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1. Introduction

The majority of economically significant traits are under the influence of genetic and environmental 
factors, as well as the interaction between the two (Hay and Roberts, 2018). Genotype × environment 
interaction (GEI) constitutes a complex system that presents challenges for advancing genetics in 
livestock animals (Araújo et  al., 2022). However, despite the potential influence of GEI on animal 
performance, most selection programs in Brazil do not incorporate this factor into their evaluations 
(de Paula Freitas et al., 2021). Neglecting GEI in selection makes it challenging to select animals that 
exhibit plasticity in the face of differing climatic challenges (Tiezzi et al., 2017).
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Bibliometric analysis is a statistical methodology that permits the quantitative examination of 
studies within a specific domain (Chen et  al., 2014). It enables the establishment of connections 
between research articles and topics (McManus et al., 2023a), provides information on the evolution 
and changes in a field of study (Yu et al., 2020), and aids in determining the origins of key concepts 
(Fellnhofer, 2019). As such, this analysis facilitates the understanding of the diverse areas of research 
including GEI and the identification of the main research groups and publications within the field.

VOSviewer®, a tool for conducting bibliometric analysis, allows users to create and explore network-
based maps. It facilitates the examination of co-authorship, co-occurrence, citation, bibliographic 
coupling, and co-citation links (Westby, 2021). 

In the literature, several studies have employed literature mapping to investigate the areas of animal 
genetic resources and their response to climate change (Vieira and McManus, 2023), as well as 
heat tolerance in production animals (McManus et al., 2023a). However, there is a noticeable gap in 
research addressing GEI in livestock animals.

Given the significance of accounting for GEI effect on animal performance and its impact on the proper 
selection of breeding stock, this study identified the principal countries and research groups focused 
on the subject. Additionally, it highlighted novel methodologies employed in GEI research. Therefore, 
the objectives were to unveil research trends through publications addressing GEI in production 
animals and to elucidate the strengths and weaknesses of research conducted in this area.

2. Material and Methods

In examining the global literature concerning GEI in production animals (cattle, sheep, goats, pigs, and 
poultry), we utilized the Web of Science database, renowned for its extensive publication coverage 
(Singh et al., 2020). The search on Web of Science incorporated criteria such as year of publication, 
language, journal, title, author, affiliation, keywords, document type, abstract, and citations. These 
data were exported in comma-separated values (CSV) format to Microsoft Excel, with information 
retrieval completed on August 17, 2023.

A set of minimum parameters was defined (Table 1). Following this, the data underwent processing 
via VOSviewer® software (version 1.6.15) (Van Eck and Waltman, 2020) to generate the figures and 

Table 1-	Bibliometric parameters for publications on genotype × environment interaction in farm animals

Total Minimum number of 
papers or citations

After minimum 
applied1 Linked2 Number of 

clusters3

Co-authors 1,326 2 283 136 7
Countries 50 3 28 83 6
Keywords 715 3 103 388 12

715 5 52 201 6
Citation - documents 415 10 189 443 13

Sources 76 3 27 131 7
Authors 1,382 3 112 1,197 9
Countries 50 3 28 218 5

Bibliometric coupling 415 15 142 1,967 11
Sources 76 3 27 320 6
Authors 1,382 3 112 3,364 14
Countries 50 3 28 378 6

Co-citation - references 9,106 20 23 219 4
Sources 2,738 20 76 2,296 7
Authors 5,421 20 77 71 4

1 Number of authors, countries, keywords etc, after applying for the minimum number from the previous column.
2 Number of authors, countries, and keywords with linkages to others in the analysis.
3 Total number of clusters formed per the criteria defined in the analysis.
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tables featured in this study. The choice of VOSviewer was justified by its user-friendly interface, 
high-quality graphics, and seamless integration with the Web of Science database (Westby, 2021). In 
generating the visual representations in VOSviewer, fractional counting was employed, wherein the 
contribution of each article is divided proportionally based on the number of co-authors (Martínez-
López et al., 2020). Consequently, if an article has three authors, each author’s weight is calculated 
as 1/3 (Perianes-Rodriguez et  al., 2016). This methodology results in the creation of networks 
illustrating co-authorship, keyword co-occurrence, citation relationships, bibliographic coupling, 
and co-citation (Van Eck and Waltman, 2020).

