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Abstract
Purpose of Review Assisted migration is increasingly proposed as a proactive management strategy to mitigate the con-
sequences of maladaptation predicted under climate change. Exploring the social and academic structure of the field, its 
research gaps, and future research directions can help further the understanding and facilitate the implementation of assisted 
migration strategies. Here we used bibliometric analysis to examine the intellectual, social, and conceptual structures of 
assisted migration research to identify gaps and opportunities for future research. Bibliometric data based on publications on 
assisted migration were collected from Scopus and Web of Science databases using assisted migration and climate change 
or their synonyms as queries. Metadata were merged, processed and several networks were constructed.
Recent Findings Co-citation and keyword co-occurrence networks identified three major clusters focused on (i) theory and 
risk of assisted migration of threatened and endangered species, (ii) impact of climate change on realized and fundamental 
climate and geographic niches, and (iii) assisted population migration. Collaboration network analysis identified three social 
core hubs: North America, Europe, and Australia, with the USA and Canada being the most productive and the most col-
laborative countries.
Summary We conclude that future research is expected to concern mainly the assessment of physiological response of spe-
cies and populations to extreme climate events such as drought and frost, and the contribution of non-climatic factors and 
biotic interactions in local adaptation and population performance under climate change. Social core hubs distinguished in 
this work can be used to identify potential international research and training collaborators necessary to address gaps and 
challenges underlying assisted migration implementation.

Keywords Bibliometrics · Network analysis · Assisted migration · Climate change · Conservation biology · Ecological 
restoration

Introduction

Anthropogenic climate change is having substantial impact 
on the composition and structure of native biodiversity lead-
ing to shift associated with species distributions [1–3], and 
ecosystem functioning [4, 5, 6•, 7•, 8]. Some species have 
shifted their distribution as they track their changing cli-
matic niche. These range shifts depend on species’ ability 
to track changing abiotic cues and biotic interactions, and 
may lead to range contraction, fragmentation, or expansion 
[1, 9••, 10–14]. However, while some species maintain the 
capacity to track a shifting ecological niche [2, 15, 16], the 
vast majority may not be able to keep pace under rapid cli-
mate change [17, 18].
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Among the various strategies that have been proposed to 
manage species under climate change, assisted migration 
(AM) is a proactive conservation and restoration strategy 
that aims to limit species’ maladaptation by facilitating gene 
flow and transfer of genetic material that may be adapted 
to the climate of the recipient environment [9••, 19–21]. 
AM, also called “assisted colonization,” “managed reloca-
tion,” and “assisted gene flow” is defined as the intentional 
movement of species or populations to regions predicted to 
be suitable under future climate conditions [9••, 21, 22]. 
According to the literature above, there are three categories 
of assisted migration:

 (i) Assisted population migration, also called assisted 
gene flow, is the intentional movement of seed 
sources or populations to locations within a species’ 
current natural distribution.

 (ii) Assisted range expansion is the intentional move-
ment of seed sources or populations to locations 
slightly beyond a species’ current natural distribu-
tion.

 (iii) Exotic translocation is the intentional movement 
of species to locations that are predicted to be more 
suitable under future climate but distant from their 
natural geographic range.

Assisted migration could significantly reduce the 
expected negative impacts of climate change [23, 24]. 
However, devising and implementing a system of assisted 
migration that will be safe, effective, and readily adopted 
by practitioners requires multidisciplinary understanding 
of diverse fields including biology, climatology, geog-
raphy, computer programming, and social science [25]. 
Bibliometric analysis can assist in identifying research 
gaps and individuals active in collaborative networks 
required for this work.

Bibliometric analysis involves a set of quantitative 
explorations that aims to provide insight into the evo-
lution of a given discipline, detect research gaps, and 
describe the collaborative structure between academic 
institutions or countries [26–28]. It also allows identifi-
cation of authors actively contributing to a research field 
and those that have established a collaborative founda-
tion to build upon. Bibliometric analyses have become 
widely used in social and economic sciences and even 
in basic sciences [28–32], but few bibliometric analyses 
have been conducted within the field of forest science.

