bioRxiv preprint doi: https://doi.org/10.1101/161281; this version posted July 15, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

10

11

12

13

14

aCC-BY-NC-ND 4.0 International license.
Page 1 of 21

Seeing spots. M easuring, quantifying heritability, and
assessing fitness consequences of coat pattern traitsin a

wild population of giraffes (Giraffa camelopardalis)

Derek E. Lee,” Douglas R. Cavener,? and Monica L. Bond™

"Wild Nature Institute, 15 North Main Street, Suite 208, Concord, New Hampshire, United

States of America

“Department of Biology and the Huck Institute of Life Sciences, Pennsylvania State

University, University Park, Pennsylvania, United States of America

"Current address: Institute of Evolutionary Biology and Environmental Studies, University

of Zurich, Zurich, Switzerland

* Corresponding author
E-mail: derek@wildnatureinstitute.org (DEL)



https://doi.org/10.1101/161281
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/161281; this version posted July 15, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Page 2 of 21
15 Abstract
16 Little is known about the heritability and fitness consegquences of polymorphic

17  variation in mammalian coat pattern traits in wild populations. Understanding the evolution
18  of coat patterns requires reliably measuring traits, quantifying heritability of the traits, and

19 identifying the fitness consequences of specific phenotypes. Giraffe coat markings are highly
20 variable and it has been hypothesized that variation in coat patterns most likely affects fitness
21 by camouflaging neonates against predators. We quantified spot pattern traits of wild Masai
22  giraffes using image analysis software, determined whether spot pattern traits were heritable,
23 and assessed whether variation in heritable spot pattern traits was related to fitness as

24  measured by juvenile survival. The methods we described comprise a framework for

25  objective quantification of mammalian coat pattern traits based on photographic coat pattern
26  data, and spot trait measurements from individuals could be used as input to a cluster analysis
27  for taxonomic or other group classifications. We demonstrated that characteristics of giraffe
28  coat spot shape and color are heritable. We did not find evidence for fitness consegquences of
29  variation in spot traits on juvenile survival, suggesting that spot traits are currently not under
30 strong directional or stabilizing selection for neonate camouflage in our study population.

31  This may be due to either reduced predation pressure in the study area, or because spot

32 variation may be more relevant to other components of fitness, such as adult survival or

33  fecundity.

34  Keywords: adaptation, coat pattern, heritability, microevolution, natural selection,

35  phenotypic selection, quantitative genetics
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37 Introduction

38 Coats of various colors and patterns are found on many mammal species and these
39  phenotypic traits are hypothesized to play adaptive roles in predator and parasite evasion,
40  thermoregulation, and social communication (Cott 1940; Searle 1968; Waage 1981; Skinner
41 and Smithers 1990; Ortolani and Caro 1996). Pigmentation biology has played a prominent
42  roleinthe foundation of genetics and evolutionary biology with most work on mammals

43 focused on afew starkly different mouse color morphs (Hoekstra 2006). Studies of the

44  heritability and adaptation of complex animal skin patterns have largely concentrated on

45  fishes with their multiple chromatophores (Kalesh 2004). Researchers have proposed

46  mathematical models for pattern-formation mechanisms in animal markings (e.g. Murray
47  1981; Maini 1997, 2004; Garvie and Trenchea 2014), and hypothesized the genetic and

48  developmental mechanisms for the markings (Mills and Patterson 2009; Eizirik et al. 2010),
49  and although studies of heritability and adaptation in wild populations are becoming more
50 prevaent (Kruuk et al. 2008), we are aware of none that investigated the heritability and

51  fitness consequences of complex coat patternsin wild mammalian populations.

