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Abstract

Over the past several decades archaeologists have used the spinal pathology spondylosis

deformans as an indicator that archaeological dogs were used to pull or carry loads. This

interpretive approach is largely based upon observations of prehistoric dog remains and

archaeologist’s interpretations of veterinary literature on recent sled dogs and other draft

animals. However, no comparative large-scale studies of the occurrence of spondylosis

deformans in wild canids, transport dogs, and dogs never involved in pulling or carrying

loads have been published. To evaluate the reliability of spondylosis deformans in archaeo-

logical dogs as an indicator of participation in transport activities, 136 modern non-transport

dogs, 19 sled dogs, and 241 wolves were systematically analyzed for the occurrence of

spondylosis deformans. Our results indicate this pathology is not a reliable skeletal indicator

of dog transport because the disease is prevalent in both dogs and wolves, regardless of

their occupational histories. Numerous factors correlate with the occurrence and manifesta-

tion of this disease in canids, including age, body size, sex, and inbreeding. As such, it

remains extremely challenging to identify specific etiologies for spondylosis deformans in

archaeological specimens.

Introduction

Historically, humans and dogs have engaged in a wide variety of working relationships. For

example, dogs have pulled and carried loads in many parts of the world, including much of the

circumpolar North, the Great Plains of North America, and southern Europe [1–9]. Given the

widespread distribution of dog transport activities and their significant roles in some societies,

there is reason to suspect that dogs were involved in similar working relationships with

humans in the past. Unfortunately, these relationships are difficult to interpret archaeologi-

cally because there is little unambiguous artifactual evidence of dog transport. Further, many

of the technologies involved (harnesses, sleds) were likely constructed of perishable materials

and thus unlikely to be preserved in many archaeological settings.
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The skeletal remains of dogs might hold clues as to their past involvement in transport as

multiple authors have suggested [10–16]. If such signatures are unique to dogs involved in

transport activities, then reliable inferences about the participation of dogs in transport activi-

ties might be made. The most commonly mentioned skeletal lesion used by archaeologists as

evidence for dog involvement in transport is the spinal pathology spondylosis deformans [7,

10, 11, 13–18]. Spondylosis deformans is a degenerative spinal disease in which osteophytes

form at the margins of vertebral bodies secondary to degeneration of the annulus fibrosus of

the intervertebral disc [19–22]. Osteophytes can range in size from small spurs which do not

extend beyond the vertebral endplate, to large scoop shaped growths extending toward the

intervertebral disc, which in severe cases may ankylose with the adjacent vertebra to form a

bony bridge over the intervertebral disc space [19, 20, 23, 24]. The rather conspicuous nature

of this disease likely makes its presence obvious to many who work with archaeological skeletal

remains.

Spondylosis deformans is relatively well documented in veterinary literature [20–22, 25–

29] and has multiple potential causes. While the disease is degenerative, being correlated with

aging in dogs and many other mammals, it can also be caused by mechanical stress, triggered

by trauma and/or habitual activity [19, 20, 24]. These studies indicate that modern pet dogs

are affected by high rates of spondylosis in general, and that factors such as body size and

genetics can be linked to the development of the disease [20, 22, 25–29]. The disease has also

been observed in foxes [30] and wolves and may occur at higher rates among inbred canid

populations [31].

Several interrelated factors may account for the proposition in the archaeological literature

that spondylosis deformans is an indicator of dog involvement in transport. First, spondylosis

deformans was documented in sled dogs used by the British Antarctic Survey [32]. However,

this study noted that the rate and pattern of spondylosis deformans observed was not unusual

for dogs of advanced age—in other words, the cause(s) of the condition in these dogs was

unclear [32]. Nonetheless, archaeologists have drawn upon this study to argue for a link

between the presence of this disease in archaeological dog remains and the participation of

past dogs in transport [10, 11, 13, 15, 16]. Later papers cited these earlier archaeological argu-

ments to support similar interpretations of cases of spondylosis deformans in other ancient

dogs [7, 14, 17, 18]. Second, the existing veterinary literature on spondylosis deformans in

dogs largely focuses on the condition in specific breeds [25, 26, 29], differences in condition

prevalence between breeds [27], or the etiology of the disease across a suite of affected and

non-affected animals [20, 21, 28, 29]. Most importantly here, the Bellars and Godsal [32] paper

is the only study in which transport dogs were part of the assessed individuals. In other words,

with existing data it is very difficult to assess how and if spondylosis deformans manifests dif-

ferently in transport versus non-transport dogs. Further, it is unclear how or if the disease dif-

fers between dogs and wild canids such as wolves, the latter perhaps being a better analog for

free-ranging early dogs than modern pets, which are the product of selective breeding and are

often highly sedentary. Further complicating the matter is that spondylosis deformans data in

existing literature was gathered through a variety of methods, ranging from observations on

skeletonized specimens, to those made on radiographs and autopsied animals. Such differences

likely render results that differ in part solely due to collection methods.