Bibliometric studies are categorized into three types: 
reviews, evaluative, and relational studies [28, 30, 
33•]. Review studies often include literature reviews 
or meta-analyses, called “review methods” [28]. Evalu-
ative studies measure the academic impact of articles 
or authors associated with a given research field using 

various metrics (collaboration index, productivity index, 
impact metrics, and hybrid metrics) (see Aria and Mas-
simo [33•] for additional details). Relational studies 
examine the relationships between units of analysis 
(article, author, institution, journal, reference, and key-
word) within a research field and can be divided into 
four types of analyses: co-citation analysis, bibliographic 
coupling, co-authorship analysis, and co-word analysis. 
Collectively, these four approaches allow assessment 
of the intellectual, social, and conceptual structure of 
a research area [34–37]. In this way, relational studies 
can identify changing trajectories of research themes 
within a scientific field and the collaborative networks 
associated with those research themes [32, 36]. These 
analyses can be used to visually illustrate the intellec-
tual structure of a field of research by identifying and 
quantifying the influence of authors, sources (journals), 
and articles in this field [34, 35]. The social structure 
examines the relationships (the levels of scientific col-
laboration) between individual actors at different scales 
(authors, institutions, and countries) based on jointly 
published documents [27]. The conceptual structure 
examines the relation among keywords in a field, with 
aims to (i) structure knowledge into the research domain 
or topic and (ii) identify potential knowledge gaps and 
future research themes. The latter are identified through 
evaluation of implicit gaps (identified in the literature) 
that have low co-occurrence [32].

For example, by investigating the evolution of ecological 
restoration using a bibliometric analysis, Guan et al. [38•] 
highlighted the need to develop more international aca-
demic collaborations, together with techniques of manage-
ment and monitoring of restored ecosystems, and the social 
issues associated with this field. In a bibliometric analysis 
of remote sensing applied in forest management, Abad-
Segura et al. [39] found that ecological sensitivity assess-
ment, satellite fire mapping, topological acoustic sensing, 
unsupervised treetop detector, and air pollution mitigation 
would be the predicted hotspots of future research in this 
research domain. A recent bibliometric analysis of tem-
poral trends in frequencies of title words revealed a shift 
in research away from sustained-yield-based forestry and 
towards a more interdisciplinary view of forests as ecologi-
cally important and dynamic systems [40].

The objectives of the study were to (i) examine the 
intellectual, social, and conceptual structures of AM 
research using bibliometric relational methods; (ii) 
examine the pattern and evolution of AM research; (iii) 
identify knowledge gaps and future research directions. 
Together, these results will provide a roadmap for ongo-
ing research and implementation of AM, and identify 
gaps in the field that will benefit from new collaborative 
research programs.
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Materials and Methods

1. Data Collection and Processing
  Bibliometric data were collected from the Web of 

Science (WOS) and Scopus databases, the two larg-
est multidisciplinary scientific databases. Previous 
studies have indicated substantial complementarity 
between these databases, arguing the importance of 
using both to conduct a single integrated bibliomet-
ric investigation [31, 41]. We retrieved bibliometric 
metadata related to assisted migration from these 
two databases between 1900 to 2020 using the fol-
lowing strings to query across titles, abstracts, and 
keywords: (“assisted migration” or “assisted popula-
tion migration” or “assisted gene flow” or “assisted 
colonization” or “assisted colonization” or “man-
aged relocation”) and (“climate change” or “global 
change” or “climate-change” or “climatic change” or 
“global warming”) and (Language = all) and (docu-
ment type = All document types). This query syntax 
was used to identify articles where assisted migration 
is proposed as a climate change adaptation strategy, 
while avoiding documents on assisted migration from 
other fields such as chemistry, physics, and social sci-
ences. The search yielded 561 and 425 publications 
in WOS and Scopus, respectively, and the data were 
downloaded as BIBTEX and CSV files, respectively.