52 Understanding the evolution of atrait in awild population requires measuring

53 individual variation in the trait, quantifying heritability as the proportion of observed

54  phenotypic variation of atrait that is passed from parent to offspring, and assessing the fitness
55  consequences of phenotypic variation (Lande and Arnold 1983; Falconer and Mackay 1996).
56  Thefraction of variability in a phenotypic trait that is explained by genetic factors isthe

57  broad-sense heritability, which can be estimated as the resemblance of the offspring to its

58  parents (Falconer and Mackay 1996; Roff 1997). Fitness of atrait can be assessed in many

59  ways, but because neonatal mortality is generally higher than any other age class (Lee and


https://doi.org/10.1101/161281
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/161281; this version posted July 15, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Page 4 of 21

60  Strauss 2017), one of the most direct measurements of phenotypic fitnessis juvenile survival

61  (Paterson et al. 1998).

62 Giraffe (Giraffa camel opardalis) skin pigmentation is uniformly dark grey (Dimond
63  and Montagna 1976), but the spots that make up their coat markings are highly variablein

64  color, roundness, and perimeter tortuousness, and this variation has been used to classify

65  subspecies (Lydekker 1904), and to reliably identify individuals (Foster 1966; Bolger et al.

66  2012). Thevariation in coat patterns and colors is consistent with the idea that these markings
67  arepolymorphic, and if heritable they may be adaptive (Lydekker 1904; Mitchell and Skinner
68  2003). Dagg (1968) first presented evidence from a small zoo population that the shape,

69  number, area, and color of spotsin giraffe coat patterns may be heritable, but analysis of spot
70  traitsinwild giraffes, and tools for objectively measuring spot characteristics have been

71 lacking. It has been hypothesized that giraffe coat patterns evolved to camouflage neonates
72 whose primary defense against predation is concealment (Langman 1977; Mitchell and

73 Skinner 2003); thus the most likely fitness effects from variation in coat patterns should be

74  variationin juvenile survival. Alternative hypotheses about the adaptive value of giraffe coat
75  markings include thermoregulation (Skinner and Smithers 1990), and facilitation of

76  individual recognition (sensu Tibbetts and Dale 2007) and kin recognition (sensu Beecher

77  1982; Tang-Martinez 2001) in this social species with good visual sensory perception (Dagg

78  2014; VanderWaal et a. 2014).

79 The spot patterns of Masai giraffes (G. c. tippelskirchii) are particularly diverse

80  among giraffe populations, and the patterns of some Masai giraffes bear strong similaritiesto
81  other giraffe subspecies such as South African (G. c. giraffa), Rothschild’s (G. c. rothschildi),
82 andreticulated (G. c. reticulata) giraffes (Dagg 1968, Fig 1). Indeed, some Masai giraffes

83  have spotsthat are almost indistinguishable from those of reticulated giraffes, the most

84  distinctively marked subspecies with spots that are nearly round with very smooth edges (low
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85 tortuousness). Quantifying heritability and fitness consequences of phenotypic variationin

86  coat pattern traits of giraffes will both inform systematics for this species and contribute to

87  theunderstanding of the evolution of mammalian coat patterns. Our purpose in this study was
88  to 1) objectively quantify the spot pattern traits of wild Masai giraffesin northern Tanzania
89 using image analysis software, 2) determine whether spot pattern traits were heritable, and 3)
90 determine whether variation in heritable spot pattern traits was related to fitness as measured

91 by juvenilesurvival.
92

93 Fig 1. Representativeimages of spot patterns of mother-calf pairs. The blue rectangle

94  showsthe area analysed using ImageJ to characterize spot pattern traits.

o5 Methods

96 Field data collection

97 This study used data from individually identified, wild, free-ranging Masai giraffesin

98  a1700 km? sampled area within a4400 km? region of the Tarangire Ecosystem, northern

99  Tanzania, East Africa. We collected data during systematic road transect sampling for
100  photographic capture-mark-recapture (PCMR). We conducted 26 daytime surveys for giraffe
101  PCMR data between January 2012 and February 2016. We sampled giraffes three times per
102  year around 1 February, 1 June, and 1 October near the end of every precipitation season
103  (short rains, long rains, and dry, respectively) by driving a network of fixed-route transects on
104  single-lanedirt tracks in the study area. We surveyed according to arobust design sampling
105  framework (Pollock 1982; Kendall et al. 1995) with three occasions per year separated by a

106  4-month interval. Each sampling occasion was composed of two sampling events during


https://doi.org/10.1101/161281
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/161281; this version posted July 15, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Page 6 of 21

107  which we surveyed al road transects in the study area with only afew days interval between

108  events (4.3 years x 3 occasions year™ x 2 events occasion' = 26 survey events).