To address these shortcomings, we present comparative data on the occurrence of spondy-

losis deformans in the skeletons of 19 modern sled dogs, 136 non-transport dogs, and 241

wolves from North America and Europe. The occurrence, distribution, and severity of lesions

from this disease are presented for comparison between canid groups. Differences observed

across groups and implications for the use of these lesions as skeletal indicators of dog trans-

port in prehistory are then discussed.
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Materials

Vertebral columns and ribs from 396 dogs and wolves were assessed to evaluate the occurrence

of spondylosis deformans in modern canids. The dog sample consisted of skeletal remains of

155 individuals curated at seven museums: 1) the University of Alberta Zooarchaeological Ref-

erence Collection, Edmonton, Canada; 2) the University of Alaska Museum of the North, Fair-

banks, USA; 3) the Smithsonian Institution Museum of Natural History, Washington D.C.,

USA; 4) the California Academy of Sciences, San Francisco, USA; 5) the American Museum of

Natural History, New York, USA; 6) the University of Nebraska State Museum, Lincoln, USA;

7) the Natural History Museum of Bern, Bern, Switzerland.

The domestic dog sample included both modern sled dogs (n = 19) and dogs that did not

participate in load bearing or pulling activities (n = 125) as well as wild (non-captive) (n = 5)

and captive (n = 6) dingoes (Canis lupus dingo) (a detailed breakdown of all groups is provided

in S1 Table). Variable life history information such as breed and age at death was available for

each specimen.

The non-transport dog sample (n = 125) included 106 dogs from 57 different breeds, as

well as 19 individuals of unknown breed. Individuals of known breed were sub-categorized

into three size groups following the American Kennel Club and Federation Cynologique Inter-

nationale standards for each breed [33, 34]. These size groups included 29 small dogs, 32

medium dogs, and 45 large dogs. A detailed list of breed information is available in S2 Table.

A total of 241 North American and Scandinavian gray wolves were assessed using speci-

mens in five different museum collections (S3 Table): 1) the Royal Alberta Museum, Edmon-

ton, Canada; 2) the University of Alaska Museum of the North, Fairbanks, USA; 3) the

Smithsonian Institution Division of Mammals, Washington D.C., USA; 4) the California

Academy of Sciences, San Francisco, USA; 5) the Swedish Museum of Natural History, Stock-

holm, Sweden.

The wolf sample included both wild (non-captive) (n = 228) and captive (n = 13) individu-

als (see S4 Table). Among this sample were individuals from a population of highly inbred

wolves from Sweden (n = 81) where gray wolf populations were severely reduced in the mid-

20th century. Less than 10 individuals were present by the early 1970s when they were given

legal protection by the Swedish government. In 1983 a single mating pair re-established the

modern population present in Sweden today. The population has low genetic variability due to

high rates of inbreeding [35].

Little life history information is available for the wolf sample but select data are available for

some individuals (see S5 Table). Age of death information for the Swedish population was

determined by the museum through assessment of dental cementum bands. For the Alaskan

population, juvenile or adult status at death was estimated based upon epiphyseal fusion.

Some individuals of known age were present in all three analytic groups and used to make

age-based assessments. Both dog samples were represented by an older population than the

wolf sample, and these differences in age-profiles should be noted. It is unclear how the age

profiles of the canid groups of unknown age differed, though it seems likely that wolves living

in the wild rarely reached the advanced ages seen in domestic dogs.

Methods

The presence of spondylosis deformans was evaluated using methods developed by osteologists

and veterinarians [20–22, 25, 28, 29, 36, 37]. For all specimens, each vertebrae of the spinal col-

umn excluding the three sacral and ~20 caudal vertebrae were assessed. The presence or

absence of spondylosis was recorded for both the cranial and caudal surfaces. Where
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spondylosis was present, the severity of the growth was numerically classified using Carnier

et al’s [25] scoring system quoted below, with examples illustrated in Fig 1:

Grade 1 = small osteophytes placed on the edge of the epiphysis [endplate] were observed, but

did not exceed the vertebral edge

Grade 2 = osteophytes were enlarged beyond the edge of the epiphysis [endplate], but did not

connect to osteophytes on the opposite vertebra

Grade 3 = osteophytes placed on adjoining vertebrae connected one to each other, thus estab-

lishing an appreciable bony spur

Statistical analyses were performed to compare frequencies of spondylosis deformans

between the different study groups, as well as the frequencies of various manifestations of this

pathology within individual groups. Frequency comparisons were made using the Pearson’s

Chi-squared Test for larger sample sizes and Fisher’s Exact Test for smaller sample sizes of five

individuals or less. All statistical analyses were performed using Microsoft Excel 2016.

