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Abstract: This bibliometric analysis deals with research on the decline and fall of the Western Roman
Empire in connection with climate change. Based on the Web of Science (WoS) database, we applied
a combination of three different search queries for retrieving the relevant literature: (1) on the decline
and fall of the Roman Empire in general, (2) more specifically on the downfall in connection with
a changing climate, and (3) on paleoclimatic research in combination with the time period of the
Roman Empire and Late Antiquity. Additionally, we considered all references cited by an ensemble
of selected key papers and all citing papers of these key papers, whereby we retrieved additional
publications (in particular, books and book chapters). We merged the literature retrieved, receiving
a final publication set of 85 publications. We analyzed this publication set by applying a toolset of
bibliometric methods and visualization programs. A co-authorship map of all authors, a keyword
map for a rough content analysis, and a citation network based on the publication set of 85 papers
are presented. We also considered news mentions in this study to identify papers with impacts
beyond science. According to the literature retrieved, a multitude of paleoclimatic data from various
geographical sites for the time of late antiquity indicate a climatic shift away from the stability of
previous centuries. Recently, some scholars have argued that drought in Central Asia and the onset of
a cooler climate in North-West Eurasia may have put Germanic tribes, Goths, and Huns on the move
into the Roman Empire, provoking the Migration Period and eventually leading to the downfall of
the Western Roman Empire. However, climate is only one variable at play; a combination of many
factors interacting with each other is a possible explanation for the pattern of long-lasting decline
and final collapse. Currently, the number of records from different locations, the toolbox of suitable
analytic methods, and the precision of dating are evolving rapidly, contributing to an answer for
one of the most classic of all historical questions. However, these studies still lack the inevitable
collaboration of the major disciplines involved: archeology, history, and climatology. The articles of
the publication set analyzed mainly result from research in the geosciences.
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1. Introduction

At its maximum territorial extent by the time of Trajan’s death (AD 117), the Roman Empire
controlled a region including Britain, Western and Southern Continental Europe, North Africa, and the
Middle East, covering about 5 million square kilometers and around 20% of the world’s population [1].
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The city of Rome had about one million inhabitants and was the origin of a road network of about
80,000 kilometers, which connected the capital city with all provinces and Roman centers outside
Italy. The Roman Republican and Imperial periods together was the largest and most long-lasting
empire in Western Eurasia of all time. The reason for the decline and fall of the Roman Empire is
one of the most classic historical questions that has been discussed among scholars for a long time.
Historians have argued that Western Rome fell because of countless societal and human factors.
According to Alexander Demandt [2,3], more than 200 different causes for the end of Rome have been
proposed, but until now no convincing answer has emerged from the historical discourse. Recently,
however, paleoclimatic proxy data point to climatic changes as a major exogenous triggering factor
for weakening the power of Rome and for provoking the Migration Period—and by this, eventually,
the downfall of the Western Roman Empire. According to Harper [4], “the search to identify how
climate change has shaped human history is in full swing . . . ” (p. 566).

Commonly, the year AD 476, when the last Western Roman Emperor (a child around ten years
old, named Romulus Augustulus) was deposed by Odoacer (the first King of Italy) is taken as the
terminal date of the Western Roman Empire (or the Roman Empire in general). Its decline and fall,
however, was a long-lasting and complicated progression of many intertwined events. Against the
backdrop of the complexity, we can hardly expect a simple answer and one single cause for the decline
and fall of this civilization; a combination of multiple different factors is more realistic. Historians
distinguish between various internal and external pressures, but are uncertain about a decisive force
for the downfall.

The fall of Rome can be interpreted as a societal collapse of a complex human society. Such
a disintegration may be relatively abrupt or more gradual. According to the Anna Karenina principle
(AKP), many factors are usually involved in such processes [5]. The first sentence of Leo Tolstoy’s
novel, Anna Karenina, is: “Happy families are all alike; every unhappy family is unhappy in its own
way.” Here, Tolstoy means that for a family to be happy, several key aspects must be satisfied. If there
is a deficiency in any one or more of these key aspects, the family will be unhappy (in its own way). If
an analogy for the “unhappy family” was the Roman Empire, the AKP suggests it declined and fell
in its own way. According to AKP, at least one factor would have been sufficient for the fall of Rome
(which would then be unique in its own way), but many factors were actually involved.

In past decades, the model of a collapse of the Roman Empire has been replaced by a model of
a gradual transition moving seamlessly from Late Antiquity into the early Middle Ages [6]. Recently,
however, the end of Rome has been seen as a most radical and violent process, in which the Empire
could not withstand the barbarians [7]. The idea of accommodation of the invaders and their peaceful
coexistence with the Romans provides a more favorable view on European history, but the sharp
decline in the material culture (the quality of buildings and roofs, pottery, coins, etc.) during Late
Antiquity tells another story [8]. After a period of downplaying the importance of invasions and
the amount of violence involved, many historians now agree that the barbarian migration played
a decisive role as a triggering factor for the downfall of the Western Roman Empire [7,8]—and it is at
this point that climate change enters the story.

