populations: Surat Thani (-0.58) and Chumphon (-2.03). The contrasts in all 10
northern populations are negative (range: —1.58 to —4.47). The contrast appears to
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Fig. 7 Body color profiles of
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be clinal. Thus, a crown darker than the back appears to be a specific trait of the
northern sample, whereas a lighter crown appears to be a trait of the southern one.
However, different inclinations of the clinal variation between lightness of the crown
and back produced the dichotomous difference between the 2 samples. Because the
regressions for the crown and back with respect to latitude are significant, the
contrast (subtraction) correlates with latitude (R*=0.59). The Hua Hin and Pichit
populations exhibit significant deviations from the trend, with a stronger negative
contrast in the former, and no contrast in the latter. Loei rhesus macaques follow the
trend of northern long-tailed macaques, i.c., the crown is darker than the back.
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Hue of green-red (a*) The hue of green-red (a* value) is weak, ranging between 0
and 5. It does not correlate with latitude with respect to the back and crown (R*=
0.03) and correlates positively for the foot (R*=0.35), hand (R°=0.23), posterior
thigh (R*=0.44), and face (R*=0.58). There are nonsignificant differences in color
profiles of a* values between populations. However, sporadic variation occurs in
some populations: a negative deviation at the arm, forearm, hand, and leg in the
Saiyok population; a negative deviation at the waist, thigh, and leg in the
Nakhonpathom population; and a positive deviation at the arm, forearm, hand,
thigh, leg, and foot in the Phang-nga population.

Loei rhesus macaques exhibit no specific a* value. Many of their body sites are
comparable with those of long-tailed macaques, except at the waist and thigh, which
exhibited positive deviations from the trend. However, rhesus macaques have greater
a* values at the posterior thigh, where the skin reddens with reproductive maturation.

Hue of blue-yellow (b*) The major component (hue) of chroma in the long-tailed
macaques is blue-yellow (b*). The b* values at various body sites of Thai long-tailed
macaques correlate strongly with latitude (Fig. 9), particularly for the face (R*=0.78),
and the inclination of regression is also high (coefficient of regression=0.79). There is
a high correlation in the lower half of the body, including the foot (R*=0.70), waist
(R?=0.63), thigh (R*=0.57), and leg (R*=0.55). Conversely, the b* value at the crown
does not significantly correlate with latitude (R* < 0.1). Positive deviants from the
trend occur in the Saiyok population at the arm, forearm, hand, leg, and posterior
thigh; in the Phang-nga population at the arm, forearm, hand, thigh, leg, foot, face, and
posterior thigh; and in the Pichit population at the crown and back.

Loei rhesus macaques had larger b* values than those of long-tailed macaques in
the lower half of the body at the waist, thigh, leg, and foot, and smaller values in the
upper half of the body at the back, arm, and forearm. Thus, rhesus macaques exhibit
strongly contrasted body color with respect to yellow hue between the upper and
lower halves of the body (a bipartite color pattern; Fooden 2000). The crown is more
yellowish than those of long-tailed macaques.

The contrast of b* values between the thigh and back exhibits a significant
geographical variation between the 2 groups of Thai long-tailed macaques (Fig. 10).
Southern populations, with the exception of the Phang-nga population, exhibit a
negative contrast (less yellowish at the thigh), whereas the northern populations tend
to exhibit a positive contrast (more yellowish at the thigh). Exclusion of the Phang-
nga population from the comparison greatly improved the correlation (R?), from 0.36
to 0.69. However, as shown by the geographical variation in the northern sample, it
is possible that the contrast of yellow hue does not represent a geographical cline but
instead a gap between the northern and southern samples. The coefficient of
correlation in each group is not significant (R* < 0.05). The contrast between the
thigh and back in Loei rhesus macaques (5.45) is considerably higher than that in
any of the Thai long-tailed macaque populations.

Body Color Pattern

We applied factor analysis to the data of L*, a*, and b* values for all body sites. One
factor is sufficient to explain all the variance in color data (p<0.01). The factor
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Fig. 9 Geographical variation of the blue-yellow hue (b*) in long-tailed and rhesus macaques: (a)
crown; (b) back; (¢) waist; and (d) face. Diamonds for Thai long-tailed macaques and * for Loei rhesus
macaques.

loadings of a* values were large for the back, crown, forearm, waist, thigh, and leg,
and those of L* values were large for the thigh and back. The factor loadings of the
L* values for the foot, leg, waist, and crown, and the b* values for the foot and hand
are small (<0.4), indicating that the values are influenced by sporadically higher
values in a few populations, such as the Saiyok and Phang-nga.
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The geographical trend in the factor score with latitude is significant (Fig. 11;
R*=0.49), i.c., the body color of the northernmost populations —Pichit, Kosumphi,
and Pechabun (16.5-15.8°N)— is lighter and more vivid, whereas the body color of
the southernmost populations, e.g., Yala (6.5°N), is darker and less vivid. There are
significant positive deviants from this trend in the Phang-nga and Saiyok
populations. Excluding the deviants greatly improves the coefficient of correlation
(R*=0.87), as shown by the regression line superimposed in Fig. 11.