109 During PCMR sampling events, the entire study area was surveyed and a sample of
110  individuals were encountered and either “sighted” or “resighted” by slowly approaching and
111 photographing the animal’ s right side at a perpendicular angle (Canon 40D and Rebel T2i
112 cameras with Canon Ultrasonic 1S 100 — 400 mm lens, Canon U.S.A., Inc., One Canon Park,
113 Melville, New York, 11747, USA). We identified individual giraffes using their unique and
114  unchanging coat patterns (Foster 1966) with the aid of pattern-recognition software Wild-ID
115  (Bolger et a. 2012). We attempted to photograph every giraffe encountered, and recorded sex
116  and age class based on physical characteristics. We categorized giraffes into four age classes:
117  neonate calf (0 — 3 months old), older calf (4 — 11 months old), subadult (1 — 3 years old for
118 females, 1 -6 yearsold for males), or adult (> 3 years for females, > 6 years for males) using
119  asuite of physical characteristics (Strauss et al. 2015), and size measured with

120  photogrammetry (Lee et al. 2016a).

121 Quantification of spot patterns

122 We analysed spot traits of each animal within the shoulder and rib area by cropping
123 all imagesto arectangle that fit horizontally between the anterior edge of the rear leg and the
124  chest, and vertically between the back and where the skin folded beneath the posterior edge
125 of theforeleg (Fig 1). We quantified spot characteristics of each animal’s pattern using the
126  Color Histogram and Analyze Particles procedures in Program ImageJ (Schneider et al 2012).
127  For color analysis, we used the entire analysis rectangle and full-color photos. For spot

128  measurements we analysed 8-bit greyscale images that we converted to bicolor (black and
129  white) using the Enhance Contrast and Threshold commands. To account for differencesin

130  image resolution and animal size, we set the measurement unit of each image equal to the
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131 number of pixelsin the height of the analysis rectangle. Therefore all measurements arein
132 giraffe units (GU), where 1 GU = height of the analysis rectangle (Fig 1). We analysed

133 particles (spots) of all sizes, but excluded particles cut off by the edge of the analysis

134  rectangle to avoid the influence of incomplete spots. We also excluded spots whose area was

135 < 0.00001 GU? to eliminate the influence of speckles.

136 We characterized each animal’ s spot pattern traits within the analysis rectangle using
137  thefollowing twelve metrics: number of spots; mean spot size (area); mean spot perimeter;
138  mean angle between the primary axis of an ellipsefit over the spot and the x-axis of the

139 image; mean circularity (4= x [Area] / [ Perimeter]? with avalue of 1.0 indicating a perfect
140 circleand smaller values indicating an increasingly elongated shape); mean maximum caliper
141 (thelongest distance between any two points along the spot boundary, also known as Feret
142  diameter); mean Feret angle (the angle [0 to 180 degrees] of the maximum caliper); mean

143  aspect ratio (of the spot’s fitted ellipse); mean roundness (4 x [Area]r x [Major axis]? or the
144  inverse of aspect ratio); mean solidity ([Area] / [Convex area], also called tortuousness);

145 mean shade ([65536 x r ] +[256 x g] + [b] using RGB values from color histogram); and

146 mode shade.
147 Heritability of spot traits

148 Parent-offspring (PO) regression is one of the traditional quantitative geneticstools
149  used to measure heritability (Falconer and Mackay 1996). PO regression compares

150  phenotypic trait values in parents to those same trait values in their offspring, with the slope
151  of thelinear regression line between the mean parent phenotype and the mean offspring

152  phenotype providing an estimate of the heritability of the trait. We assumed phenotypic

153  correlations provided a sufficiently accurate estimate of genetic correlation (Cheverud 1988;