Fig 1. Examples of osteophyte grades. (A) Grade 1 osteophytes. (B) Grade 2 osteophytes. (C) Grade 3 osteophytes.

https://doi.org/10.1371/journal.pone.0214575.g001
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Results

Spondylosis deformans was prevalent in dogs, regardless of their use in transport activities

(Table 1). Non-transport dogs were most affected with 66.18% of individuals displaying these

lesions. This rate increased (68.80%) when the small sample of dingoes was excluded. Non-

transport dogs were affected with spondylosis deformans at a slightly higher frequency than

sled dogs (66.18% vs. 63.16%, respectively), but the differences between the two groups were

not significant (X2 = 0.08, p = 0.6231). Wolves were affected with spondylosis deformans at a

significantly lower rate (21.16%) than both non-transport dogs (X2 = 49.9007, p =<0.0001)

and sled dogs (X2 = 12.8420, p =<0.0001)(Table 2). Though just over 20% of all wolves were

affected by spondylosis deformans, captive wolves had a significantly higher incidence of the

disease (76.92% vs. 17.98%, respectively) than their wild counterparts (p =<0.0001). The

Swedish population of inbred wolves (27.16%) was affected by the disease at higher rates than

the non-inbred wolves from all other regions (18.13%), though not at a statistically significant

level (X2 = 2.07, p = 0.1048). There were no significant sex-based differences in the frequencies

at which individuals were affected by spondylosis deformans in any of the canid groups.

Age

Spondylosis deformans was only observed in physically mature individuals—no juvenile indi-

viduals were affected in any analytic group (Tables 1 and 2). It is important to note that the

number of juvenile non-transport dogs available for study was low and no juvenile sled dogs

were available to assess. Age group data are presented in Table 3 and Fig 2. When individuals

of known age are separated into age cohorts, a consistent increase in the frequency of spondy-

losis occurs with age in all groups (non-transport dogs, sled dogs, and wolves). This pattern is

also apparent when using broader age categories. When non-transport dogs were compared to

Table 1. Spondylosis deformans in dogs by percentage of individuals affected.

All Non-transport dogs Dogs w/o Dingoes All Dingoes Captive Dingoes Wild Dingoes Sled Dogs

(n = 136) (n = 125) (n = 11) (n = 6) (n = 5) (n = 19)

n (%) n (%) n (%) n (%) n (%) n (%)

Female 42/57(73.68) 42/54(77.78) 0/3(0.00) 0/1(0.00) 0/2(0.00) 3/4(75.00)

Male 42/62(67.74) 39/55(70.91) 3/7(42.86) 3/5(60.00) 0/2(0.00) 7/7(100.00)

Unknown 6/17(35.29) 5/16(31.25) 1/1(100.00) 0/0(0.00) 1/1(100.00) 2/8(25.00)

Adult 90/130(69.23) 86/121(71.07) 4/9(44.44) 3/5(60.00) 1/4(25.00) 12/19(63.16)

Juvenile 0/6(0.00) 0/4(0.00) 0/2(0.00) 0/1(0.00) 0/1(0.00) 0/0(0.00)

Total 90(66.18) 86(68.80) 4(36.36) 3(50.00) 1(20.00) 12(63.16)

https://doi.org/10.1371/journal.pone.0214575.t001

Table 2. Spondylosis deformans in wolves by percentage of individuals affected.

All Wolves Wild Wolves Captive Wolves Inbred Wolves Non-inbred

Wolves

(n = 241) (n = 228) (n = 13) (n = 81) (n = 160)

n (%) n (%) n (%) n (%) n (%)

Female 17/103(16.50) 13/99(13.13) 4/4(100.00) 9/35(25.71) 8/68(11.76)

Male 30/124(24.19) 25/117(21.37) 5/7(71.43) 12/44(27.27) 18/80(22.5)

Unknown 4/14(28.57) 3/12(25.00) 1/2(50.00) 1/2(50.00) 3/12(25.00)

Adult 51/167(30.54) 41/155(26.45) 10/12(83.33) 22/58(37.93) 29/109(26.61)

Juvenile 0/74(0.00) 0/73(0.00) 0/1(0.00) 0/23(0.00) 0/51(0.00)

Total 51(21.16) 41(17.98) 10(76.92) 22(27.16) 29(18.13)

https://doi.org/10.1371/journal.pone.0214575.t002
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wolves, the frequency of affected individuals under five years of age and those six years of age

or older differed significantly (non-transport dogs, X2 = 2.43, p = 0.0003; wolves, X2 = 15.41,

p =<0.0001).

Size-based breed cohorts

Non-transport dogs were also assessed by size-based breed cohorts. The proportion of individ-

uals affected by spondylosis deformans increased with body size: small dogs 55.17%, medium

Table 3. Spondylosis deformans in dogs and wolves by age group and percentage of individuals affected.