  Bibliometric data were processed and analyzed in 
R version (4.0.0) [42]. First, metadata files associated 
with each database (WOS or Scopus) were loaded, 
transformed into a data frame, and merged in one step 
using the function bib2df of the Bibliometrix R package 
[43]. Second, variables within the two datasets (WOS 
and Scopus) were shortened to 18 common and relevant 
variables (“Authors,” “Author Keywords (ISI),” “Index 
Keywords (Scopus),” “Affiliations,” “Document Type,” 
“Source title,” “Cited by,” “Bibliographic Database,” 
“References,” “Abstract,” “Correspondence Address,” 
“Title,” “Year,” “Country of affiliation for the first 
author,” “Country of affiliation for co-authors,” “Uni-
versity of affiliation for each co-author and the corre-
sponding author,” “Language”, “ISSN”), and the two 
data frames were merged. Duplicated documents were 
removed from the merged data frame using duplicated-
Matching function of the Bibliometrix R package [33•]. 
The abstract was used as the tag variable to identify 
duplicated records, and the minimum relative similar-
ity (MRS) was set to 0.85. Three hundred forty-seven 
duplicate records were identified and removed, leaving 
639 unique publications based on our search criteria. For 
documents with title and abstract published in bilingual 
format, the duplicatedMatching function was unable 

to identify the duplicates due to special characters and 
those were inspected and deleted (n = 17) using a VBA 
custom script following [31], leaving 622 publications 
(194 and 64 exclusively from WOS and Scopus, respec-
tively and 364 shared between WOS and Scopus). A 
final step to accept or remove published material (eli-
gibility) was performed using the following criteria: 
(i) non-English language publications were accepted if 
keywords, title, and abstract were provided in English 
(n = 22); (ii) documents without ISSN (International 
Standard Serial Number) were removed (n = 1); and (iii) 
document types such as errata notes, conference papers, 
and short surveys were excluded (n = 8) [32, 44]. Con-
ference papers are often the initial product of ongoing 
research or synthesis of published material. As such, 
their impact is generally lower than original research 
papers. Although editorial material is usually excluded 
from bibliometric studies, we included this type of docu-
ment (n = 13) since they are relevant for the dissemina-
tion of scientific knowledge [45] (Table 1). The final 
dataset contained 614 articles (Fig. 1).

2. Thesaurus Construction
  Text data mining and the construction of a thesaurus 

are crucial to keyword co-occurrence-based analysis. 

Table 1  Descriptive statistics of the database

Description Results

Main information
  Sources (journals, books, etc.) 220
  Documents 614
  Average number of citations per document 28.52
  Average number of citations per year per document 3.35
  References 29,406

Document type
  Article 493
  Book chapter 21
  Editorial material 13
  Letter 10
  Proceedings paper 10
  Review 67

Document content
  Keywords Plus (ID) 2002
  Author’s Keywords (DE) 1814

Authors
  Authors 1952
  Author appearances 2759
  Authors of single-authored documents 47
  Authors of multi-authored documents 1905

Author’s collaboration
  Average co-authors per document 4.49
  Collaboration index 3.39
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The use of plural or singular (e.g., range shifts/range 
shift; ecosystem/ecosystems; provenance test/prove-
nance tests) or different synonyms for the same keyword 
(e.g., climate change, global change, global warming, 
climatic change/climate-change) is a common issue that 
directly affects both the frequency and co-occurrence of 
keywords.

  We constructed a thesaurus file manually by group-
ing all synonyms and plural or singular forms of key-
words under the same word, except synonyms for 
assisted migration to show their co-occurrence. We 
also merged keywords containing two or three words 
that were wrongly separated by removing semicolons 
to create uniformity among multi-word keywords. 
For example, we replaced “range; shift” by “range 
shift,” “local; adaptation,” by “local adaptation,” and 
“assisted migration,” by “assisted migration”.

3. Analysis Using Bibliometrix and VOSviewer
  Descriptive statistics (average number of publica-

tions per year, most productive author, most productive 
institutions, most productive countries, and most cited 
author) were calculated using Bibliometrix R package 
[33•], and network analyses were conducted to assess 
the social, intellectual, and conceptual structure of our 
final dataset (Fig. 1) using VOSviewer software [37, 46]. 