154  Kruuk et a 2008). Advantages and disadvantages of the parent-offspring method to estimate
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155  heritability compared to other methods such as the half-sibling method or the animal model
156  have been elucidated (Akesson et al. 2008; de Villemereuil et al. 2017), with the primary

157  advantage when studying wild populations being that PO regression requires less information
158  about family structure and only one offspring per individual (Roff 1997; Lynch & Walsh

159  1998). While PO regression can have low statistical power when estimating heritability due
160  to environmental effects shared by related individuals (Wilson et al. 2010), this methodol ogy
161  wasthe most appropriate for our study design because we were unable to identify fathers, and

162  our sample did not include any maternal siblings or half-siblings.

163 We identified mother-calf pairs by observing extended suckling behavior. Wild

164 female giraffes very rarely suckle acalf that is not their own (Pratt and Anderson 1979). We
165  examined all identification photographs for individuals in known mother-calf pairs, and

166  selected the best-quality photograph for each animal based on focus, clarity, perpendicularity
167  tothe camera, and unobstructed view of the torso. For comparing mothers with calves, we
168  selected a photograph of the calf at >9 months of age, because calf fur of younger animalsis
169  longer and obscures the spot edges. We found 31 known mother-calf pairs with high-quality
170  photographs of both animals. For comparison of spot characteristics between known mother-
171  calf pairs, we created a set of random cow-calf pairs using the same photographs by assigning
172 arandom mother to each calf (without replacement and without pairing a mother with her

173 own calf).

174 We predicted spot pattern traits of a calf would be correlated with those of its mother
175  but not with arandom cow. We tested this prediction for each spot characteristic using smple
176  linear regressions of calf values versus mother values, and calf values versus random cow

177  vaues. We performed statistical operations using the Im function in R (R Core Development

178  Team 2013).
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179 Fitness of spot patternsfrom juvenile survival

180 We assembled encounter histories for all calves first observed as neonates for survival
181  analysis. For each calf we selected the best-quality youngest age photograph based on focus,
182  clarity, perpendicularity to the camera, and unobstructed view of the torso. For our survival
183  analysis, we used spot traits from the youngest-age photograph available in order to minimize

184  age-related bias in photographs of animals that survived and those that died young.

185  Weanalysed survival using two methods: logistic regression and capture-mark-recapture. For
186  thefirst analysis, we determined whether heritable spot traits were related to first season

187  survival with logistic regression between survivors and those that were never sighted again
188  and presumed to have died, using the glm function in R (R Core Development Team 2013).
189  Based on our results from the PO regression method to quantify the heritability of spot traits,
190 weexamined linear and quadratic relationships of circularity and solidity (tortuousness) on

191  juvenilesurvival to determine whether directional or stabilizing selection was occurring.

192 For the second survival analysis we estimated neonate survival during their first

193  season of life asafunction of individual spot traits using Programn MARK to analyse 258

194  complete capture-mark-recapture encounter histories of giraffes first sighted as neonates

195  (White and Burnham 1999). We analysed our encounter histories using Pollock’ s Robust

196  Design models to estimate age-specific survival (Pollock 1982; Kendall et al. 1995), with and
197  without spot covariates, and ranked models using AlCc following Burnham and Anderson
198  (2002). We determined significance of spot trait covariates if the confidence interval of the
199  betacoefficient did not include zero, and/or if the covariate model was ranked higher than the

200  null model without any covariate.

201 Results
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202 We were able to quantify twelve spot traits using ImageJ, and found the traits with
203  greatest individual heterogeneity as measured by the coefficient of variation (CV) were the
204  number and area of spots (negatively correlated traits), and mode shade (Table 1). Traits with

205  theleast individual variation were solidity and roundness (Table 1).