The data point for Loei rhesus macaques positively deviates from the trend line of
long-tailed macaques, reflecting the fact that they exhibit a distinctively different
pattern from any of the long-tailed macaque populations, i.e., a bipartite color pattern.

Discussion

Morphological differences between the northern and southern long-tailed macaques
and the hybridization between long-tailed and rhesus macaques

Macaca fascicularis fascicularis are widely distributed in Southeast Asia
(Hamada et al. 2006), and are separated into northern and southern groups at the
Isthmus of Kra by morphological and genetic traits (Darga et al. 1975; Fooden 1995;
Melnick and Kidd 1985; Tosi et al. 2000, 2002, 2003). Fooden (1995, 2000) and
Tosi et al. (2002) suggested that the distinctive characteristics of the northern long-
tailed macaques were produced by interspecific introgression with parapatrically
distributed rhesus macaques. Though Smith et al. (2007) noted no DNA sequence in
long-tailed macaques close to those in rhesus macaques, they used few long-tailed
macaque samples from the Indochina Peninsula. Fooden (2000) considered
macaques distributed at the boundary areas ranging over 15-17°N in the eastern
half of the Indochina Peninsula, i.e., in Thailand, Laos, and Vietnam also to be
hybrids with long-tailed macaques.

Fig. 11 Geographical variation 2
in the scores of the factor anal-
ysis with the latitude in long- 1.5 1 o %
tailed (diamonds) and rhesus Saiyok
macaques (*). Two troops of I+
long-tailed macaques, Phang-nga .2 054 Phang-nga °
and Saiyok (open diamonds), %* ' o
appear to be outliers. é

—

2

3

o9

[T

5]

=4

9]

Q

1%

*
24
2.5 f f f f f
6 8 10 12 14 16 18

Latitude (degrees N)

@ Springer



1290 Hamada Y. et al.

Researchers have not thoroughly examined the variation, particularly morpho-
logical, between local populations to test the hybridization model. One could also
consider a climatic model, wherein morphological and body color traits are under
strong environmental influence, including climate or related habitat conditions,
which produce geographical variations in body size, body proportion, and body
color that conform to the zoogeographical rules of Bergman, Allen, and Gloger.

With the exception of relative tail length and yellow hue contrast, Thai long-tailed
macaques exhibit no morphological and body color variation that support the
hybridization model. Fooden (1995, 1997) reported that there are geographical
trends (clines) in body size among Macaca fascicularis fascicularis. According to
Fooden (1995), in the south, the size increases from the equator northwards until ca.
10°N, corresponding to the Isthmus of Kra, conforming to Bergman’s rule. In
contrast, the size decreases with increasing latitude from north of the Isthmus to the
northern limit of the range. He also reported that the body sizes of southern rhesus
macaques followed the trend in the northern long-tailed macaques (Fooden 1995).
According to Fooden (1995), the trend in the northern long-tailed macaques is not
explained by the clinal climate but instead by hybridization, i.c., the populations
experienced introgression from rhesus macaques proportional to the distance from
the boundary zone. However, our findings do not support such trends in long-tailed
macaques and rhesus macaques (Fig. 2).

The body proportions exhibited latitudinal variations in long-tailed macaques
(intermembral index, Fig. 4). The results of principal component analysis also
revealed that the variation of relative limb length is geographically clinal (Fig. 5).
The Loei rhesus population followed both trends. The clinal variations in limb
proportion may imply adaptation to the locomotor substrate (arboreality and
terrestriality; Fleagle 1999) that varies with latitude (climate).

The proportion of the facial length (upper facial height) is one of the few traits
distinguishing long-tailed macaques (with relatively longer faces) from rhesus
macaques (Fooden 2000). However, Thai long-tailed macaques exhibit no
geographical pattern in relative facial length, and the northernmost long-tailed
macaque populations, e.g., Kosumphi and Pichit, have considerably longer faces
than those of Loei rhesus macaques.

Long-tailed and rhesus macaques have specific body color patterns, which are
expected to be useful to test the hybridization model. Thai long-tailed macaques and
Loei rhesus macaques have similar lightness profiles (L* value, Fig. 7), and lightness
as a whole exhibits a geographical cline conforming to Gloger’s rule (Fig. 6; Fooden
1995).

Researchers have regarded the lightness contrast between the crown and back as a
trait separating the southern population with positive contrast (the crown is lighter
than the back) from the northern population with negative contrast (darker crown;
Fooden 1995). Because the lightness contrast in rhesus macaques is close to that in
the latter group, it might support the hybridization model. However, we
demonstrated that the lightness contrast is clinal and continuous in Thai long-tailed
macaques (Figs. 6, 7 and 8). The lightness at each body site in long-tailed macaques
correlates with latitude, and the inclination of the regression between L* and latitude
differs according to body site. The differences produce the clinal variation in the
contrast, and at ca. 8°N, the contrast value turns from positive to negative.
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The geographical trend also occurs in body color pattern deduced by factor
analysis (Fig. 11), in which the southern populations of long-tailed macaques have
darker and less vivid color than that of the northern populations. Loei rhesus
macaques have a lighter and more vivid color than estimated from the trend in Thai
long-tailed macaques.