Since around AD 370, a mobile federation that coalesced by the name of “Huns” arrived in the
Danube area and sparked massive external pressure on the borders of the Roman Empire. In response
to the migration of the Huns, tens of thousands of Goths begged for permission in AD 376 to cross the
Danube into the Roman Empire. Their integration failed, and the Roman army was defeated in AD 378
near Adrianople (now Idirne, Turkey) with Eastern Emperor Valens (AD 328–378) falling in the battle.
After this tragedy, Gothic tribes migrated through the empire and eventually sacked the city of Rome
in AD 410. At about the same time, the Roman rule of Britain stopped. The first migration phase was
followed by successive waves of migration of Alans, Alemani, Franks, and Vandals, who increasingly
destroyed the Roman hegemony in the West. Germanic tribes carved out kingdoms in Gaul, Iberia,
and North Africa. As a consequence of the loss of hegemony in many provinces, the taxes yield (most
important for funding the Roman army, which was forced to hire more and more Germanic soldiers)
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decreased substantially [7]. The loss of North Africa as the Roman “breadbasket” additionally reduced
the economic power of the Empire.

The unsolved problem of the succession to the Roman throne caused civil wars and usurpation,
resulting in a general weakening of the Roman political and military system. The large gap between
poor and rich, the increasing battle fatigue of Roman citizens, and missing readiness for action
presumably contributed much to the downfall. However, many of such drawbacks lasted for a long
time and did not change dramatically over time. Therefore, it is difficult to assert at what time the
decline of the Roman Empire had begun. Also, we have to distinguish between the end of the Western
Roman Empire, on which this analysis is mainly focused, and the fall of the Eastern Roman Empire
(Byzantine Empire), which survived the fragmentation and fall of the Western part. The year 1453,
when Constantinople was conquered by the Ottomans, is commonly seen as the end of the Byzantine
Empire; however, most of the Eastern part of the Roman Empire was lost to the Arabs already in the
7th century, downgrading it to a regional power. Thus, if we speak hereafter of the collapse or fall of
the Roman Empire, we are meaning to say the Western Roman Empire.

At the same time, when the power of the Roman Empire weakened, the strength of the Germanic
tribes increased considerably. During the long-lasting influence of the Romans, their agriculture
significantly improved due to large population growth. The numerous smaller Germanic tribes at the
beginning of the Roman occupation increasingly organized into larger units, guided by distinct ruling
classes. Many of their soldiers had served in the Roman army and adopted Roman tactics of war
and weaponry. Altogether, the economic, political, and military power of the Germanic people had
increased fundamentally. However, there was not a titanic battle of Roman forces against Germanic
tribes. “Romans were as often at war among themselves as they were with the Germanic invaders. And
the latter were often happy to ally with Roman forces against other Germanic tribes” [9]. Eventually,
this overburdened the resilience of the Western Roman Empire (i.e., its capacity to respond and to
recover). According to Brooke [10], “the overall effect was the militarization of the collapsing society,
as magnates raised armies to capture more of the shrinking surplus. Some of these new men were
“barbarians”, Germans, and others from across the frontier, who were first invited as mercenaries to
build up the ranks of the waning Roman army, and then made their move to grab the power” (p. 346).

The question arises as to whether there was a driving force, which was mainly responsible for the
fall of Rome; whether this question is useless against the backdrop of the complexity of the process; or
because, at some point or another, all great powers have declined until now. Asking the other way
around also makes sense: What were the crucial preconditions for the Roman Empire lasting for such
a long time? Such questions have provoked a long-lasting scientific discourse among scholars in the
field of history and neighboring sciences.

At the end of the 18th century, the English historian Edward Gibbon (1737–1794) published six
volumes of a book series entitled “The history of the decline and fall of the Roman Empire”, which has
attracted a large amount of attention to date [11]. Gibbon discussed the supposed destructive role of
the Christian religion at the end of the Roman Empire. His work has been criticized for its view of
Christianity, resulting in the banning of the book in several countries. Since Gibbon, a multitude of
further reasons have been discussed, with decadence, decline of the birth rate, pandemic plague, class
conflict, economic decline, bureaucracy, burden of taxes, civil wars, and corruption being the most
important ones.

