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Heritabilities for the puppy weight at birth
in Labrador retrievers
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Abstract

Background: Weight at birth is an important predictor of neonatal mortality and morbidity in dogs. In addition, the
birthweight of the puppies in a litter influences the decision to perform a cesarean section. The goal of the present
study was to estimate heritabilities for the puppy birth weight in Labrador retrievers.

Results: Of the 1138 Labrador retriever litters whelped at the Guiding Eye for the Blind between September 2001
and February 2018, 1013 were included in the analyses after data editing. Puppy weight at birth was the target trait,
measured on a continuous scale in pounds, and converted to grams. Linear mixed models were used to identify
factors influencing puppy weight at birth. The analyses showed that the sex of the puppy, litter size, length of
gestation, adult weight of the dam, parity, year of birth and inbreeding coefficient of the puppies and dams
contributed to the variance of the puppy birth weight. Dam and litter effects were included as random effects. A
multiple trait derivative free restricted maximum likelihood approach was used to estimate variance components
and genetic parameters with two animal models, one without covariates (Model 1) and one with covariates (Model
2). Sex of the puppy and litter size had moderate effects, whereas gestation length, adult weight of the dam, parity,
year of birth and inbreeding coefficients of the dam and the puppies had minor effects. Estimates for Model 1 and
Model 2 were 0.21 and 0.17 for the direct heritabilities, 0.22 and 0.22 for the maternal additive genetic heritabilities,
0.07 and 0.07 for the maternal permanent environmental proportions, and 0.14 and 0.08 for the environmental
proportion of the litter.

Conclusions: In order to estimate reliable breeding values for puppy weight at birth, sex of puppy, litter size,
length of gestation and the adult weight of the dam should be included. Estimates could benefit from weighing
the dams prior to each mating.

Keywords: Puppy weight at birth, Predictors, Labrador retriever, Heritabilities, Maternal effects

Background
The size or weight of puppies at birth is an important
parameter, which influences neonatal mortality and
morbidity and is a predictor of puppy survival [1–3].
After a physiological weight loss within the first three
days post-partum the growth curve reverses and birth
weight is doubled after two weeks [4]. Breeders should
weigh the puppies daily for at least the first three weeks
[5] and provide each puppy with an individual feeder
bowl. In this way, problem puppies are recognized early
and the breeder may seek advice from a veterinarian. A
recent publication proposes health monitoring for

newborn puppies by assessing blood and other parame-
ters to reduce neonatal losses [6].
Factors with an influence on the birthweight have been

reviewed for domestic animals [7]. Among them are year
and season of birth, sex, age and diet of the dam and
fetal environment.
A low birthweight may be caused by a short gestation

time and/or intrauterine growth retardation as reported in
humans and other mammalian species including the dog
[8, 9]. Possible influences on gestation length in dogs in-
cluding breed, litter size, parental age and size or parity
have been investigated in different breeds [2, 10–13], but
were not conclusive. This could be due to differences in
the assessment and/or the classification of the data. A re-
cent genome-wide association study revealed six canine
SNPs associated with gestation length [14], which may
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lead to the identification of genetic variants influencing
this trait.
Birth weight is not only determined by the genetic

makeup of the offspring and its environment, but also by
the maternal genetic composition and environment pro-
vided by the dam [15]. Estimates for genetic parameters
for the birth weight in dogs are scarce. Nielen and co-
workers [16] estimated the direct heritability for birth
weight in Boxers to be 0.62. Helmink and coworkers es-
timated direct heritabilities for German shepherds (GS)
and Labrador retrievers (LR) to be in the range of 0.14
to 0.17 and 0.26 to 0.36, respectively, depending on the
model applied [17]. In the same study the maternal addi-
tive genetic heritabilities were estimated to be in the
range of 0.55 to 0.56 for GS and 0.44 to 0.48 for LR. Es-
timation of maternal effects may improve breeding value
estimation.
Guiding Eyes for the Blind is a non-for profit

organization that breeds and trains mostly LR and a few
GS to provide guide dogs to people who are blind or have
visual impairment. The breeding strategy and detailed
procedures of Guiding Eyes for the Blind have been de-
scribed [18]. The aim of the present study was to identify
factors that influence puppy weight at birth which can
provide insights for improvement in the Guiding Eyes for
the Blind breeding program.