Age range (years) Non-transport dogs Sled dogs Wolves

(n = 77) (n = 10) (n = 70)

n (%) n (%) n (%)

0–2 2/5(40.00) N/A 5/48(10.42)

3–5 4/8(50.00) 1/2(50.00) 6/12(50.00)

6–8 7/9(77.78) N/A 5/6(83.33)

9–11 21/24(87.50) 6/6(100.00) 3/3(100.00)

12–14 18/19(94.74) 2/2(100.00) 1/1(100.00)a

15–17 11/12(91.67) N/A N/A

Total 63(81.82) 9(90.00) 20(28.57)

a captive individual

https://doi.org/10.1371/journal.pone.0214575.t003

Fig 2. Spondylosis deformans in dogs and wolves of known age groups.

https://doi.org/10.1371/journal.pone.0214575.g002
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dogs 65.12%, and large dogs 91.11%. The difference between small dogs and medium dogs was

not statistically significant (X2 = 0.28, p = 0.3959), but it was between small and large breeds

(p = 0.0005) and between medium and large breeds (p = 0.0040).

Number and proportion of affected endplates

The total number of endplates with osteophytes varied greatly among affected individuals in

all groups. Non-transport dogs were found to have anywhere between one and 44 endplates

affected by spondylosis deformans with an average of 16.31 per individual. Sled dogs had fewer

osteophytes than non-transport dogs with a range of one to 27 endplates affected per individ-

ual (averaging 8.08). Individual wolves had anywhere between one and 45 affected endplates, a

range similar to non-transport dogs. However, the average number of affected endplates per

individual wolf was 8.80 endplates, much lower than in non-transport dogs.

Non-transport dogs had a significantly higher proportion of endplates with spondylosis

deformans (1468/7334 (20.02%)) when compared to the other groups (non-transport dogs

versus sled dogs, X2 = 7.87, p = 0.0017; non-transport dogs versus wolves, X2 = 1361.49,

p =<0.0001). Sled dogs had a lower proportion of affected endplates (163/1026 (15.89%))

than non-transport dogs but were significantly more affected than wolves (sled dogs versus

wolves, X2 = 336.13, p =<0.0001). Wolves had the lowest number of affected endplates (449/

12981 (3.46%)). When wolves were assessed separately, captive wolves (180/700 (25.71%)) had

a significantly higher proportion of affected vertebrae than their wild counterparts (269/12281

(2.19%) (X2 = 1059.51, p =<0.0001)) or any other canid group. Differences between the cap-

tive wolves and the non-transport dogs (X2 = 10.11, p = 0.0004) and between the captive

wolves and sled dogs (X2 = 20.22, p =<0.0001) were also significant.

Distribution of osteophytes

The distribution of affected endplates by region of the spine is shown in Figs 3 and 4. Non-

transport dogs were least affected by marginal osteophytes in the cervical region of the spine

and most affected in the lumbar region. Peaks in frequency occurred at the T1 cranial, T5 cau-

dal, T6 caudal, and T9 caudal endplates as well as the cranial L3 and caudal L7 endplates (Figs

3 and 4). While the rate at which cervical vertebrae were affected differed from the other

regions significantly (cervical versus thoracic, X2 = 80.49, p =>0.0001; cervical vs. lumbar, X2

= 82.29, p =<0.0001), the difference between thoracic and lumbar vertebrae was not signifi-

cant (X2 = 0.78, p = 0.3148).

Sled dogs followed the same pattern, with the cervical vertebrae least affected and lumbar

vertebrae most affected. Peaks occurred at the T2 and T3 cranial endplates and the cranial and

caudal L3 and L7 caudal endplates (Fig 4). In this group, the rates at which all three regions

were affected differed significantly (cervical versus thoracic, X2 = 7.72, p = 0.0038; cervical ver-

sus lumbar, X2 = 19.8, p =<0.0001; thoracic versus lumbar, X2 = 5.76, p = 0.010).

Among wolves the cervical region was also least affected, but in contrast with the dogs, they

were most affected by spondylosis deformans in the thoracic region. Peaks occurred at the T1

cranial and T6 cranial endplates and the L1 cranial and L7 caudal endplates (Fig 3). As with

the sled dogs, the rates at which all three regions were affected differed significantly (cervical

versus thoracic, X2 = 68.00, p = <0.0001; cervical versus lumbar, X2 = 16.13, p =<0.0001; tho-

racic versus lumbar, X2 = 19.53, p =<0.0001).