Co-authorship analysis took into account the number of co-authors in articles found on Web of Science, 
their countries, affiliations, and the link between them (McManus et  al., 2023b). This approach 
visualizes outcomes as a collaborative network image, highlighting the academic frequencies of 
authors and countries (Shah et al., 2020), with cluster size representing the relevance of the author 
of the article and its country of origin. Keyword co-occurrence analysis, as specified by the authors, 
is represented as nodes, and each instance of co-occurrence is depicted as a link (Radhakrishnan 
et al., 2017).

Citation analysis was conducted based on documents (articles), sources (journals), authorship, 
and the countries of origin of articles. This analysis discerns the link between variables, in which 
one entity cites the other (McManus et al., 2023b). A higher frequency of citation of information 
(documents, sources, authors, and countries of origin) signifies its greater importance for science 
(Small, 2003).

Bibliographic coupling identifies documents (articles), sources (journals), references, and 
countries addressing the subject matter, gauging the similarity between two documents based on 
the number of shared references or the extent to which two documents are interconnected via their 
bibliographies or reference lists (Maseda et al., 2022). Co-citation analysis, in turn, ascertains the 
extent to which two or more documents are frequently cited together in other scientific articles. 
This method allows for the identification of influential articles and researchers in a given research 
area (Mas-Tur et al., 2021).

Larger clusters indicate a greater contribution of information (author, country of origin of the 
article, source [journal], keywords, document [article], and reference). Additionally, if the color 
of the connection between words is more vibrant, it means that the information appears more 
frequently in various documents. If the connection is small, the color will be less vibrant (Bilad, 
2022). Furthermore, we can identify the evolution of information over the years and its future trends 
(Ding and Yang, 2022).

3. Results

The countries with over 20 documents were Brazil (89 articles), the United States (79 articles), 
Germany (45 articles), Australia (38 articles), The Netherlands (28 articles), and Scotland (23 
articles) (Figure 1).

Most of the published documents on GEI demonstrate a concentration in the bovine species 
(Figure 2A). The earliest recorded published article in the database dates back to 1952 (Figure 2B). 
There was a significant increase in publications from 2000 to 2022. The year with the highest number 
of publications in the field was 2020, with 26 documents, followed by 2021 with 24 publications.

The majority of documents (Figure 3A) consists of scientific articles published in journals (88.94%), 
followed by review articles (4.94%), simple and expanded abstracts published in conference 
proceedings (3.29%), conference papers (2.35%), and books (0.47%). The three primary areas of 
knowledge (Figure 3B) that we identified are Agriculture (67.86%), Veterinary Science (13.57%), 
and Food Science and Technology (9.64%).
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The three most prominent institutions (Figure 3C) in this field are Brazilian, including the Brazilian 
Agricultural Research Corporation (EMBRAPA), Wageningen University Research, and São Paulo 
State University (UNESP). The leading Brazilian funding bodies (Figure 3D) include the National 
Council for Scientific and Technological Development (CNPq), linked to the Ministry of Science and 
Technology; the Coordination for the Improvement of Higher Education Personnel (CAPES), linked to 
the Ministry of Education; and the São Paulo Research Foundation (FAPESP).

According to the parameters we retrieved from the article in Web of Science (Table 1), 1,326 authors 
were identified. Of these, approximately 283 authors had at least two published documents in this 
area. Among the 50 countries with publications, only 28 had at least three publications. Of the 
715 keywords, 103 were repeated at least three times, and 52 were repeated at least five times in 
publications. The most frequently used keywords include “genotype-environment interaction” (101 
repetitions), “beef cattle” (47 repetitions), “dairy cattle” (47 repetitions), and “reaction norm model” 
or “reaction norms” (38 repetitions).

However, based on the timeline (Figure 4), as of 2020 (yellow cluster), words such as “environmental 
gradients”, “heat stress”, “thermoregulation”, “Genome-Wide Association Studies” (GWAS), and “SNP” 
(Single Nucleotide Polymorphism) gain increased prominence. 