Results
To reliably estimate parameters levels of covariates with
less than 30 litters were not included in the analyses. As
a result of this restriction, 91 litters with a litter size
smaller than four puppies or larger than eleven puppies,
15 litters with a gestation length shorter than 56 days or
longer than 63 days and 19 litters with parities larger
than six were dropped, leaving 1013 litters with 7827 pup-
pies in the study. The average puppy weight was 485 g,
and males were heavier (497 g) than females (472 g). Adult
dam weight, inbreeding coefficient of the dam and puppy,
sex, year of birth of the litter, length of gestation, litter
size, parity and parity squared were identified to be signifi-
cant covariates (p ≤ 0.05) for PBW and were included in
model 2 (Table 1). The fixed effects of season of birth
of the litter, inbreeding coefficient of the sire, as well
as adult weight of the sire did not have a significant
effect on PWB in LR.
Sex of the puppy and litter size had moderate effects,

whereas gestation length, adult weight of the dam, par-
ity, year of birth and inbreeding coefficients of the dam
and the puppies had minor effects (Table 1). Estimates
of variance components (Table 1) and genetic parame-
ters (Table 2) for PWB are shown for models 1 and 2.
To make the individual effects of the covariates (model
2) more tangible, detailed information about their mag-
nitude are given in Additional file 1.

The relatively large effect of sex with 24 g in favor of
male puppies led to the question: Are we looking here at a
case of sexual dimorphism caused by direct and/or mater-
nal additive genetic effects [19]? To clarify this question a
bivariate mixed model was applied using WOMBAT [20]
with the male PWB as one trait and female PWB as the
other one. The aim was to measure the genetic correlation
between the two traits (Additional file 2). The genetic cor-
relations of the direct effects as well as the one of the ma-
ternal effects reached almost unity. These results indicate
that the architecture of the direct as well as the maternal
additive genetic effects of PWB should be very similar in
both sexes. These findings allowed for jointly analyzing
the PWB of both sexes and to run a univariate mixed ani-
mal model with sex as covariate.

Table 1 Effects influencing the individual birth weight of
puppies. Comparison of the variance components of a model
without covariates (Model 1) and a model with covariates (2).
The direct-maternal covariance was held at zero

Covariate/Variance Model 1 Model 2

Adult weight of the dam in kg 5.30

Inbreeding coefficient of the individual −81.20

Inbreeding coefficient of the dam 101.17

Sex −24.37

Year of birth 2.16

Length of gestation in days 5.84

Size of the litter −11.40

Parity 3.95

Parity squared −4.18

Variance direct genetic 1032.40 657.13

Variance maternal genetic 1088.56 835.16

Variance dam environmental 357.67 273.48

Variance litter environmental 701.47 324.80

Residual 1765.53 1787.46

Total variance 4945.64 3878.04

Table 2 Proportions of variance components influencing the
individual birth weight of puppies. Comparison of the variance
components of a model without covariates (1) and a model with
covariates (2). The direct-maternal covariance was held at zero

Covariate/Variance Model 1 Model 2

Heritability direct 0.21 ± 0.047 0.17 ± 0.041

Heritability maternal 0.22 ± 0.053 0.22 ± 0.049

Dam environmental proportion 0.07 ± 0.034 0.07 ± 0.031

Litter environmental proportion 0.14 ± 0.013 0.08 ± 0.010

Residual proportion 0.36 ± 0.033 0.46 ± 0.032

Total heritability* 0.32 0.28

* h2T ¼ ðσ2d þ 0:5∙σ2
m þ 1:5∙σdmÞ=σ2p
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Discussion
Birth weight is a complex trait and influenced by many
factors. In LR, individual PWB has an influence on the
decision if a cesarean section is performed [18]. PWB
and post-natal weight gain are important parameters to
recognize problem neonates and puppies deviating from
normal development, respectively. Variation in size is
desirable for Guiding Eyes for the Blind client place-
ments. Dogs provided to people who are blind or
visually impaired and also have difficulties with balance
require a larger dog to aid in stability. In contrast, many
guide dog users prefer a smaller more compact dog to
easily fit in smaller spaces available when using commer-
cial means of transportation. However, too heavy or too
large guide dogs may be a hazard for the user [17].
Avoiding the birth of puppies with extreme birth weights
is desirable in dog breeding and enhances welfare of the
animals in general.
In dogs, season of birth was associated with risk for car-