Sex-based differences in the distribution of osteophytes were observed in non-transport

dogs. Females had a higher prevalence (134/796 (16.83%)) of affected cervical endplates than

males (66/686 (7.60%)). The difference between the two groups was highly significant (X2 =

29.43, p =<0.0001). Males and females were similarly affected in the thoracic region but again
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Fig 3. Distribution of osteophytes in dogs and wolves by percentage of endplates affected.

https://doi.org/10.1371/journal.pone.0214575.g003

Fig 4. Distribution of osteophytes in dogs by percentage of endplates affected.

https://doi.org/10.1371/journal.pone.0214575.g004
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differed in the distribution of osteophytes in the lumbar region: females were affected at a rate

of 273/796 (34.30%) and the frequency in males was 175/866 (20.21%). The difference between

the two groups was highly significant (X2 = 30.54, p =<0.0001). Visual comparison of the dis-

tribution of osteophytes in female and male non-transport dogs is illustrated in Fig 5. There

were no significant differences in the distribution of osteophytes by sex in wolves, and the sled

dog population was too small to provide meaningful results.

Grades of osteophytes

The severity of osteophyte formation for each group is presented in Table 4. In all groups,

grade 1 osteophytes were most common, and grade 3 osteophytes were least common. The

average grade of affected endplates for non-transport dogs was 1.35. In general, severe osteo-

phytes were more likely to occur in the lower thoracic and lumbar vertebrae. The distribution

of osteophyte grades in non-transport dogs is illustrated in S1 Fig. No sled dogs were affected

with grade 3 osteophytes, and the average osteophyte grade for this group was 1.21. The distri-

bution of osteophyte grades for sled dogs is illustrated in S2 Fig. Wolves were affected with an

Fig 5. Distribution of osteophytes in non-transport dogs by sex.

https://doi.org/10.1371/journal.pone.0214575.g005

Table 4. Severity of spondylosis deformans in affected endplates of dogs and wolves.

Non-transport dogs Sled dogs Wolves

n (%) n (%) n (%)

Grade 1 985(67.14) 86(52.76) 296(65.92)

Grade 2 450(30.67) 19(11.66) 137(30.51)

Grade 3 33(2.25) 0(0.00) 16(3.56)

Average grade 1.35 1.21 1.38

https://doi.org/10.1371/journal.pone.0214575.t004
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average osteophyte grade of 1.38. The occurrence of grade 3 osteophytes was limited to the

lower thoracic and lumbar vertebral regions. The distribution of osteophytes by vertebrae in

wolves is illustrated in S3 Fig.

In general, the occurrence of osteophyte grades 1 and 2 increased with age across all groups.

Stage 3 osteophytes were relatively rare in all groups and did not seem to be linked to age. In

non-transport dogs, there was a substantial increase in the occurrence of grade 1 and grade 2

osteophytes after 8 years of age (S6 Table). These patterns are illustrated in S4 & S5 Figs.

The total number of sled dogs assessed by age was very small, but the individuals analyzed

followed a pattern similar to the non-transport dogs. The overall number of osteophytes

increased markedly after 11 years of age, but increased age was not necessarily related to the

severity of the osteophytes (see S7 Table and S6 & S7 Figs).

Among wolves there was a steady increase in the total number of osteophytes as age

increased and a marked increase in the occurrence of osteophytes after 8 years of age (S8 Table

and S8 & S9 Figs). As with the dogs, grade 1 osteophytes were consistently the most numerous

and again, increased age did not appear to be a predictor of severity.

Discussion

Spondylosis deformans was prevalent in dogs regardless of their participation in transport

activities (Fig 6). While non-transport dogs had the highest proportion of affected individuals,

they did not differ significantly from sled dogs in this regard.

Fig 6. Prevalence of spondylosis deformans in all canid groups.

https://doi.org/10.1371/journal.pone.0214575.g006
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In general, wolves were less affected by spondylosis deformans than either of the dog groups

(Fig 6). Overall, 21.16% of wolves were affected with the disease, but wolves living in captivity

were more affected than any other canid group in the study, with 76.92% of individuals exhib-

iting the lesions. This differs drastically from the frequency observed in wild wolves (19.98%)

and is highly significant. The prevalence in captive wolves was similar to dogs, suggesting that

the environment in which a canid lives contributes to its likelihood of developing the disease, a

point we return to below. Though the sample size was very small, dingoes also demonstrated

this pattern, with 50.00% of captive dingoes affected with spondylosis compared to 20.00% of

the wild population.

The prevalence of spondylosis deformans in non-transport dogs and sled dogs was similar

to that observed in previous studies. Using radiographs Morgan [20] found that 71 of 116

(61%) individuals from various breeds were affected by the disease. In a study of 140 skeleton-

ized dogs from England, Read and Smith [27] documented that 75% were affected. Finally, a

study of radiographs of dogs from England, the United States, and Sweden found that 110 of

175 (62.8%) individuals were affected [22].