In the year 1917, Ellsworth Huntington (1876–1947), a professor of geography at Yale University,
published an article in the “Quarterly Journal of Economics”, entitled “Climatic change and agricultural
exhaustion as elements in the fall of Rome” [12]. His new interdisciplinary approach was based
on tree-ring data and various geological indicators of the climate in the past. He believed that
climate change contributed much to the fall of the Roman Empire. Huntington has been criticized as
a representative of the so-called climatic determinism. His belief that the climate of North-Western
Europe was ideal, had powerful connections to colonialism and may have been taken to justify the
downgrading of less advanced nations.
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With Huntington’s 1917 paper, the possible role of anthropogenically-caused climate change in
antiquity was posed. However, in the second half of the 20th century, the conventional wisdom became
that environmental change played no such decisive role. Climate change has remained a marginal
candidate for explaining the end of the Western Roman Empire until recent times. Previously,
the discussion had been limited to the scientific community of archeologists and historians, mainly
based on archeological artefacts and written records. However, within the past two decades, climate
change research has gathered a large amount of paleoclimatic records serving as proxy data for the
climate in the past, which may potentially be useful in shedding light on unsolved historical questions,
like the possible causes for the fall of Rome and other civilizations.

For many years, scientists have had limited access to paleoclimatic data, and thus presumed that
the climate had changed little since the warming up after the last Ice Age. However, new climatology
has revealed that the Holocene climate was actually constantly on the move. Note that ancient
climate change should not be confused with anthropogenic climate change, which is a recent problem
caused by the various heat-trapping greenhouse gases released into the earth’s atmosphere as a result
of industrialization.

Half a century ago, the British meteorologist Hubert Lamb argued that he had identified
the Medieval Warm Period, which was a significant factor involved in shaping medieval history.
Meanwhile, a large amount of climate proxy data exists, which indicate that there were changes in
temperature and precipitation regimes in the Mediterranean area and Northern Europe during the
Late Antiquity. The data revealed that the climate was not stable during the Late Holocene (the past
3000−4000 years) and particularly during the time span of the Roman Empire. The Roman Empire
reached its maximum peak during a phase of warm, wet, and stable climate, fostered by high, stable
solar activity and weak volcanic activity (the Roman Climate Optimum or Roman Warm Period).
Meanwhile, this period has been widely documented by a multitude of paleoclimatic data based on
various climate archives and also by written records.

For example, in the first century AD, the naturalist Pliny the Elder noted that beech trees, usually
growing in the lowlands, had become mountain plants. This corresponds to the documented biotopes
of thermophilic insects and the evidence of Roman viticulture in Britain. For an agrarian society,
climate is a fundamental condition. “As the Romans stretched their empire to its limits, they had no
idea of the contingent and parlous environmental foundations of what they had built” [13] (p. 15).
From the middle of the second century AD, “one of the most dramatic sequences of climate change in
the entire Holocene” set in. “At crucial junctures, climate instability pressed on the empire’s reserves of
strength and intervened dramatically in the course of the events” [13] (p. 15). Some scholars propose
a period of gradual cooling and increasing climate variability, beginning approximately at AD 250.
According to Harper [13], the Roman Climate Optimum (BC 200−AD 150) moved smoothly into the
Roman Transition Period (AD 150−AD 450), which was a period of climate disorganization, followed
by the Late Antique Little Ice Age (AD 450−AD 700).

The bibliometric analysis of this study aims to visualize the scientific discourse about the possible
role of climate change for the collapse of the Western Roman Empire using well-established bibliometric
methods. The relevant publications have been retrieved from a multidisciplinary literature database,
and were analyzed to explore the role of climate change (natural or man-made climate shifts) for the
fall of Rome. These explorations can be done also in overviews, which summarize the corresponding
literature. However, literature overviews published by single experts in a specific field are in danger of
bias toward their own background and interests. The bibliometric approach provides the “wisdom
of the crowds”, and reveals the status, as well as the time evolution, of the experts’ consensus
and disagreement.

The current study is based on the complete set of the relevant literature covered by the Web of
Science (WoS, Clarivate Analytics). In recent years, some other multidisciplinary literature databases
have entered the market besides WoS. The two primary competitors to the WoS are Scopus (www.
scopus.com) from Elsevier, and Google Scholar (GS) (http://scholar.google.com/) from Google Inc.

www.scopus.com
www.scopus.com
http://scholar.google.com/
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Searches in Scopus delivered almost identical results, without decisive advantages over the WoS.
Scopus and WoS have the advantage of sophisticated retrieval languages, with comprehensive search
possibilities. These possibilities were decisive for our literature search and not available in GS.

A major bias of the study is that most of the historical works on the fall of Rome have been
published as books or book chapters not covered by the WoS (and therefore are scarcely considered in
the bibliometric analyses). The publication set analyzed here predominantly covers literature related
to climate research. Recently published articles mainly come from research in the geosciences, and are
not yet being embedded in the long-lasting scientific discourse of historians.