206 We found no spot pattern traits that had significant PO regression coefficients

207  between calves and random cows, but two characters, circularity and solidity (tortuousness)
208  (Fig 2) were significantly correlated between calves and their mothers indicating heritability
209 (Table1l). The color characteristic of mode shade was nearly significant in the PO regression

210 (Tablel).
211

212 Fig 2. Representative spot outlinesfrom Masai gir affesin northern Tanzania and their
213 corresponding circularity and solidity values. Ranges of spot values from 213 calves are

214  given in parentheses.
215

216 Our logistic regression survival analysis of spot traits between 161 neonates that

217  survived their first season and 87 that were never resighted after their first season and

218  presumed dead found no significant effects of traits on survival. Our survival analysis of 258
219  calvesfirst encountered as neonates using Program MARK indicated there was little evidence
220 that individual covariates of spot traits significantly affected survival during the first season
221 of life, but model selection uncertainty was high (Table 2). No covariates had significant beta

222 coefficients, and the top-ranked model of survival was the null model with no spot covariates.

223 Discussion
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224 Our photographic capture-recapture dataset spanning multiple years enabled us to

225  objectively quantify coat pattern traits of wild giraffes using image analysis software, and

226  demonstrate that giraffe coat pattern traits of spot shape and color are heritable from mother
227  to calf. The methods we described should serve as aframework for objective quantification
228  of mammalian coat pattern traits, and could also be useful for taxonomic classifications based
229  on photographic coat pattern data. We did not find strong evidence for fitness consequences
230  of individual variation in heritable spot traits on juvenile survival suggesting that spot pattern
231 traitsare currently not under strong directional or stabilizing selection in our study

232 population.

233 One possible explanation for the lack of juvenile survival effects from spot variation
234  istherecent reduction in large predator density in our study area (Packer et al. 2011; Bauer et
235  a 2015). If the function of the coat markingsis to provide anti-predation camouflage,

236  reduced predator densities due to trophy hunting and pastoralist retaliatory killings of

237  predators may have alleviated predation pressure on giraffe calves sufficiently to remove the
238  selection pressure for certain spot traits (Lichtenfeld 2005; Lee et al. 2016b). Alternatively,
239  thepossibility remains that spot traits may serve adaptive functions such as thermoregulation
240  and/or social communication (Skinner and Smithers 1990; VanderWaal et al. 2014), and thus
241  may demonstrate associations with other fitness traits, such as survivorship in older age

242 classes or fecundity. Individual recognition, kin recognition, and inbreeding avoidance could
243  aso play arolein the adaptation of spot patterns for individual recognition in giraffes

244 (Sherman et al. 1997; Tang-Martinez 2001; Tibbetts and Dale 2007).

245 Masai giraffe spot patterns are particularly diverse among giraffe populations, and
246  thereare spot patterns in northern Tanzaniathat bear strong similarities to other giraffe
247  subspecies or species elsewhere in Africa (Dagg 1968, Fig 1). Two recent genetic analyses of

248  giraffe taxonomy both placed Masal giraffes as their own species (Brown et al. 2007;
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Fennessy et al. 2016), but the lack of quantitative tools to objectively analyze coat patterns
for taxonomic classification may underlie some of the confusion that currently existsin
giraffe systematics (Bercovitch et al. 2017). We expect the application of image analysisto
giraffe coat patterns will provide a new, robust dataset to address taxonomic hypotheses. We
hope the framework we have described using imageJ to quantify spot characteristics will
prove useful to future efforts at quantifying animal markings, and suggest the resultant trait
measurements could be useful in aformal cluster analysis to classify subspecies or other

groups based on variation in markings (Kaufman and Rousseeuw 2009).

Our analyses highlighted two aspects of giraffe spots that were most heritable and
which may have adaptive significance. Circularity describes how close the spot isto a perfect
circle, and solidity describes how smooth and entire versus tortuous, ruffled, lobed, or incised
the edges are. These two characteristics could form the basis for quantifying spot patterns of
giraffes across Africa, and gives field workers a new quantitative lexicon for describing spots
(Fig 2). It isinteresting to consider that the roundness and smooth versus rough edge traits we
found heritable in giraffe spots brings to mind the smooth and wrinkled peas of Mendel
(Bateson and Mendel 1913) and the rough/smooth bacterial coloniesin Griffith’s (1928)
discovery of the “transforming principle” which led to the discovery that DNA was the
heritable material (Avery et a. 1944). Our mode shade measurement was a crude metric, but
even this rough approximation of spot color showed evidence of heritability. Color is greatly
affected by lighting conditions, and we suggest standardization of photographic methods to

control for lighting if color is to be analyzed in future studies.