The prevalence of spondylosis deformans observed in both non-transport and sled dogs is

comparable to that observed among the British Antarctic Survey’s sled dogs. Bellars and God-

sal [32] reported that 9/11 (81.82%) of their radiographed sleds dogs were affected. While the

frequency observed in the Antarctic sled dogs was higher than those observed in the non-

transport or sled dogs assessed in the present study, the differences between the groups are not

significant (versus this study’s non-transport dogs, X2 = 0.35, p = 0.2825; versus this study’s

sled dogs, X2 = 0.35, p = 0.2825), and are likely the product of a comparatively small sample

consisting exclusively of older dogs. In fact, when dogs from the present study of the same age

range as the Antarctic dogs (ages 5 to 10 years) are considered, the frequency of individuals

affected with spondylosis deformans is nearly identical to that of the Antarctic dogs (31/38:

81.58%).

The proportion of individuals with spondylosis deformans steadily increased with age in all

analytic groups (Fig 2). This trend was not surprising since spondylosis is a degenerative dis-

ease, and other studies have shown a similar correlation in dogs [20, 22, 25, 27, 29] and other

mammal species, including humans [19, 23, 24, 30, 38–42].

This correlation may also explain the higher prevalence of spondylosis deformans among

dogs and captive wolves as compared to wild wolves. In the wild, few wolves live beyond four

or five years of age [43] though in rare cases they can reach up to 15 years of age [44]. Removed

from the dangers of the wild, wolves living in captivity are more likely to survive to old age and

can live up to 17 years [44]. For domestic dogs living in the care of humans, the average life-

span is 10–13 years [45, 46] though they too can live much longer. The present study found

that across canid groups, half of all individuals aged 3–5 years were already affected with the

disease and that the proportion of individuals affected steadily increased after 5 years of age.

Assuming captivity can extend the lives of wolves, one would expect the disease to be more

common among the captive population than among wild individuals.

From an archaeological perspective, these observations suggest that, rather than an indica-

tor of participation in transport activities, higher rates of spondylosis deformans in a popula-

tion of archaeological dogs could indicate the presence of older individuals. A high frequency

of affected vertebrae may further support such a conclusion. Furthermore, high frequency of

osteophytes in archaeological canids may indicate some degree of human care and provision-

ing, as canids are less likely to reach advanced ages when living in the wild.

Osteophyte severity was assessed in all canid groups. Though no meaningful age-related

patterns were observed, we recommend that researchers documenting the occurrence of spon-

dylosis deformans in canid specimens continue to evaluate the severity of osteophytes. Grade 3
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osteophytes, though rare, are large and conspicuous and therefore more likely to be observed

by archaeologists, especially those without training in paleopathology. In contrast, grade 1

osteophytes, which are most common in canids, are smaller, less conspicuous, and more likely

to be overlooked. By systematically describing the severity of osteophytes on all vertebrae, mis-

representation of disease prevalence within an archaeological assemblage can be avoided.

Previous studies of domestic dogs [20, 22, 25, 26, 29] argue that certain breeds may be

genetically predisposed to developing spondylosis deformans. In the present study, inbred

wolves were found to have a higher frequency of the disease than their non-inbred counter-

parts. Though the two populations did not differ significantly in frequency, there is still a rela-

tively high degree of probability (~90%) that these differences were not due to chance alone.

This finding lends some additional support to the suggestion that spondylosis deformans has a

heritable genetic component.

This study also found a correlation between body mass and the occurrence of spondylosis

deformans in domestic dogs. When non-transport dogs were divided into size-related breed

groups the frequency of spondylosis deformans increased with body size. Though small and

medium dogs did not differ significantly in the rate of individuals affected with the disease, the

rate at which large dogs were affected as compared to small and medium dogs was highly sig-

nificant suggesting that larger dogs are more prone to the disease. Morgan [20] also found evi-

dence that body mass plays a role in the development of the disease in some dogs. This stresses

the need for body size estimation when examining spondylosis deformans in ancient canid

remains.

The distribution of osteophytes observed here was similar to those seen in previous studies,

though a few key differences were observed. Like Morgan [20], Morgan et al. [22] and Read

and Smith [27], the most commonly affected vertebrae were in the mid-thoracic and first few

lumbar vertebrae as well as at the L7/sacral joint. However, the degree of cervical involvement

in non-transport dogs was higher than in previous studies, and in sled dogs the first three tho-

racic vertebrae were much more affected than in other studies.

Differences were observed when the data from this study was compared to the rates and dis-

tribution of osteophytes in a study of archaeological dogs from Illinois and the southeastern

United States [16]. Here, Warren observed minor peaks in the frequency of spondylosis defor-

mans in the first few thoracic vertebrae and in the lower thoracic and lumbar regions [16]. Fre-

quencies near or exceeding 70% were also observed from the twelfth thoracic through fifth

lumbar vertebrae, a rate much higher than that observed in any group in the present study.

The sled dogs, like the dogs in Warren’s sample, experienced more involvement in the first

few thoracic vertebrae than the non-transport group, but in general, modern canids were

more affected in the mid-thoracic vertebrae than Warren’s dogs and less affected in the lower

thoracic and lumbar vertebrae. This is especially true for the wolves, which were most affected

in the mid-thoracic vertebrae and presented a generally different pattern of distribution than

the dogs in Warren’s study.