One cannot attribute geographical variation in relative tail length (RTL) and
yellow hue contrast only to the climatic cline; however, one can attribute it to
hybridization. The variation in relative tail length in Thai Macaca fascicularis
fascicularis exhibits a clear gap between the southern and northern populations.
Though it exhibits a negative trend (Fig. 3, R*=0.785) as a whole, which conforms to
Allen’s rule, the southern population have tails that are significantly longer (RTL >
125%) than those of the northern populations (RTL < 120%), and there is no
significant correlation between RTL and latitude within each group (R? < 0.05). The
southern rhesus macaques have longer tails (ca. 55% in RTL) than their conspecifics
in China (ca. 30%) and India (ca. 45%; Hamada et al. 20006).

The yellow hue contrast between the thigh and back helps to separate the northern
populations from the southern populations (Fig. 10). The contrast is negative in the
southern long-tailed macaques, i.e., the thigh is less yellowish than the back, and
positive in the northern sample; however, the variation within each sample does not
exhibit a cline. Loei rhesus macaques have a greater contrast than that of any of the
northern long-tailed macaques.

With the same focal long-tailed macaques as in our study, Malaivijitnond et al.
(2007a) found that northern females have a strikingly different sex skin swelling
pattern than that of the southern females. They also reported that the frequencies of
human ABO blood groups in Thai long-tailed and rhesus macaque populations also
suggest hybridization (Malaivijitnond et al. 2007b).

Our study revealed that the tail length and yellow hue contrast differences between
the northern and southern long-tailed macaques are not great. This is also true for Loei
rhesus macaques in comparison with their northern (China and its vicinity) or western
(India and its vicinity) counterparts. Therefore, the hybridization is probably restricted.
The variation of the 2 traits in northern populations is restricted, suggesting that the
population size of the ancestors from which the traits were acquired might have been
small. This may have facilitated the replacement of the Y-chromosomal gene haplotype
of the Indochinese long-tailed macaques with that of rhesus macaques (Tosi et al. 2002),
and also accounts for the observation that Laotian long-tailed macaques exhibit no
intermediate trait within or among populations (Duckworth et al. 1999). The refugia
during periods of a glacially cooler and arid climate, as assumed for various primate
species in Asia (Eudey 1980; Jablonski 1993), are candidate locations for long-tailed
macaques to obtain hybrid traits. The population accordingly acquired fixed traits
before dispersing to the postglacial range.

However, the extent of introgression appears variable among localities in the
Indochina Peninsula. Long-tailed macaques from Vietnam, which are assumed to be
hybrids, tend to have considerably shorter tails (Fooden 1995). In particular, the ones
in the Sontra Peninsula on the outskirts of Da Nang City in Vietnam (16.1°N, 108.2°E)
have very short tails (van Peenen et al. 1971). Researchers consider refugia to have
been present in the Indochina Peninsula in such mountainous areas as the Truongson
Mountains (Annamite cordillera) in the east (Eudey 1980; Meijaard and Croves
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2006), the Phu Khieo Mountains (Koenig et al. 2004) in the center, and Dawna
Range in the west (including the Huay Kha Khaeng Wildlife Sanctuary; Eudey
1980). Further study is necessary to determine the location of the refugia in which
the northern Thai long-tailed macaques received introgression.

After the postglacial dispersion, local populations of the northern long-tailed
macaques would have acquired secondary variation in various traits due to global
environmental conditions, specific adaptation to the new habitats, or genetic drift.
The body size of the ancestors of the northern populations would have been as large
as those of present-day populations in Prachuab, Hua Hin, or Kosumphi, and the
other populations of the northern group would have become smaller.

The southern rhesus macaques have also experienced a partial genetic influence from
long-tailed macaques in the acquisition of a hybrid trait of longer tail (Fooden 1964,
2000). However, because researchers have not examined the variability in southern
rhesus macaques, it is not possible to deduce their history from our findings.

Diversity in Thai long-tailed Macaques and Their Conservation

We found that each of the local populations of long-tailed macaques maintains
considerable diversity in morphology and body color. For example, the Phang-nga and
Saiyok populations exhibit a distinctive red hue, and the Pichit population has relatively
short limbs. The populations in Sumatra and the nearby Malay Peninsula (south of 10°N)
tend to have a higher erythrism index (reddish body color; Fooden 1995). In addition
to morphological uniqueness, they also exhibit unique behaviors, which are socially
transmitted from generation to generation, such as the oyster-cracking behavior in
the Laem Son populations (Malaivijitnond ef al. 2007¢) and dental-floss behavior in
the Lopburi population (Watanabe et al. 2007). Though our focal population live
in or close to human settlements, provisioned (Aggimarangsee 1992) and more or
less isolated from neighboring populations, they still maintain traits unique enough
to be conserved. Conservation efforts are directed mostly to populations inhabiting
national parks, wildlife sanctuaries, or reserves; however, efforts should also be
made to conserve local populations living close to human settlements.
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