The co-authors per document index was calculated as 
The number of co-authors per document/The number of 
documents, and the collaboration index (CI) was calcu-
lated as Total authors of multi-authored articles/Total 
multi-authored articles [33•].

  For each network illustration, clusters are distin-
guished by color, while the size of each node reflects 
its occurrence. The shorter the distance between two 
nodes, the more closely connected they are. Finally, 
the thickness of the connection between two nodes 
indicates the strength of their relationships [33•]. 
Clustering was performed using the LinLog algo-
rithm and the modularity clustering technique, where 
the weighted sum of the squared Euclidean distances 
with all pairs of nodes is minimized [47]. Nodes were 
then assigned to clusters based on their similarities 
(related to co-occurrences).

  The intellectual structure of a discipline can be 
assessed by examining the influence of authors or 
articles and their connectivity, which is quantified by 
examining the relationship between pairs of authors 
(or articles) based on the frequency of their co-cita-
tion in other articles. We constructed distance-based 
co-citation networks [37] in VOSviewer to identify 
the most active authors in the research field, based on 

Fig. 1  Flowchart diagram illustrating the data processing steps
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the number of papers published, the number of local 
citations (citation of a given author within the field 
of AM) as well as their influence in structuring the 
knowledge on AM. The minimum number of citations 
for authors or articles was set to 10 during network 
construction.

  The social structure of AM research was assessed 
using the co-authorship network to identify connec-
tions between authors, institutions, or countries based 
on jointly authored publications [37].

  The conceptual structure examines the relations 
among words in the bibliometric database. This 
analysis aims to (i) structure the knowledge into 
the research domains or topics and (ii) highlight the 
most frequently covered topics and identify trends 
that may allow prediction of possible future lines of 
research. We assessed keyword co-occurrence net-
work using author keywords in VOSviewer [37, 46]. 
The minimum occurrence of a keyword was set to 
four. Web of Science provides another category of 
keywords named “KeyWords Plus” which are gener-
ated using algorithms based on the title of references 
cited in an article. The overlap between KeyWords 
Plus and titles of papers may reach 50% [47]. Simi-
larly, Scopus provides '”Indexed keywords'” which 
are chosen by content suppliers. The use of Key-
Words Plus or Indexed keywords to complement the 
author keywords may consolidate author keyword-
based analysis [48, 49]. However, the similarity 
between Index keywords and KeyWords Plus has not 
yet been documented, making their use in merged 
databases not recommended.

Results and Discussion

Since the first publications on assisted migration as a 
climate change adaptation strategy in 2007, the num-
ber of publications per year increased rapidly from 4 to 
75 between 2007 to 2015 thereafter fluctuated moder-
ately (Fig. 2), the average publication per year was 43.8. 
Research articles and reviews account for 91% of the 
total publications (Table 1). Multi-authored documents 
contained an average of 4.5 authors, with only 6% of 
the documents being single-authored. The collaboration 
index (CI) averaged 3.4 (Table 1) and was highest dur-
ing the 2017–2020 period (CI = 4.49) compared with 
the 2007–2011 (CI = 3.66) and 2012–2016 (CI = 3.48) 
periods. The same temporal pattern in collaboration was 
observed in the field of biodiversity research [50]. These 
results point towards the growing emphasis on collabora-
tion for assisted migration research.

1. Intellectual Structure

Based on the number of published articles, our results 
showed that the most productive author in the field of 
assisted migration is Cuauhtémoc Saenz-Romero from 
Instituto de Investigaciones Sobre los Recursos Naturales 
(Mexico), followed by Andreas Hamann from the University 
of Alberta, Canada (Fig. 3). The 15 most productive authors 
were from the forest ecology and management domain 
with research emphasizing commercial forest tree species 
(Fig. 3). The two most cited authors were Gerald Rehfeldt 
from US Forest Service (USA) and Jason McLachlan from 
the University of Notre Dame (USA) based on local cita-
tions. Lack of correspondence between author productivity 
(publication number) and influence (local citation) may be 
due, in part, to the novelty of an author’s research topics 
(particularly if more recently introduced topics or ideas have 
not had the time to garner citations), or gender, or race or 
country bias [51–53]. Regarding institutions, the University 
of British Columbia (Canada), North Arizona University 
(USA) and University of Alberta (Canada) were the three 
most productive institutions in terms of published papers 
(Fig. 3). These results regarding the intellectual structure of 
the field of assisted migration may help guide researchers 
when planning research and future collaboration.