It is not clear if the differences in the distribution of osteophytes between the dogs described

by Warren and our canids occurred because the former dogs were used for carrying packs, as

Warren has suggested [16]. In the present study, different patterns of osteophyte distribution

were observed in male and female non-transport dogs. Though this does not necessarily

explain the pattern of low mid-thoracic involvement in Warren’s dogs, these sex-based differ-

ences indicate that factors beyond just habitual activity can affect osteophyte formation and

distribution in dogs. While it remains possible that differences in mechanical forces influence

the distribution of osteophytes, in the absence of data on spondylosis deformans in known

pack dogs, other factors such as sex, breed, age, and size differences known to predispose dogs

to marginal osteophytes should also be considered.
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Both Arnold [10] and Snyder [15] have speculated that in individual dogs, the presence of

spondylosis deformans at multiple contiguous vertebrae might be related to transport activi-

ties. However, all groups assessed in this study had individuals affected with spondylosis defor-

mans on three or more contiguous vertebrae. Contrary to these earlier studies, this pattern

most frequently occurred among non-transport dogs, with 71.11% of individuals with spondy-

losis deformans having multiple contiguous affected vertebrae compared to a frequency of

41.67% in sled dogs and 33.33% in wolves (Fig 7). While these differences may in part be

explained by the generally older age-profile of the non-transport dog group, the average num-

ber of contiguous affected vertebrae was similar across groups. Respectively, affected individu-

als in these groups had an average of 8.89, 7.00, and 9.47 contiguous affected vertebrae. In

non-transport dogs 17.78% of individuals with spondylosis deformans had one or more entire

vertebral section(s) (i.e.: cervical, thoracic, lumbar) affected by the disease. This occurred less

in sled dogs (8.33%) and wolves (5.88%). Based on these results, the presence of spondylosis

deformans on three or more contiguous vertebrae, or on entire vertebral sections, is not useful

in identifying dogs used in transport activities.

Non-transport dogs in the present study had a significantly higher proportion of endplates

affected by the disease than the other canids. This means that individuals affected with the dis-

ease showed symptoms in a greater number of vertebrae than individuals in the sled dog or

wolf group. It is not clear if these differences reflect the age profiles of each group, or if real dif-

ferences exist between the analytic groups. In non-transport dogs 20.02% of endplates were

affected as compared to 15.89% in sled dogs, and 3.46% in wolves. On average, an individual

non-transport dog with the disease had 16.31 endplates affected in their spinal column. Wolves

and sled dogs had a similar degree of involvement in affected individuals—affected wolves had

Fig 7. Frequency of multiple contiguous vertebrae (�3) affected by spondylosis deformans in dogs and wolves.

https://doi.org/10.1371/journal.pone.0214575.g007
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an average of 8.80 affected endplates/individual and affected sled dogs had an average of 8.08

affected endplates/individual.

Conclusions

Systematic analysis of a large sample of canid vertebrae found that dogs and captive wolves are

affected by similar rates of spondylosis deformans regardless of their participation in transport

activities. Our analysis indicates that several factors including age, sex, breed, and body mass

correlate with the development of marginal osteophytes and their distribution in the spines of

dogs and wolves. Furthermore, non-transport dogs were affected by marginal osteophytes on a

significantly higher number of endplates per individual than either sled dogs or wolves. This

suggests that spondylosis deformans might be more visible in archaeological dogs that did not

participate in transport activities than in those that did. Differences in the age profiles of our

samples might partially explain this pattern, but overall, we find no convincing evidence that

transport dogs experienced higher rates of this disease than other canid groups.

Clearly, the presence of spondylosis deformans in dog skeletal remains is not a reliable indi-

cator of their participation in transport activities. Future studies might search for correlations

between involvement in transport and degenerative changes in other parts of the skeleton, par-

ticularly the limb joints, or changes in limb robusticity and shape related to habitual differ-

ences in loading. Given the correlations observed between age and the prevalence and severity

of spondylosis deformans, interpretations of this disease (and others that manifest in the skele-

ton) will benefit from efforts to improve age determination methods for archaeological canid

remains. The general relationship between the prevalence of the disease and dog size suggests

body mass estimates are necessary datapoints for canid paleopathology. Sex-based differences

in the pattern of spondylosis deformans were also observed, pointing for a need to develop bet-

ter sexing methods for canid skeletal remains.

This study is part of a larger movement within animal paleopathology to develop analytic meth-

ods based in empirical research, rather than archaeologist’s interpretations of veterinary and osteo-

logical literature [12, 47–54]. By systematically testing skeletal lesions in populations with known

life-histories we can improve the quality and accuracy of our interpretations. When these studies

are eventually paired with advances in ageing and sexing animal remains, the field of animal paleo-

pathology will make increasingly stronger contributions to the study of the human-animal past.
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36. Lovell NC. Trauma analysis in paleopathology. Am J Phys Anthropol. 1997 Jan 1; 104(S25):139–70.