diovascular disease risk [21] and fertility in bitches kept in
tropic countries [22], however, the authors are not aware
of any work reporting a seasonal effect on PBW. In the
present study the season in which the LR litters were born
did not affect the PBW. This is in contrast to findings in
humans where the season of birth was strongly associated
with birthweight and adult weight, as well as health out-
comes in later life [23]. Seasonal effects on birth weight
were found in horse or sheep [24, 25].
Sex of the individual affected birth weight in LR. On

average, female puppies were 24 g lighter than male pup-
pies. This effect of the sex of an individual confirms the
results of earlier studies in the dog [3, 16, 26] and may
reflect physiological differences between the sexes. In
our data a genetical sex dimorphism could not be de-
tected. As in full sib families dominance effects could
affect the estimation of additive genetic effects [27, 28]
we also investigated possible dominance effects in our
data using WOMBAT together with the R-package
NADIV [27]. With the same approach we also assessed
possible sex chromosomal influences usually not consid-
ered in variance component analyses. Our data revealed
neither substantial dominance effects nor sex-linked ef-
fects (Additional file 3).
The antagonistic relation between litter size and PWB

is well known for domestic animals [7]. In LR, an in-
crease of the litter size by one puppy resulted in a mod-
erate decrease of PBW of 11 g in average confirming
results of earlier studies in the dog [3, 16, 29, 30].
Not surprisingly, longer gestation resulted in an in-

crease of PWB in LR. However, the effect was small with
an increase of about 6 g for an additional day in the
length of gestation.
Whereas the adult weight of the sire did not influence

PWB in LR, offspring of heavier dams showed a slightly

higher PWB, on average by 5 g per kg adult weight,
which confirms a previous report [3]. In a study of Great
Danes with a rather restricted data set, the maternal and
paternal adult weight had a positive effect on the PBW.
Furthermore, higher adult weight of the sire increased
neonatal weight gain in this breed [29].
In LR, up to about parity two to three the PWB in LR

increased about 4 g in a linear fashion whereas from
about parity two to three to parity six the PWB de-
creased about 4 g in a non-linear fashion. A similar
observation was made in humans [31].
Although the PWB was fluctuating over the years

there was a very small increase of 2 g per year from 2001
to 2018. It is well known, that the year of birth may lead
to variation of the birth weight by differences in the cli-
mate, management and selection of breeding animals in
domestic species [7]. The reason for this very small in-
crease of PWB in LR remains unclear but may be related
to the selection of breeding animals.
Inbreeding may affect many traits including birth

weight [32] and litter size [33] in domestic animal spe-
cies. In the present study, PBW was only marginally in-
fluenced by the inbreeding coefficient. Inbreeding of the
puppies and the dam had very small but opposite effects.
A 1 % increase in the dam or in the individual resulted
in a higher or lower birth weight by 1 g, respectively.
Comparing the total variance of the two models (Table

1) the covariates in model 2 seem to absorb about 20%
of the total variance in model 1. The residual variances
are not different but the environmental variance of the
litter in model 2 is less than half of that in model 1 and
the direct genetic variance in model 2 is close to half of
that in model 1. The differences of the maternal genetic
variance and the environmental variance of the dam are
much less pronounced between the two models. These
observations are reflected in the estimates of heritabil-
ities and proportions (Table 2). The maternal heritability
(0.22 and 0.22) and the environmental proportion of the
dam (0.07 and 0.07) are practically identical in both
models whereas the direct heritability (0.21 and 0.17)
and the environmental proportion of the litter (0.14 and
0.08) are larger in model 1. The residual is larger in
model 2 due to the smaller total variance. Total herit-
ability [34] for PWB in LR was 0.32 and 0.28 in model 1
and 2, respectively (Table 2). In Boxers, estimates for
heritability of birthweight (corrected for litter effects and
sex) were much higher (0.62) [16]. This discrepancy may
be explained by the fact that for our study maternal
effects were included in the models. Helmink and
coworkers estimated heritabilities for birthweight in
German shepherd dogs and LR [17] by using the follow-
ing bivariate models: birth weight – 42 days weight and
birth weight - mature weight accounting for the litter.
For birthweight in LR they found similar direct genetic
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heritabilities 0.17 and 0.12, but higher maternal herita-
bilities 0.35 and 0.37 respectively.
Our results suggest that the inclusion of covariates