The analytical approach of this study follows that of a former study, in which we applied
bibliometric methods to analyze the collapse of the Maya civilization in connection with climate
change [14]. To the best of our knowledge, no bibliometric study dealing with the end of the Roman
Empire has appeared until now. Thus, this study is intended to be a starting point for using bibliometric
data on research regarding this issue.

2. Materials and Methods

2.1. Dataset Used

Searching all the papers related to specific research fields or topics in literature databases can be
quite challenging (to avoid confusion with the document type “article,” the term “paper”, rather than
“article”, is used throughout this manuscript for any kind of journal-based publication). Completeness
or recall (i.e., retrieving all relevant papers) and high precision (i.e., retrieving solely relevant papers)
are inversely related and mutually exclusive [15]. This basic connection between completeness and
precision precludes a much “cleaner” publication set (i.e., more relevant papers and concurrently less
non-relevant papers).

As a first step in the literature search, we searched for publications dealing with the decline and
fall of the Roman Empire in general (i.e., independent of the impact of the climate). We aimed to
quantify the order of magnitude of the research papers accessible via the WoS literature database. Our
search query was based on title word searching, and excluded papers dealing with the end of the
Roman Republic rather than the end of the Roman Empire (see the WoS search query I in Appendix A).
Title word searching is much more specific than topic searching (i.e., including abstract words and
keywords) but probably incomplete. By refining the answer-set, 1123 publications were retrieved at
the date of searching (1 April 2018). Most of the publications were book-related publications: book
reviews (798), book chapters (50), and books (10); only 257 publications were research papers, which
have been assigned to the WoS document types “article” (224), “proceedings paper” (25), and “review”
(12). This clearly demonstrates the excessive importance that books have in historical research.

In the second step of our literature search, we searched more specifically for papers dealing with
the decline and fall of the Roman Empire in connection with a changing climate or environment. We
applied a combination of title word and topic searching by alternately searching for terms related
to the fall of Rome and the impact of the climate within the titles and as topics, respectively. For
completeness, many synonyms for the phenomenon of the decline and fall had to be considered as
search terms. However, many terms were not specific enough (e.g., the term “end”) and resulted in
a large amount of non-relevant papers. Therefore, the corresponding search terms had to be restricted
to title words; for topic searching, we applied a suitable adjacency operator (see the WoS search query
II in Appendix A). From that we retrieved 46 papers, from which we selected 10 key papers, which
primarily dealt with climate change in connection to the fall of Rome, with most of them reviewing the
current state of knowledge on this topic:

1. Moravcsik, A.: The fate of Rome: Climate, disease, and the end of an empire (2018) [16]; book
review of [13] (at the date of searching, the original book [13] had not yet been covered by the WoS).

2. Decker, M.J.: Approaches to the environmental history of Late Antiquity, part II: Climate
change and the end of the Roman Empire (2017) [17].
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3. Drake, B.L.: Changes in North Atlantic oscillation drove population migrations and the collapse
of the Western Roman Empire (2017) [1].

4. Storey, R. & Storey, G.R.: Rome and the Classic Maya: Comparing the slow collapse of
civilizations (2017) [18].

5. Harper, K.: The environmental fall of the Roman Empire (2016) [19].
6. Izdebski, A. et al.: The environmental, archaeological and historical evidence for regional

climatic changes and their societal impacts in the Eastern Mediterranean in Late Antiquity (2016) [20].
7. McCormick, M. et al.: Climate change during and after the Roman Empire: Reconstructing the

past from scientific and historical evidence (2012) [21].
8. Buentgen, U. et al.: 2500 years of European climate variability and human susceptibility

(2011) [22].
9. Brown, N.: Climate change and human history – Some indicators from Europe, AD 400–1400

(1994) [23].
10. Huntington, E.: Climatic change and agricultural exhaustion as elements in the fall of Rome

(1917) [12].
One basic problem of the literature search was that our topic—the role of climate change in

connection with the decline and downfall of the Roman Empire—did not represent a common research
topic for various reasons: (1) The number of highly relevant papers published as research articles
in scientific journals was rather low, and much of the relevant literature appeared in books or book
chapters, usually as a secondary topic; (2) many of the relevant papers dealt with the reconstruction of
the complete Late Holocene climate, and included the period of Late Antiquity only as a minor time
period. They mentioned the relevance of their results to the fall of the Roman Empire, but did not
discuss this in great detail.