Documents
89

1

Color darkness for a country indicates progressively larger numbers of publications in Web of Science.
Figure 1 -	 Heat map by country of papers focusing upon genotype × environment interaction in farm animals. 
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Figure 2 -	 Animal species used in genotype × environment interaction studies (A) and number of documents 
published per year from 1952 to 2022 (B).
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In co-authorship analysis (Figure 4), we identified the formation of clusters for authors (seven 
clusters), countries (six clusters), and keywords (12 clusters). Different cluster sizes correspond to 
the relevance of the information. Furthermore, the timeline provides information on the average 
year of publications, with darker colors indicating older publications and lighter colors representing 
more recent publications. In the list of the main authors and their countries of origin (Table 2 and 
Figure 4), we observed a predominance of authors from Brazil, the USA, and the Netherlands, with 
12, five, and three authors, respectively.

Despite the prolific production of works in Brazil on this topic, the works of Brazilian researchers are 
not among the most cited (Figure 5). The paper with the highest number of citations is by Warner et al. 
(2010) from Australia (Figure 5 and Table 3), a review work in which the researcher gathered articles 
that analyzed and identified the effects of GEI on meat quality traits in beef cattle. The second most cited 
article is by Kolmodin et al. (2002) from Sweden, who evaluated the magnitude of GEI for milk protein 
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× environment interaction in farm animals.
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production traits and fertility traits (service period) in Nordic Red cattle using reaction norms. Several 
factors can influence the citation of an article, including its age (more than 20 years since first publication), 
the species studied (dairy cows), and, most importantly, the methodology used for the analyses.

The top six journals with the highest number of citations on the effects of GEI are: the Journal of 
Animal Science (81 documents with 1,190 citations), Journal of Dairy Science (50 documents with 
1,814 citations), Animal (27 documents with 491 citations), Livestock Science (25 documents with 
234 citations), Journal of Animal Breeding and Genetics (16 documents with 167 citations), and 
Revista Brasileira de Zootecnia (15 documents with 168 citations) (Figure 5). 

In bibliographic coupling (Table 4 and Figure 6), the article with the highest total link strength is 
by Cardoso and Tempelman (2012), followed by Streit et al. (2012). In the article by Cardoso and 
Tempelman (2012) the authors evaluated alternative reaction norm models for the genetic evaluation 
of Angus cattle in Brazil. This article was published in the Journal of Animal Science, which has an 
impact factor of 3.338. The article by Streit et al. (2012), published in the Journal of Animal Breeding 
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Figure 4 -	 Publication parameters for co-authorship in publications on genotype × environment interaction in 
farm animals.
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and Genetics with an impact factor of 2.6, addressed random reaction norm regression models to 
identify the occurrence of GEI on productive traits (milk, protein, and fat production) and health 
traits (somatic cell score) in Holstein cattle in Germany. However, the Journal of Dairy Science was 
the most cited source in this area. The coupling of countries (Figure 5) is generally defined by the 
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Figure 5 -	 Citation analysis for publications on genotype × environment interaction in farm animals.
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Figure 6 -	 Bibliographic coupling analysis for publications on genotype × environment interaction in farm animals.

researcher’s country, with Brazil and the USA being the most prominent. Nevertheless, as indicated 
by the timeline, Uruguay, Portugal, China, Belgium, India, and Spain are becoming increasingly 
significant with recent publications in this field.

Among the 10 most cited references (Table 5), classified by the strength of the link based on the 
number of co-citations, the oldest is authored by Robertson (1959), and the most recent is by Cardoso 
and Tempelman (2012). The article by Robertson (1959) deals with the genetic correlation coefficient 
to determine the presence of GEI. Cardoso and Tempelman (2012), on the other hand, evaluated 
alternative reaction norm models to investigate GEI. The most cited source, forming the largest cluster, 
is from the Journal of Dairy Science, and the most prominent author is Falconer (Figure 7).

4. Discussion

Brazil showed most studies on GEI (Figure 1). This is likely due to the country’s diverse biomes, 
climates, and production systems (Mota et  al., 2020). Moreover, Brazil is a significant importer 
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Figure 7 -	 Co-citation analysis for publications on genotype × environment interaction in farm animals.
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of genetic material for production animals (Santos et  al., 2020), emphasizing the importance of 
evaluating the performance of these selected genotypes in contrasting environments compared with 
those found in the country.