may lead to better estimates although standard errors of
heritabilities and proportions are only marginally smaller
in model 2 than in model 1.

Conclusions
Our findings apply to the colony of LR of the Guiding
Eyes for the Blind and are not necessarily meaningful for
LR breeding at large. However, the knowledge benefits
anyone (especially the working dog community) who
wants to investigate birth weight in a specific population,
canine or not, or improve the situation with respect to
birth weight in specific populations. Results suggest that
the inclusion of covariates in the model improves the es-
timates of variance components. The magnitude of the
heritabilities indicates that estimation of breeding values
could improve breeding program with respect to PWB.
Whether our findings help to improve the situation with
respect to the stabilization of PWB in guide dogs
depends heavily on how they can be implemented in a
breeding strategy that is focused on the guiding abilities
of the dogs. To evaluate the impact of our results on the
general LR population, reliable data on PWB need to be
collected. Most of the covariates included in model 2
could also be recorded in the field.

Methods
Statistical analyses were carried out using Stata/SE 15.1
(StataCorp, 4905 Lakeway Drive, College Station, Texas
77,845, USA) and MTDFREML [35]. The pedigree pro-
vided by Guiding Eyes for the Blind included 10,086 LR.
The target trait, individual puppy weight at birth (PWB)
was measured in pounds and converted to grams. The
final data set comprised 7827 puppies in 1013 litters by
386 dams and 193 sires, born from September 2001 to
February 2018 (Additional file 4). Potential predictors
were chosen based on literature [4, 11, 26, 29, 36, 37].
Breed, a well-known factor influencing PBW [6] was not
relevant for the present study because all animals were
LR. The diet of the dam during pregnancy can influence
the birth weight of puppies [26], but was not included in
the analyses, because keepers of pregnant dams adhere
to the feeding regime recommended by the Guiding Eyes
for the Blind. Descriptive statistics for PWB and vari-
ables in the analyses are given in Additional file 5. Prior
to the estimation of variance components, the signifi-
cance of factors was evaluated and correlations between
explanatory variables estimated (Additional file 6). Litter
size ranged from 4 to 11. Litters with less than four pup-
pies and litters with twelve or more puppies were ex-
cluded from the analyses. Parity (ranging from 1 to 6)
and parity squared, as well as length of gestation were

included. Length of gestation was calculated between the
date of progesterone rise/release of lutenizing hormone
plus 5 days and the whelp date measured in days. Litters
with gestation lengths shorter than 56 days or longer
than 63 days were excluded. Litters after cesarean sec-
tions were included in the analyses, because the gesta-
tion time was known. Year of birth was a possible
predictor and encompassed the years 2001 to 2018. Fur-
ther possible predictors were the inbreeding coefficients
of the puppies and their parents, as well as the sex of the
puppies. Finally, adult weight of the dam was measured
in pounds then converted to kg.
Using MTDFREML two models were used to estimate

variance components of PWB. Model 1 contained no
covariates, because covariates are not always easily re-
corded in the field, and Model 2 included the covariates
identified to influence PWB (Additional file 7). The co-
variance between direct and maternal genetic effects
fluctuated around zero and was never different from
zero. Therefore, it was fixed at zero for both models. For
both models the following variance components were
estimated: direct genetic variance, maternal genetic vari-
ance, maternal environmental variance, environmental
variance by the litter and residual variance.
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1186/s12917-019-2146-8.

Additional file 1. Effects of covariates.