For this reason, we searched for literature concerning paleoclimatic research in combination
with the time period of the Roman Empire and Late Antiquity, but independent from the fall of
Rome (see the WoS search query III in Appendix A). We applied a more sophisticated method, which
comprised of a preliminary search for literature relating to our topic and a renewed search based on
the synonyms revealed by text analysis of the relevant papers (see [24]). This search strategy is called
“interactive query formulation” [25]. As a result, we retrieved 263 potentially relevant candidates, from
which we manually selected 57 highly relevant papers. In the fields of archeology and history, a large
portion of literature is not published as research papers, but as books or book chapters. Thus, our
assumption is that there exist many more relevant publications (especially books mostly not covered
by the WoS as database records, but as references cited in journal articles), which are not included in
our previous answer-sets.

To overcome this limitation, we extended our search for relevant literature by considering
additionally: (1) all references cited by the 10 key papers; and (2) all citing papers of the 10 key
papers. We assumed that further potentially relevant publications are among the cited references and
the citing papers of these highly relevant papers. The cited references and the citing papers were
searched via their WoS accession numbers. To exclude the non-relevant papers (e.g., the key papers
are not only cited in combination with the fall of Rome), we combined the answer-sets of the cited
and citing papers with the string, “TS = Rom* AND TS = (climat* OR environment*)”. By this we
retrieved further potentially relevant papers covered by the WoS as database records. We also manually
inspected all cited references of the 10 key papers for relevant literature covered by the database only
in the form of references. We detected 18 additional publications (especially books or book chapters)
not retrieved by the search queries II and III.

To receive the final publication set for this study, we merged the publications retrieved by applying
the WoS search queries II and III and selected relevant papers from the references and citing papers
of the 10 key papers (10 + 57 + 18), receiving a final publication set of 85 papers. The complete list of
references for these papers are given in Appendix B. The search strategy is presented in Figure 1 as
a flow diagram.
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Figure 1. Flow diagram of the search and selection steps.

Of the 85 papers dealing with the decline and fall of the Roman Empire in connection with climate
change, 62 papers appeared since 2010, demonstrating the recentness of this research topic. More
than 60% of the papers were assigned to the WoS research area “Geology” (52), 40% to “Physical
Geography” (34), and 12% to “Environmental Sciences Ecology” (10); only 7% appeared in the research
area “History” (6). Note that many papers are assigned by WoS to more than one research area.
The most important journals in terms of the total number of papers published are the “Quaternary
Science Reviews” (10), “Climate of the Past” (7), and “Holocene” (5). “History Compass”, on rank
6, is the first journal of this ranking outside the natural sciences. The analyses of the research areas
and journals demonstrate that the natural sciences (especially geoscience, ecology, paleoclimatology,
and meteorology) entered research in archeology and history, and have boosted research around
a long-discussed, but unsolved question. Before paleoclimatic data entered, there was a long-lasting
and often very controversial discussion, which was mainly based on archeological and written sources.
However, “these documents began to lose their importance gradually in the writings of a historical
nature and were replaced by new documents and new approaches elaborated and exploited by the exact
sciences” [26] (p. 49). The growing number of research on climate change delivered the preconditions
needed to analyze the role of climate change on the decline and fall of ancient civilizations.

The citing publications (n = 1845) of the papers of the final publication set (85 papers) were
analyzed with regard to their WoS research areas. The vast majority of the citing papers appeared in
the geosciences research areas; only 46 citing papers (2.5%) were assigned to the WoS research area,
“History”. The citing papers primarily discussed paleoclimatic analysis methods and data from larger
time-periods (e.g., some millennia), with no specific focus on the fall of Rome.

2.2. Visualization of Authorships and Research Topics

We used the VOSviewer software 1.6.5 [27,28] for mapping the authors and keywords of the
literature dealing with the decline and fall of the Roman Empire in connection with climate change.
First, we analyzed the co-authorship network in our publication set. The co-authorship map is
based on concurrent occurrences (co-occurrences) for positioning the nodes (i.e., the authors) on the
maps. The distance between two authors is approximately inversely proportional to the amount of
co-authorships. Hence, authors who have frequently co-authored tend to be found closer to each other.
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The size of the nodes is proportional to the number of papers published by an author. The nodes on
the maps are assigned by VOSviewer to clusters based on a specific cluster algorithm. These clusters
identify closely related nodes, whereby each node is assigned to only one cluster. The corresponding
method, which we used for revealing the thematic content of the publications, was based on the analysis
of “keywords plus”, assigned by the database producer Clarivate Analytics. The keyword map is based
on co-occurrences for positioning the corresponding keywords on the map. The distance between
two keywords is approximately inversely proportional to the relatedness of the keywords (relatedness
in terms of co-occurrence). Hence, keywords with a higher rate of co-occurrences tend to be closer to
each other. The size of the nodes is proportional to the number of papers with a specific keyword.