Mammalian patterned coats are hypothesi zed to be formed by two distinct processes:
aspatialy oriented developmental mechanism that creates a species-specific pattern of skin
cell differentiation and a pigmentation-oriented mechanism that uses information from the

pre-established spatial pattern to regulate the synthesis of melanin (Eizirik et al. 2010). The
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274  giraffe skin has more extensive pigmentation and wider distribution of melanocytes than most
275  other animals (Dimond and Montagna 1976). Future work on the genetics of coat patterns

276  will hopefully shed light upon the mechanisms of coat pattern variation.

277 Our study revealed that several spot traits are heritable and, hence, able to respond to
278  selection in giraffe populations. However, given that these spot characteristic traits did not
279  dignificantly affect neonatal survival, the main theory for the adaptive nature of giraffe spots
280 (Langman 1977; Mitchell and Skinner 2003), we conclude that spot patterns are currently of
281  minor importance for the adaptation of our study population, although this may be a recent
282  conseguence of fewer predators. Other aspects of spot variation may prove to be more

283  relevant to fitness, such as social effects of individual recognition or kin recognition, or

284  thermoregulation, and deserve further investigation.
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Table 1. Summary statistics for parent-offspring regressions of spot traits of Masai giraffes in northern Tanzania. Mean trait values, SD
(standard deviation), and CV (coefficient of variation), PO slope coefficients (heritability), F-statistics, P values, and r-squared values are
provided. Significantly heritable traits are in bold.

Maximum Feret Aspect Mean Mode

Number  Area Perimeter Angle Circularity Caliper Angle  Ratio Roundness Solidity Shade Shade

mean 18.9 0.04 099 87.96 0.51 0.29 88.2 1.69 0.63 0.84 7799280 6924050
SD 7.5 0.01 0.25 15.39 0.08 0.06 14.5 0.15 0.04 0.04 1985064 3930565 :’q
cv 0.40 0.39 0.25 0.17 0.15 0.19 0.16 0.09 0.06 0.05 0.25 0.57 3
z
o
PO Slope '%
coefficient 0.20 0.20 0.27 0.04 0.52 0.21 -0.15 0.19 0.08 0.53 0.16 0.44 I
F 1,29 0.76 0.87 2.27 0.04 9.97 1.01 0.91 1.11 0.19 9.73 0.55 4.16 g
P value 0.39 0.36 0.14 0.84 0.004 0.32 0.35 0.30 0.66 0.004 0.47 0.051 %
r squared 0.03 0.03 0.07 0 0.26 0.03 0.03 0.04 0.010 0.25 0.02 0.13 §'
1
=
g
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Table 2. Model selection results for giraffe calf survival as a function of spot trait covariates. No covariate
model had a significant beta coefficient, and the top-ranked model was the null model of no covariate
effects. Full model in all cases was {S(A +...) g”(.) g'(.) p(t) c(t)} with covariate structure in survival.

Covariate Model AAICc w k

Null 0 0.20 38

Number of spots 0.61 0.15 39

Aspect Ratio 122 0.11 39
Q

Roundness 1.53 0.09 39 8

Solidity 1.73 0.08 39 @

Max Caliper 1.87 0.08 39 z

Circularity 2.03 0.07 39 =

Area 2.18 0.07 39 P

Feret Angle 2.29 0.06 39 2

Perimeter 2.96 0.05 39 3
§".
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Circularity Solidity

Shape (0.10—0.94) (0.52—0.96)
Q{j& 0.15 0.66
% 0.13 0.60
O 0.88 0.94
% 0.37 0.76
/ 0.40 0.83
g 0.57 0.82
'{ > 0.44 0.76
% 0.12 0.53
O 0.83 0.96
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