Additional file 2. Sex-specific bivariate analyses of male and female PWB.
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variance components.
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Additional file 5. Descriptive statistics of variables.

Additional file 6. Statistical Analyses of the birth weight in Labrador
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Additional file 7. Animal model of the birth weight in Labrador
Retrievers using MTDFREML.

Abbreviations
GS: German Shepherd; LR: Labrador retriever; PWB: puppy weight at birth

Acknowledgements
The authors want to thank Barbara Havlena, Guiding Eyes for the Blind, for
data editing and Matthew Wolak for helpful suggestions with respect to the
use of the R-package NADIV.

Authors’ contributions
JR, Senior Director, Genetics and Breeding and LM, Genetics Analyst
supervised data collection, prepared datasets, contributed content for the
paper particularly in methods and materials and also general edits and
responses to reviewers. GD, CG and CS did the data analyses. All authors CS,
CG, GD, JR, and LM contributed to the writing and review of the manuscript
and approved of its submission. All authors have read and approved the
manuscript.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Schelling et al. BMC Veterinary Research          (2019) 15:395 Page 4 of 5

https://doi.org/10.1186/s12917-019-2146-8
https://doi.org/10.1186/s12917-019-2146-8


Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
No research was conducted to collect the data. This study used retrospective
data stored by Guiding Eyes for the Blind as routine record keeping. All
animal care and treatments were provided by licensed veterinarians or
trained staff under supervision of licensed veterinarians following established
best practice with the only goal of providing optimal care. Guiding Eyes
Leadership Team approved release of the data for the purpose of analysis
and publication.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Clinic of Reproductive Medicine, Vetsuisse Faculty, University of Zurich,
Eschikon 27, 8315 Lindau, Switzerland. 2Institute of Genetics, Vetsuisse
Faculty, University of Bern, Bremgartenstrasse 109a, 3001 Bern, Switzerland.
3Guiding Eyes for the Blind, 611 Granite Springs Road, Yorktown Heights, NY
10598, USA.

Received: 14 March 2019 Accepted: 17 October 2019

References
1. Wilsman NJ, Van Sickle DE. Weight change patterns as a basis for predicting

survival of newborn pointer pups. J Am Vet Med Ass. 1973;163:971–5.
2. Gaines FP, Van Vleck LD. The influence of beagle sires on gestation length,

litter size, birth weight and livability. Carnivore Genet Newsl. 1976;3:75–9.
3. Groppetti D, Pecile A, Palestrini C, Marelli SP, Boracchi P. A national census

of birth weight in purebred dogs in Italy. Animals. 2017;7:43. https://doi.org/
10.3390/ani7060043.

4. Bigliardi E, Di Ianni F, Parmigiani E, Morini G, Bresciani C. Physiological
weight loss in newborn puppies of boxer breed. Ital J Anim Sci. 2013.
https://doi.org/10.4081/ijas.2013.e77.

5. Casal M. Management and critical care of the neonate. In: GCW E, von
Heimendahl A, editors. BSAVA manual of canine and feline reproduction
and neonatology. Gloucester: BSAVA; 2010. p. 146.

6. Mila H, Grellet A, Delebarre M, Mariani C, Feugier A, Chastant-Maillard S.
Monitoring of the newborn dog and prediction of neonatal mortality. Prev
Vet Med. 2017. https://doi.org/10.1016/j.prevetmed.2017.05.005.

7. Assan N. Various factors influencing birth weight in animal production.
Scientific J Rev. 2013;2:156–75.

8. Kramer MS. Determinants of low birth weight: methodological assessment
and meta-analysis. Bull World Health Organ. 1987;65:663–737.

9. Wootton R, Flecknell PA, Royston JP, John M. Intrauterine growth
retardation detected in several species by non-normal birthweight
distributions. J Reprod Fert. 1983;69:659–63.

10. Seki M, Watanabe N, Ishii K, Kinoshita Y, Aihara T, Takeiri S, Otoi T. Influence
of parity and litter size on gestation length in beagle dogs. Can J Vet Res.
2010;74:78–80.