2.3. Visualization of the Citation Network

We used CitNetExplorer [29,30], a bibliometric tool to visualize citation networks, to analyze the
development of research dealing with the decline and fall of the Roman Empire in connection with
climate change over time. The tool builds on Eugene Garfield’s work on algorithmic historiography and
the corresponding program, HistCite (however, this program is no longer in active development nor is
officially supported). The citation network displays linkages (citations) among the relevant papers,
represented by circles. The connections between the nodes indicate, which later papers cited certain
earlier papers. The network also illustrates how the nodes are positioned on the pathways between
the papers (this is called centrality). The interconnectedness helps to identify central publications.

2.4. News Mentions

Since citations measure the impact of papers exclusively within science, we also considered in
this study news mentions to identify papers, which had impacts beyond science. Books could not
be included here, however, and most of the news counts were dominated by journal articles. News
items were mainly linked to papers based on direct links or unique identifiers, such as DOIs (Digital
Object Identifiers). The company Altmetric [31] tracks mentions of scientific works in online media,
and among them, news outlets (e.g., BBC or The Times). Altmetric shared with us a snapshot of their
data on 2 October 2017. The data were used to analyze how often the publications in our set were
mentioned in news outlets.

3. Results

3.1. Estimated Number of Publications

Based on the publication set retrieved by search query I, we tried to quantify the order of
magnitude of the research papers dealing with the downfall of the Roman Empire in general. Title
word searching was highly specific but incomplete. However, our experience in database searching
enabled a rough approximation of the amount of research articles we would find relating to our
topic of analysis and published until present. As a rule of thumb, compared to title word searching,
topic searching in literature databases normally results in publication sets, which are one order of
magnitude larger than usual. Compared to titles, abstracts have, on average, roughly ten times more
text. Therefore, we conclude that the body of relevant research articles roughly amounts to 2500 papers.

3.2. Co-authorship and Keyword Maps

We analyzed the final publication set of 85 papers dealing with the fall of Rome or the time period
of the Roman Empire, respectively, in connection with climate change. An inspection of the author
affiliations within our publication set shows that this has induced much interdisciplinary collaboration
(there were, on average, five authors per paper). The co-authorship map of all authors is presented in
Figure 2, and can be further inspected by zooming in (see https://tinyurl.com/y87aojfx).

https://tinyurl.com/y87aojfx
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Figure 2. Co-authorship map of all authors (435) from the 85 papers dealing with the fall of Rome
or the time period of the Roman Empire in connection with climate change (the minimum number
of papers containing a specific author is one). Readers interested in an in-depth analysis of our
publication set can use VOSviewer interactively and zoom into the clusters via the following URL:
https://tinyurl.com/y87aojfx. Source: WoS, VOSviewer.

Figure 2 reveals a series of collaborations on which the papers of our publication set were
based. In the co-authorship map, Buentgen, Luterbacher, and Sadori appear most pronounced as the
cooperating authors. Top left: the cooperation of Jürg Luterbacher (climate researcher) with many
others on the reconstruction of European summer temperatures since Roman times [32]; center left:
the cooperation of Ulf Buentgen (climate researcher) with Michael McCormick and Kyle Harper (both
historians) on climate change during and after the Roman Empire [21], and with Jürg Luterbacher
and many others on 2500 years of European climate variability [22]; bottom left: a work on natural
and anthropogenic variations in methane sources during the past two millennia [33]; center left:
the cooperation of Adam Izdebski (historian) with Büntgen, Luterbacher, and others for a paper
on better communication between archeologists, historians, and natural scientists [34]; top center:
a Finnish work on volcanic dust veils in the sixth century [35]; center bottom: the cooperation of Laura
Sadori on vegetation history and the paleoclimate in Greece [36] and on human–climate interactions in
the Central Mediterranean region [37]; center right: the work on sea surface temperature variability in
the Central-Western Mediterranean Sea during the past 2700 years [38], on climate reconstruction for
the past two millennia in Central Iberia [39], and on climate variability in the Western Mediterranean
during the Late Holocene [40]; center far right: the works on Late Holocene climate variability in
Southern Spain and on the Iberian-Roman Humid Period [41–43]. Some authors do not appear without
zooming into the clusters (see https://tinyurl.com/y87aojfx). For example, center left: the work of
Jan Esper on Northern European summer temperature variations from integrated tree-ring density
records [44] and the cooperation of Fredrik C. Ljungqvist (historian) with Buentgen and Luterbacher.
However, his paper on the reconstruction of the temperature variability in the Northern Hemisphere
during the past two millennia [45] was published without co-authors.

https://tinyurl.com/y87aojfx
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We produced a keyword map for a rough content analysis of the 85 papers dealing with the fall
of the Roman Empire in connection with climate change, which we present in Figure 3 (see https:
//tinyurl.com/ybrbmqc6). This map is based on “keywords plus”, which is suitable for an overview
of the thematic content. The mapping of “all keywords” delivers a finer-grained keyword cloud, but
“keywords plus” has the advantage of a higher degree of standardization because they are provided
by the database provider, rather than the authors.
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Figure 3. Co-occurrence map of “keywords plus” (95 out of 439 keywords) from the 85 papers dealing
with the fall of Rome or the time period of the Roman Empire in connection with climate change
for a rough content analysis (the minimum number of co-occurrences of a keyword is two). Readers
interested in an in-depth analysis can use VOSviewer interactively and zoom into the clusters via the
following URL: https://tinyurl.com/ybrbmqc6. Source: WoS, VOSviewer.