The co-citation network consisted of 81 nodes forming 
three clusters (Fig. 4), with each node representing one co-
cited document (Fig. 4a) or one co-cited author (Fig. 4b). 
Node size is proportional to its number of citations. The 
green cluster (Fig. 4b) consisted primarily of plant and ani-
mal conservation ecologists who have focused on theory, 
foundation, and risk of AM. This group was comprised of 
at least five authors: Ove Hoegh-Guldberg (University of 
Queensland, Australia), Jason S. McLachlan (University of 
Notre Dame, USA), Anthony Ricciardi (McGill University, 

Fig. 2  Annual number of assisted migration-related articles from 
2007 to 2020 obtained from Web of Science and Scopus
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Canada), David M. Richardson (Stellenbosch University, 
South Africa), and Mark W. Schwartz (University of Cali-
fornia at Davis, USA) who initiated the debate of using AM 
as a conservation strategy to mitigate the consequence of cli-
mate change on the distribution of species [19, 21, 22, 54]. 
Authors within the blue cluster (Fig. 4b) were mostly ecolo-
gists who have assessed the impact of climate change on 
species’ geographical distributions and range shifts (Fig. 4a). 
The authors Camille Parmesan (University of Plymouth, 
USA) and Chris D. Thomas (University of York, UK) were 
the prominent members of this cluster [3]. The red clus-
ter (Fig. 4b) was comprised of forest geneticists who have 
conducted population genetics studies, often using prov-
enance trials and molecular data for commercial forest trees 
(Fig. 4a). The most prominent authors within this cluster 
were Sally N. Aitken (UBC, Canada) and Gerald E. Rehfeldt 
(US Forest Service, USA). Ten additional authors in this 

cluster (red) focused on assisted population migration for 
forest tree species with an emphasis on modeling growth and 
ecophysiology. Together, the foundational theory underlying 
the shift of the ecological niche and its evolutionary conse-
quences for species under climate change are represented by 
authors in the blue cluster (Fig. 4b) with empirical testing, 
monitoring, and application of assisted migration research 
to conservation and restoration by authors in the green and 
red clusters (Fig. 4b).

To examine the evolution of intellectual influence in 
structuring knowledge of assisted migration research for 
each cluster, the data collected between 2007 and 2020 
were divided into three time periods. During the first period 
(2007–2011), the green and blue clusters (Fig. 5a) were the 
most prominent communities producing publications on the 
theoretical foundation of species range shifts due to climate 
change. This research provided a framework for assessing 
ecological benefits and risks associated with AM as a con-
servation option [3, 19, 21, 22]. During the second period 
(2012–2016), based on the size and position of the node, 
some prominent authors (e.g., Schwartz M; Thomas CD; 
Hunter ML) within the first period (Fig. 5a) became less 
influential relative to other authors (e.g., Ricciardi A; Hewitt 
N; Pedar JH) (Fig. 5b). The blue cluster narrowed while 
the red cluster expanded and became more structured with 
reduced distance between members. The red cluster, an intel-
lectual community dominated by forest geneticists [20, 55, 
57], became more numerous with strong linkages among 
its members. During the third period (2017–2020), the pat-
tern observed in the second period was accentuated for all 
groups (Fig. 5c). Shifts in authorship suggest that research 
on assisted migration is expanding into new research areas 
with an influx of new authors (e.g., Isaac-Renton MG, Val-
ladares F; Hamann A; Gray LK; Jump AS) from differ-
ent disciplines, such as ecophysiology, growth modeling, 
and seedling production, to complement existing theory 
(Fig. 5c). Over time, the three clusters had distinct trajecto-
ries and dynamics, and highlight the following aspects: (i) 
the green cluster (working mainly on long-distance AM) 
had a slower evolution with limited empirical data needed 
to shift to a new structure; (ii) the blue cluster might disap-
pear in the next few years as the theoretical foundations of 
AM (e.g., the shift in species ecological niche under climate 
change) now appear to have sufficient empirical support; 
(iii) inversely, the dynamic evolution observed within the 
red cluster is more likely to quickly achieve a new structure 
and might dominate the AM research for the coming years. 
The rapid evolution of the red cluster may originate from (i) 
the economic impact of climate change on forest productiv-
ity and (ii) the long history of growing trees in provenance 
trials established many decades ago (starting from the 40 s 
for some species) which provides a laboratory to test the 
impact of climate change and assisted population migration 