Additionally, among the 20 main authors engaged in GEI studies, 12 are of Brazilian origin (Table 2), 
underscoring the significance of the topic for the country. Moreover, most of the clusters formed 
(Figure 4) consist of Brazilian authors, including Albuquerque, L. G., Santana Jr, M. L., Cardoso, F. F. and 
Eler, J. P., who are prominent researchers in the field of animal genetic improvement. Their primary 
focus is on working with beef cattle, mainly Angus and Nellore breeds, widely used throughout the 
country, both as purebreds and crossbreds.

Institutions in Brazil are the leaders in the number of documents on this subject (Figure 3C), and 
the primary funding sources are organizations that promote research in the country (Figure 3D). 
These findings reaffirm the importance of GEI studies in Brazil, with Brazilian researchers actively 
contributing to the publication of documents/articles on the subject.

Most of these documents are published as scientific articles (over 88%) (Figure 3A), serving as the 
primary means for disseminating knowledge, ensuring accessibility to researchers globally (Canessa 
and Zennaro, 2008). However, various factors, such as limited access and high publication fees, 
especially in high-impact journals, can hinder publication or access behind paywalls. For instance, 
the publication fee for the Journal of Animal Science (JAS) averages US$340 per page, that is, a 10-
page article would cost a total of US$3,400. Given the scarcity of resources for research and article 
publication in developing countries like Brazil, where the exchange rate is around five Brazilian Reals 
per US dollar, publishing in high-impact journals becomes a costly endeavor, leading many researchers 
to opt for local journals. Consequently, the dissemination of their content through citations is limited 
(McManus et al., 2020).

As regards the most repeated keywords (Figure 4), “genotype-environment interaction” takes the 
lead, followed by “beef cattle”, “dairy cattle”, and “reaction norm models”. In the case of cattle, concerns 
about the effects of GEI are more pronounced in animals raised in uncontrolled environments (Phocas 
et al., 2016), as controlled environments exhibit less pronounced GEI effects. Reaction norm models 
describe the trajectory of animal performance along environmental gradients (Falconer and Mackay, 
1996), and although this knowledge is well known, the need for increased computational power to 
carry out these analyses limited its use until more recently. 

Recent publications indicate a shift in keyword usage (Figure 4 – timeline), with increased emphasis 
on terms like “thermal stress”, “thermoregulation”, “environmental gradients”, and “genomics-related 
methodologies”. In reaction norm models, the environment is modeled as a continuous variable scale, 
often incorporating factors such as the temperature-humidity index and disease occurrence (Hayes 
et  al., 2016). Novel approaches to describe the environmental gradient have emerged, including 
the use of previously estimated solutions from contemporary groups (Carvalho Filho et al., 2022; 
Nascimento et al., 2022).

Furthermore, there has been a noticeable increase in publications utilizing reaction norm models to 
assess GEI over the years. This applies to studies involving beef cattle (Bignardi et al., 2015; Fonseca 
et al., 2015; Ambrosini et al., 2016; Fennewald et al., 2017; MacNeil et al., 2017; Nascimento et al., 
2022), dairy cattle (Bohlouli and Alijani, 2012; Montaldo et al., 2017; Zhang et al., 2019; Cheruiyot 
et al., 2020; Mulim et al., 2020, 2021; Santos et al., 2020), pigs (Camerlink et al., 2015; Hong et al., 
2021), poultry (Santos et al., 2008; Felipe et al., 2012), and sheep (Wilkes et al., 2012; Hopkins and 
Mortimer, 2014). Notably, some more recent studies are already incorporating genomic information 
into reaction norm models to identify GEI (Tiezzi et al., 2017; Mota et al., 2020; Chen et al., 2021; 
Nascimento et al., 2022; Toro-Ospina et al., 2023).