Besides the keywords around the search terms (Roman Empire, collapse, climate), it can be
seen that some related terms (climate change, variability, human impact) are most pronounced.
Also, meteorological terms (atmospheric circulation, north-atlantic oscillation) appear as pronounced
keywords, showing their importance within the discussion. The density map reveals, at a glance:
(1) the various paleoclimatic indicators and dating methods applied (pollen, tree-rings, sediments,
speleothems, radiocarbon); (2) the causes and impacts of a human-induced changing climate (drought,
deforestation, vegetation, land use, soil erosion); (3) the locations of the records analyzed (Africa,
Greece, Israel, Turkey, Dead Sea, Eastern Mediterranean Region, Near-East, European Alps, Greenland);
(4) the relevant time periods (classical period, warm period, Holocene, Late Holocene); and (5) volcanic
eruptions, and various other relevant keywords. A co-occurrence map of “all keywords” reveals further
terms, as, for example, additional sites (e.g., Central Italy, Central Spain) and more paleoclimatic records
(e.g., ice-core).
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3.3. Citation Network

We present in Figure 4a the citation network of the 85 papers dealing with the end of Rome or
the time period of the Roman Empire in connection with climate change. The inserted crop shows the
network of the papers at center bottom in more detail (with all author names readable) and Figure 4b
shows, as an example, the specific references cited by Decker [17] which are highlighted.

The citation network of the 85 papers dealing with the end of Rome in connection with climate
change shows, which papers cite which other papers within the publication set (Figure 4a,b). The
citations are directed from the bottom (present) to the top (past).

Discussing the evolution of the scientific discourse, we start with the earliest publication from
1917 [12]. Huntington’s new interdisciplinary approach was based on tree-ring data and geological
indicators of the climate in the past (alluvial deposits, lake strands, the amount of salt in enclosed lakes,
and river terraces). Huntington argued that climate change can lead to the demise of even advanced
civilizations through drought, food insecurity, and damage to economic production. He believed that
climate change contributed much to the fall of the Roman Empire. The climate proxy data available at
his time showed that the Roman world had become drier and climatically more variable compared to
the climate in prior centuries. According to his view, deforestation, soil exhaustion, and crop failure
played a major role in the downfall of Rome. Huntington can be seen as a kind of forerunner in the
field of climatic impact in ancient history, and may be compared with Alfred Wegener in the field of
plate tectonics [46].

The next paper in Figure 4 did not appear until decades later (1951) [47], discussing the decline
of North Africa since the Roman occupation. Murphey questioned whether the degree of climate
fluctuations suggested by Huntington was responsible for the decline of North Africa, and pointed
to the human factor for an explanation. Next in the figure comes a more general paper by Neville
Brown [23] on climate change and human history within the time period AD 400−1400. With regard
to the Roman World and on the basis of the sparse paleoclimatic data at that time, Brown states: “So
overall, the signs are of aridity and cold sufficient to stimulate Völkerwanderung [Mass Migration] in
inner Eurasia that bore so hard on the Roman and other settled realms. A well-recognized driving
force was the migration of Hunnish tribes out of East and the central Asia” [23] (p. 39). Against the
backdrop of some recent publications discussed below, this was a farsighted statement. The first paper
in the network presenting paleoclimatic data for the reconstruction of the past climate with regard
to the Roman Warm Period and the Dark Ages Cold Period appeared at the beginning of the 21st
century [48]. This paper discusses Holocene climate variability based on speleothem records from
South-West Ireland.