Fig. 3  The most productive authors (a), the most cited authors (b), 
and the most productive institutions (c) in assisted migration-related. 
U, university

204 Current Forestry Reports (2022) 8:199–213



1 3

on species’ success [9••, 55, 56]. The data from these tri-
als has been essential in the development of seed transfer 
models and the implementation of assisted migration [23, 
25, 57, 58].

Moreover, the intellectual structure of AM research 
might yet change since research on AM is still relatively 
new (15 years) with limited publications when compared 
with other similar research fields. Furthermore, securing 
funds to support extensive research on AM is still chal-
lenging. This may reflect the fact that both stakeholders 

and funders are not informed or sufficiently convinced 
of the potential benefit of AM research, or that natural 
sciences funding cycles are unable to support long-term 
research needed on assisted migration [59].

2. Social Structure

Collaborations between countries were explored by 
examining co-authorship networks (Fig. 6). Our results 
identified clusters representing four collaborative groups: 

Fig. 4  Co-citation network of assisted migration research based on a 
articles and b authors. Each cluster is represented by a color. The size 
of a node (author or article) reflects the number of received citations. 

The shorter the distance between two nodes, the more closely con-
nected they are (based on their co-citation)
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the blue cluster was composed of North American coun-
tries (USA, Canada, and Mexico) and China, and within 
this group, the most prolific teams were from Canadian 
and US institutions. The green cluster included Australia, 
South Africa, and New Zealand, and was led by Australia 
according to the size of the nodes. The red and yellow 
clusters included European countries identifying German 
and British research groups as the most active (Fig. 6).

Substantial collaboration was observed between the USA 
and Canada relative to all other countries (Fig. 6). Interest-
ingly, the network also identified collaborations between 

North America and Europe, with greater collaboration 
between Canada and Germany, and groups in the USA col-
laborating primarily with the UK. Collaborations between 
North America and Europe were more frequent than collabo-
rations within Europe. The same pattern was observed with 
the green cluster where collaborations between USA and 
Australia were more frequent than collaboration within the 
group led by Australia. In Europe, most frequent collabora-
tions were observed between the UK and Germany (Fig. 6). 
Greater productivity of Canadian and US authors and institu-
tions might be due in part to the awareness of rapid climate 
change of northern countries relative to tropical or southern 
countries, their substantial economic dependence on for-
estry, and the greater amount of research resources available 
in the global North than in the global South.

Fig. 5  The network map of authors’ co-citation for a the period from 
2007 to 2011, b the period from 2012 to 2016, and c the period from 
2017 to 2020. Each cluster is represented by a color

◂

Fig. 6  The network map of 
country collaborations based on 
corresponding author affiliations 
of assisted migration research. 
Each cluster is represented by 
a color. The size of the node 
represents the productivity of 
the country (the number of pub-
lications in collaboration with 
other countries). The shorter the 
distance between two nodes, the 
more closely connected they are 
(based on co-authored articles)
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3. Conceptual Structure