11. Eilts BE, Davidson AP, Hosgood G, Paccamonti DL, Baker DG. Factors
affecting gestation duration in the bitch. Theriogenology. 2005. https://doi.
org/10.1016/j.theriogenology.2004.11.007.

12. Okkens AC, Teunissen JM, Van Osch W, Van Den Brom WE, Dieleman SJ,
Kooistra HS. Influence of litter size and breed on the duration of gestation
in dogs. J Reprod Fertil Suppl. 2001;57:193–7.

13. Gavrilovic BB, Andersson K, Linde FC. Reproductive patterns in the domestic
dog: a retrospective study of the Drever breed. Theriogenology. 2008.
https://doi.org/10.1016/j.theriogenology.2008.04.051.

14. Phillips JB, Smith SA, Johnson ML, Abbot P, Capra JA, Rokas A. Genome
wide association analysis identifies genetic variants associated with
reproductive variation across domestic dog breeds and uncovers links to
domestication. bioRxiv. 2018. https://doi.org/10.1101/285791.

15. Gholizadeh M, Mianji RG, Hashemi M, Hafezian H. Genetic parameters
estimates for birth and weaning weights in Raeini goats. Czech J Anim Sci.
2010;55:30–6.

16. Nielen AL, Janss LL, Knol BW. Heritability estimations for diseases, coat color, body
weight, and height in a birth cohort of boxers. Am J Vet Res. 2001;62:1198–206.

17. Helmink SK, Rodriguez-Zas SL, Shanks RD, Leighton EA. Estimated genetic
parameters for growth traits of German shepherd dog and Labrador
retriever dog guides. J Anim Sci. 2001;79:1450–6.

18. Dolf G, Gaillard C, Jane Russenberger J, Lou Moseley L, Schelling C. Factors
contributing to the decision to perform a cesarean section in Labrador
retrievers. BMC Vet Res. 2018. https://doi.org/10.1186/s12917-018-1381-8.

19. Boldman KG, Kriese LA, Van Vleck LD, Van Tassel CP, Kachman SD. A manual for use
of MTDFREML. A set of programs to obtain estimates of variances and covariances
[DRAFT]. 1995, USDA agricultural research services, Clay Center, Nebraska.

20. Dodamani MS, Krishnaswamy A, Honnappagol SS, Yathiraj S, Narayanswamy M,
Sudha G, Chandrashekarmurthy V. Birth weight, litter size, sex ratio and neonatal
mortality in purebred Mudhol hounds. Int J Sci Environ Tech. 2017;6:2307–17.

21. Melandri M, Alongea S, Verones MC. Factors affecting neonatal bodyweight
and growth rate in Great Dane puppies. Proceedings of the 8th
international Symposium on Canine and Feline Reproduction, Paris, France,
(2016). https://www.ivis.org/proceedings/iscfr/2016/154.

22. Lush JL, Hetzer HO, Culbertson CC. Factors affecting birth weights of swine.
Genetics. 1934;19:329–43.

23. Holt M, Meuwissen T, Vangen O. Long-term responses, changes in genetic
variances and inbreeding depression from 122 generations of selection on
increased litter size in mice. J Anim Breed Genet. 2005;122:199–209.

24. Wolak ME, Roff DA, Fairbairn DJ. Are we underestimating the genetic
variances of dimorphic traits? Methods Ecol Evol. 2015. https://doi.org/10.
1002/ece3.1361.

25. Meyer K. WOMBAT – a tool for mixed model analyses in quantitative
genetics by REML. J Zhejiang Uni SCIENCE B. 2007. https://doi.org/10.1631/
jzus.2007.B0815.

26. Boland MR, Kraus MS, Dziuk E. Gelzer AR. Scientific Reports: Cardiovascular
Disease Risk varies by birth month in canines; 2018. https://doi.org/10.1038/
s41598-018-25199-w.

27. Chatdarong K, Tummaruk P, Sirivaidyapong S, Raksil S. Seasonal and breed
effects on reproductive parameters in bitches in the tropics: A retrospective
study. J Small Anim Pract. 2007. https://doi.org/10.1111/j.1748-5827.2007.00342.x.