The heterogeneity of Brazilian production systems, coupled with climate diversity and varied 
nutritional practices across farms, and even discrepancies between states, significantly affect the 
productive and reproductive performance of animals (Santos et al., 2020). Another noteworthy aspect 
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is the widespread utilization of genetic material from US companies, breeders’ associations, and 
breeding programs by Brazilian breeders. Consequently, there is a pressing need to comprehend the 
arrangement of genotypes challenged by diverse environmental conditions to attain more efficient 
genetic advancement, thereby optimizing investments. Although the United States and Brazil lead in 
citations (Figure 5), Uruguay, Portugal, China, Belgium, India, and Spain have recently emerged with 
increased contributions in published papers on the topic. This underscores the growing concern 
about genotype behavior in the face of recurrent global climate changes, which can be attributed to 
the effects of global warming (Sammad et al., 2020).

The journals receiving the highest number of citations (Figure 5) in the context of GEI studies are the 
Journal of Animal Science and Journal of Dairy Science. Most research published in these journals is 
centered on studies involving cattle as the biological model, highlighting the significance of the topic 
for this species and its publication focus on these journals. Notably, recent citations have increasingly 
favored the journal Livestock Science, which has an impact factor of 1.8 and offers hybrid-access 
publication, making it an attractive choice for countries with limited research resources (McManus 
et al., 2020).

Analyzing the bibliographic coupling of countries (Figure 6), Brazil and the United States take the 
lead, likely owing to their vast geographical expanse and the climatic diversity they present (Beck 
et  al., 2018). This reinforces the importance of GEI studies given the divergent environmental 
conditions and production systems these countries exhibit. However, in recent years, the United 
States has decreased its publications on the subject, while other countries, such as Germany, Spain, 
China, Portugal, and India, have entered this arena. Despite their smaller territorial extent, these 
countries still exhibit climatic diversity according to the Köppen classification (Beck et al., 2018) and 
are undergoing the effects of climate change. Furthermore, these countries mainly rely on genetic 
materials produced in the USA and Canada for dairy cattle production. In terms of bibliographic 
coupling, the Journal of Animal Science stands out as the most relevant journal (Figure 6) due to its 
long-standing adoption within the academic community and its current impact factor of 3.3.

Among the co-cited articles, high-impact journals such as Biometrics, Animal Science, Journal of Dairy 
Science, Journal of Animal Science, and Livestock Production Science stand out (Table 5 and Figure 7). 
Furthermore, the most frequently co-cited authors are Falconer and Mackay (1996) and Robertson 
(1959) (Table 5 and Figure 7), both affiliated with the Edinburgh quantitative genetics group (Hill and 
Mackay, 2004). These authors are frequently cited together in publications related to GEI. Falconer, 
in his two publications [Falconer and Mackay, 1996 (book) and Falconer, 1952 (article)], proposed 
an approach to identifying GEI by assessing the performance of a sire’s daughters under different 
environments, effectively treating it as if they were distinct traits. This methodology allows the 
investigation of behavior fluctuations under changing environmental conditions. Robertson (1959) 
suggested that genetic correlations exceeding 0.80 indicate similarity in genotype behavior under 
different environments, signifying the absence of GEI. Conversely, if the genetic correlation between 
the performances of offspring from the same breeder, when exposed to different environments, falls 
below 0.80, it indicates the presence of GEI.

Lastly, it is important to acknowledge certain limitations of bibliometric mapping. Publication bias 
may emerge due to the reliance on published articles, potentially excluding unpublished or non-
indexed studies and thus affecting the representativeness of the results (McManus et  al., 2023a). 
Subjectivity in the study selection process, even with well-defined criteria, can introduce bias into 
the review. Additionally, relying on specific databases or limited sources may result in gaps in the 
coverage of relevant studies, as well as differences in the availability of articles in various languages.

5. Conclusions

Brazil and the United States are at the forefront of research on genotype × environment interaction. 
However, more recently, India, China, Uruguay, Portugal, and other nations have made scientific 
contributions to this topic. The ongoing climate changes over the years have likely driven new 
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investigations into this subject. In the Brazilian context, research groups at São Paulo State University 
(UNESP), School of Agricultural and Veterinary Sciences - Jaboticabal, and the Faculty of Veterinary 
Medicine and Animal Science of the University of São Paulo (FZEA/USP, Pirassununga Campus) 
have played prominent roles in advancing this area of study. Moreover, our bibliometric analysis 
has revealed forthcoming trends in genotype × environment interaction publications, including a 
growing integration of genomic information into research endeavors.
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