Seventy-one keywords that occurred at least 4 times 
were identified. They were grouped into three distinct 
clusters (Fig. 7) based on their co-occurrence. The blue 
cluster (11 keywords) was mainly represented by the fol-
lowing terms: species distribution, distribution model, 
and range shifts. This cluster was mainly focused on the 
shift in species distribution as a response or a conse-
quence of climate change and on different approaches 
to model the ecological niche. The green cluster (23 
keywords) was dominated by the terms: climate change 
adaptation, conservation, biodiversity, assisted coloniza-
tion, managed relocation, translocation, and ecological 
restoration. This cluster corresponded to research on AM 
of species as a proactive conservation and management 
strategy under climate change. This cluster focused on 
the theoretical conceptualization, debate, and arguments 
on the impact of action or inaction regarding the deploy-
ment of such a strategy for endangered and vulnerable 

species (Fig. 7). The red cluster (37 keywords) was domi-
nated by the terms: assisted migration, climate change, 
populations, adaptation strategies, plasticity, gene-
cology, and local adaptation. These terms referred to 
assisted population migration used for forest tree species. 
We noted that ecologists have been mostly working on 
the second and third categories of AM (green cluster), 
usually using the terms assisted colonization or managed 
relocation rather than assisted migration.)

4. Research Gaps and Future Directions

The temporal scaling of the keyword co-occurrence 
network (Fig. 7) showed different patterns of research 
evolving within each cluster (Fig. 8). The terms in blue 
are linked to early research done before 2014 (average 
publication year) (Fig. 8). They are generally from the 
green and blue clusters in Fig. 7 and correspond to the 
second and third categories of AM. The emerging terms 
from these clusters were vulnerability (assessment), 

Fig. 7  The network map of author keywords co-occurrence of 
assisted migration research. Each cluster is represented by a color. 
The size of the node is proportional to the number of occurrences 

of a keyword. The distance between nodes is proportional to the fre-
quency of keywords co-occurrence
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ecological restoration, range shift, and species distribu-
tion models (Fig. 8), and each exhibited linear to expo-
nential growth as keywords over time (Fig. 9). Within 
these clusters, terms such as conservation, biodiversity, 
and species distribution showed a quadratic pattern with 
a decrease in their occurrence from 2015. As a conser-
vation strategy, assisted migration for threatened and 
endangered species has been controversial [19, 21, 22, 
54, 60]. Traditional conservation failed for several spe-
cies reintroductions [61] because species establishment 
was likely limited by the ontogenetic niche rather than 
the climatic niche [62]. Species establishment is a com-
plex ecological process which depends on different biotic 
and abiotic factors and their interactions, such as pres-
ence of pollinators, mycorrhizas, herbivory pressure, 
pathogens or competitors, and habitat physico-chemical 
parameters required for seeds germination and seed-
ling establishment. Conservation-oriented restoration 
appeared to be the optimal strategy because it integrates 
both climate and ontogenetic niches in the process of 
species translocation [62]. The linear increase of research 
on ecological restoration (Fig. 9) suggests an increased 
interest in both biodiversity conservation and habitat 

restoration. In addition, research assessing biotic inter-
actions of the introduced species in their new ecosystem 
is needed for effective species translocation. For exam-
ple, assisted migration of forest trees should consider 
above- and below-ground interactions, including existing 
flora, predominant pests, pollinators, and grazing fauna 
alongside below-ground communities.

Research related to assisted population migration was 
more recent compared to the second and third catego-
ries of assisted migration (Fig. 8). Within the red cluster 
(assisted population migration), research was focused 
initially on the genetic structure of species popula-
tions (2015 on average), followed by the investigation 
of growth-climate relationships, which was facilitated 
by the availability of growth data from old provenance 
tests (2016). More recently (2017 to 2020), research on 
assisted population migration focused on forest man-
agement, local adaptation, plasticity, and drought and 
frost-related traits (bud burst, bud set and cold hardiness) 
where research on local adaptation and mortality has 
grown linearly, and exponentially for drought (Fig. 9). 
The growing interest of research in local adaptation 
and plasticity of functional traits were related to their 