37. Nathan H. Osteophytes of the vertebral column: An anatomical study of their development according to

age, race, and sex with considerations as to their etiology and significance. JBJS. 1962 Mar 1; 44

(2):243–68.

38. Baker J, Brothwell D. Animal Diseases in Archaeology. London: Academic Press; 1980.

39. Buikstra JE, Ubelaker DH. Standards for data collection from human skeletal remains: proceedings of a

seminar at the field museum of natural history. Arkansas Archaeological Survey Research Series. No.

44. Fayetteville, Arkansas Archaeological Survey; 1994.

40. Jeffcott LB. Disorders of the thoracolumbar spine of the horse—a survey of 443 cases. Equine Vet J.

1980 Oct 1; 12(4):197–210. PMID: 7439145

41. Kolmstetter C, Munson L, Ramsay EC. Degenerative spinal disease in large felids. J Zoo Wildl Med. 2000

Mar; 31(1):15–9. https://doi.org/10.1638/1042-7260(2000)031[0015:DSDILF]2.0.CO;2 PMID: 10884118

42. Meehan L, Dyson S, Murray R. Radiographic and scintigraphic evaluation of spondylosis in the equine

thoracolumbar spine: a retrospective study. Equine Vet J. 2009 Nov 1; 41(8):800–7. PMID: 20095229

43. Fuller TK, Mech LD, Cochrane JF. Wolf Population Dynamics. In: Mech LD, Boitani L, editors. Wolves:

Behavior, ecology, and conservation. University of Chicago Press; 2003. pp.161–191.

44. Mech LD. Estimated age structure of wolves in northeastern Minnesota. J Wildl Manage. 2006 Dec; 70

(5):1481–3.

45. Michell AR. Longevity of British breeds of dog and its relationships with sex, size, cardiovascular vari-

ables and disease. Vet Rec. 1999 Nov; 145(22):625–9. PMID: 10619607

46. Proschowsky HF, Rugbjerg H, Ersbøll AK. Mortality of purebred and mixed-breed dogs in Denmark.

Prev Vet Med. 2003 Apr 30; 58(1):63–74.

47. Bendrey R. New methods for the identification of evidence for bitting on horse remains from archaeolog-

ical sites. J Archaeol Sci. 2007 Jul 1; 34(7):1036–50.

48. Darton Y, Rodet-Belarbi I. Damage caused by permanent fetters in present-day sheep on the island of

Delos (Greece). In: Bartosiewicz L, Gal E, editors. Care or neglect? Evidence of animal disease in

archaeology. Oxford: Oxbow Books; 2018. p. 240–246.

49. Janssens LA, Vitales T, Lawler D. Are spinal deformities in ancient dogs related to weight bearing? The

importance of fluctuating asymmetry. Int J Osteoarchaeol. 2018 Oct 2;1–6.

50. Lawler DF, Widga C, Rubin DA, Reetz JA, Evans RH, Tangredi BP et al. Differential diagnosis of verte-

bral spinous process deviations in archaeological and modern domestic dogs. J Archaeol Sci: Reports.

2016 Oct 31; 9:54–63.

Spondylosis deformans in archaeological dogs

PLOS ONE | https://doi.org/10.1371/journal.pone.0214575 April 17, 2019 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/14753351
http://www.ncbi.nlm.nih.gov/pubmed/7603058
http://www.ncbi.nlm.nih.gov/pubmed/5649645
http://www.akc.org/dog-breeds/
http://www.akc.org/dog-breeds/
http://www.fci.be/en/Nomenclature/
http://www.ncbi.nlm.nih.gov/pubmed/7439145
https://doi.org/10.1638/1042-7260(2000)031[0015:DSDILF]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/10884118
http://www.ncbi.nlm.nih.gov/pubmed/20095229
http://www.ncbi.nlm.nih.gov/pubmed/10619607
https://doi.org/10.1371/journal.pone.0214575


51. Levine MA, Bailey G, Whitwell KE, Jeffcott LB. Palaeopathology and horse domestication: the case of

some Iron Age horses from the Altai Mountains, Siberia. In: Bailey G, Charles R, Winder N, editors.

Human Ecodynamics. Symposia of the Association for Environmental Archaeology. Oxford: Oxbow

Books; 2000. p. 123–133.

52. Losey RJ, Jessup E, Nomokonova T, Sablin M. Craniomandibular Trauma and Tooth Loss in Northern

Dogs and Wolves: Implications for the Archaeological Study of Dog Husbandry and Domestication.

PLoS ONE. 2014 Jun 1; 9(6):1–16.
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