28. Day FR, Forouhi NG, Ong KK, Perry JRB. Season of birth is associated with birth
weight, pubertal timing, adult body size and educational attainment: a UK
Biobank study. Heliyon. 2015; https://doi.org/10.1016/j.heliyon.2015.e00031.

29. Beythien E, Aurich C, Wulf M, Aurich J. Effects of season on placental, foetal
and neonatal development in horses. Theriogenology. 2017. https://doi.org/
10.1016/j.theriogenology.2017.04.027.

30. Gardner DS, Buttery PJ, Daniel Z, Symonds ME. Factors affecting birth
weight in sheep: maternal environment. Reproduction. 2007. https://doi.
org/10.1530/REP-06-0042.

31. Wolak E. Nadiv: an R package to create relatedness matrices for estimating non-
additive genetic variances in animal models. Methods Ecol Evol. 2012;3:792–6.

32. Mrode RA. Linear models for the prediction of animal breeding values, 2nd
ed. Cambridge, MA: CABI Publishing (2005).

33. Wei Y-F, Wan J-S, Chen f-L CC, Li J, Cheng L-G, Mao A-G, Li F-X, Huang Q-G,
Tang S-S, Wei H-J. A retrospective study of female reproductive parameters
in the Kunmin dog. Anim Sci J. 2018. https://doi.org/10.1111/asj.12914.

34. Hinkle SN, Albert PS, Mendola P, Sjaarda L, Yeung E, Boghossian NS,
Laughon SK. The association between parity and birthweight in a
longitudinal consecutive pregnancy cohort. Paediatr Perinat Epidemiol.
2014. https://doi.org/10.1111/ppe.12099.

35. Pariacote F, Van Vleck LD, MacNeil MD. Effects of inbreeding and
heterozygosity on preweaning traits in a closed population of Herefords
under selection. J Anim Sci. 1998. https://doi.org/10.2527/1998.7651303x.

36. Schrack J, Dolf G, Reichler IM, Schelling C. Factors influencing litter size and
puppy losses in the Entlebucher Mountain dog. Theriogenology. 2017.
https://doi.org/10.1016/j.theriogenology.2017.03.004.

37. Willham RL. The role of maternal effects in animal breeding: III. Biometrical
aspects of maternal effects in animals. J Anim Sci. 1972;35:1288–93. https://
doi.org/10.2527/jas1972.3561288x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Schelling et al. BMC Veterinary Research          (2019) 15:395 Page 5 of 5

https://doi.org/10.3390/ani7060043
https://doi.org/10.3390/ani7060043
https://doi.org/10.4081/ijas.2013.e77
https://doi.org/10.1016/j.prevetmed.2017.05.005
https://doi.org/10.1016/j.theriogenology.2004.11.007
https://doi.org/10.1016/j.theriogenology.2004.11.007
https://doi.org/10.1016/j.theriogenology.2008.04.051
https://doi.org/10.1101/285791
https://doi.org/10.1186/s12917-018-1381-8
https://www.ivis.org/proceedings/iscfr/2016/154
https://doi.org/10.1002/ece3.1361
https://doi.org/10.1002/ece3.1361
https://doi.org/10.1631/jzus.2007.B0815
https://doi.org/10.1631/jzus.2007.B0815
https://doi.org/10.1038/s41598-018-25199-w
https://doi.org/10.1038/s41598-018-25199-w
https://doi.org/10.1111/j.1748-5827.2007.00342.x
https://doi.org/10.1016/j.heliyon.2015.e00031
https://doi.org/10.1016/j.theriogenology.2017.04.027
https://doi.org/10.1016/j.theriogenology.2017.04.027
https://doi.org/10.1530/REP-06-0042
https://doi.org/10.1530/REP-06-0042
https://doi.org/10.1111/asj.12914
https://doi.org/10.1111/ppe.12099
https://doi.org/10.2527/1998.7651303x
https://doi.org/10.1016/j.theriogenology.2017.03.004
https://doi.org/10.2527/jas1972.3561288x
https://doi.org/10.2527/jas1972.3561288x

	1
	Results
	Discussion
	Conclusions
	Methods
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