Fig. 8  The network map of author keywords co-occurrence indexed per publication year. The keywords were colored based on the average pub-
lication year
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crucial role in species adaptation to climate change and 
therefore to resilience capacity [9••, 20, 63]. The fifth 
report of Intergovernmental Panel on Climate Change [5] 
highlighted an increase in the frequency and severity of 
extreme climate events (frost and drought) under climate 

change which represents an additional challenge for the 
implementation of assisted migration [64, 65]. This may 
have contributed to stimulate research on adaptation 
to frost and drought events. Then, we expect intensive 
research on the assessment of the specific responses of 

Fig. 9  The number of occurrences of author keywords that have increasing or decreasing patterns in assisted migration-related articles
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species populations to both drought and frost events in 
the future. An important additional issue in the response 
of tree populations to climate change is the noticeable 
increase of mortality of forest trees (Fig. 8) which is 
attributable mostly to the effect of more frequent extreme 
drought events [66, 67]. Finally, more research on the 
role of microbiome and epigenetics in the adaptation to 
climate change and the development of a new generation 
of seed transfer models is needed. This research should 
consider growth-climate relationships, drought and frost 
tolerance, and interactions between the translocated spe-
cies and their biotic environment.

Study Limitations

We acknowledge two limitations to our analysis which 
likely resulted in our failing to locate all articles dealing 
with AM. First, our search could not detect articles that 
focused on AM but did not explicitly use “assisted migra-
tion: or its synonyms. For example, Mátyás and Yeatman 
(1992) [68], who developed a seed transfer model for jack 
pine and discussed its use to define safe ecological trans-
fer distance, and Ledig and Kitzmiller (1992) [69], who 
recommended establishing plantations with populations 
from climates that are warmer than the plantation site cli-
mate, are not included in our study because they did not 
use the term “assisted migration” or any of its synonyms. 
Despite not being recorded in our database, the authors 
Mátyás and Ledig figured in the intellectual structure 
(Fig. 5). The second limitation is related to the standard 
search engines used, which looked at the term “assisted 
migration” or its synonyms in titles, article keywords, 
and abstracts, but not in the text. This limitation likely 
excluded some articles, such as Andalo et al. (2005) [70], 
who developed a seed transfer model for white spruce. 
The article did not use the term “assisted migration” in 
the title, keywords, or abstract but evoked its potential 
use in the discussion section. More accurate search tools 
using novel approaches like machine learning would be 
more efficient in detecting articles in the “blind spots” 
of conventional search engines.

Conclusion and Perspectives

This study showed that much of the research on assisted 
migration has been carried out in North America, 
where Canada and the USA have established strong col-
laborative networks. Canada–USA collaborations have 
emphasized research related to assisted migration of 
populations for forest trees, compared to other research 
categories, including assisted range expansion and exotic 

translocation, which may largely be contingent on eco-
nomic interest. The network analysis demonstrated that 
the knowledge was structured in three intellectual and 
conceptual groups working on species distribution, exotic 
translocation, and assisted population migration.

Our work provides new insights into the development 
of research on assisted migration of forest trees under 
climate change. For example, to minimize the mortality 
and vulnerability of forest trees, our bibliometric analysis 
indicates that the research on the consequences of extreme 
climatic events like drought and frost anomalies is a prom-
ising avenue. Therefore, the development of research on 
the physiological basis of drought and frost tolerance in 
trees and the interaction with increased atmospheric  CO2 
is crucial. In addition, assessing the potential role of epi-
genetic memory to traits variation may help improve the 
prediction of drought and frost impacts to plant fitness. 
In addition, new research themes linked to the observed 
growing interest in ecological conservation may include 
the contribution of soil properties (physics, chemistry, and 
microbiome) and the impact of biotic interactions on local 
adaptation patterns for different tree species. Overall, this 
bibliometric analysis points towards the need to establish 
new, long-term experiments that expand international col-
laborations and foster development of interdisciplinary 
toolkits to fill existing and evolving knowledge gaps that 
are important to assisted migration and its application to 
conservation and restoration.
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