Since around the year 2000, a multitude of papers on climate change within the past two millennia
based on paleoclimatic data have been published. The paleoclimatic records (mineral deposits in
caves called speleothems, lake sediments, river sediments, ocean sediments, pollen samples, tree-ring
data, glacier movements, ice-core samples, etc.) were taken on many different geographical sites
of the Roman Empire: Central Italy [49], Central Iberia [39], North Western Iberia [50], Central
Spain [51], Southern Spain [41,42], Austrian Alps [52], Croatia [53], Greece [54], Southern Levant [55],
Israel [56–58], Egypt [59], North Africa [26], Central Mediterranean Sea [60], Albania [37], Western
Mediterranean [40], Eastern Mediterranean [20,61], Western Germany, Eifel Maar [62], and others.
Some papers dealt with the reconstruction of European summer temperatures since Roman times,
based on climate proxy data [32,44,45,63]. Reale [64,65] constructed a Mediterranean vegetation map
representing the conditions of two millennia ago. Their general circulation model suggests that
deforestation around the Mediterranean over the past 2000 years contributed to the dryness of the
current climate.
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Two review papers [21,22] are most important in the citation network: Based on tree-ring data,
Büntgen et al. presented a reconstruction of Central European summer precipitation and temperature
variability over the past 2500 years [22]. Trees add two growth layers to their girth annually, which
change during abnormal cold or dry episodes in measurable ways. According to these data, the period
of Roman prosperity is characterized by warm and wet summer conditions. Since around AD 250,
increased climate variability coincided with the demise of the Western Roman Empire. According to
Büntgen, “exceptional climate variability is reconstructed for ~250 to 550 AD and coincides with some
of the most severe challenges in Europe’s political, social, and economic history, during the Migration
Period. Distinct drying in the 3rd century paralleled a period of serious crisis in the WRE [Western
Roman Empire] marked by barbarian invasion, political turmoil, and economic dislocation in several
provinces . . . ” [22] (p. 580).

McCormick et al. published an article that “represents a kind of ‘white paper’, presenting the first
multi-proxy baseline synthesis of what is now known with some confidence about climate conditions
across the Roman and post-Roman world from ca. 100 BC to 800 AD” [21] (p. 172). The relevant
materials and methods are presented in the detailed appendix of the McCormick paper. According to
McCormick’s synthesis, the centuries of the rise of the Roman Empire are characterized by exceptional
climate stability, with some regions enjoying unusually favorable conditions. From the first century
BC to the second century AD, the climate of the Western Roman Empire was warmer than in the
following centuries. The more frequent and extensive Nile floods during this period, which were
most important conditions for cereal production, enabled Egypt (besides the other provinces in North
Africa) to become the “breadbasket” of the Roman Empire. As an agrarian society, deforestation and
soil exhaustion certainly put some stress on its landscapes. However, anthropogenically-driven climate
change is currently not seen to have been a leading force in the fall of Rome [10].

For the period from AD 200 to AD 400, when severe economic, political, and military crises
came about, many proxy data reveal a cooler and dryer climate for the north-western provinces,
and a shift away from the stability of the previous centuries [21]. Greenland Sea ice and solar activity
both indicate a cooling episode in the fifth century. Volcanic eruptions may have caused episodes
of rapid climate change disrupting food production, but their political impact is unclear. They may
possibly have played no major role for the decline before the distinct volcanic event in AD 536, when
the Western Roman Empire had already collapsed. For the eastern provinces, some proxy data indicate
increased moisture from around AD 400, which is the most critical factor in an arid environment [21].
This corresponds with the East Roman Empire’s rise to economic and political dominance, and its
prosperous 5th century. Paleoclimatic evidence for a 5th century drought in Southern Levant coincides
with the proposed economic downturn attested to by numismatic trends [55].

The indicators for analyzing the climate of the Late Antiquity used until now are: tree-ring series
from Central Asia and Europe; pollen records from Anatolia, Montenegro, and Spain; cave formations
from Austria, Greece, Israel, and Turkey; Alpine glacier movements; Greenland ice cores; sediment
records from European and Western Asian lakes; fluctuations in solar radiation; data on volcanic
eruptions; and the recorded history of Nile floods. The solar activity of the past has been reconstructed
from the concentration of the isotope Beryllium-10 in ice sheets. This isotope is produced by cosmic
rays, which are depressed by higher amounts of solar activity. Volcanic emissions leave sulfate aerosols
in ice cores from Greenland glaciers. The age determination of the paleoclimatic records is carried out
via dedicated dating techniques (in particular, isotope-based dating and tree-ring dating). Furthermore,
archeologists and anthropologists analyze the history of health and disease through chemical analysis
of bones and paleomolecular methods [13].

Currently, the scope of suitable analytic methods, the number of records from the various sites,
and the precision of dating are increasing substantially. However, the placing in time of the cooler and
warmer periods, as well as the drier and wetter phases, is still somewhat inconsistent. “At present we
may usefully, but only generally, begin to describe the climate context of the Roman world—more data
from a wider spatial network, and especially good chronological control on these data, are essential
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to overcome current contradictions and uncertainties” [66] (p. 104). This holds true until present.
However, the earth sciences have the potential to contribute much to the environmental history of
societies and deliver the preconditions for answering the question on whether climate change (natural
or anthropological) has played a decisive role in the decline and fall of the Roman Empire.

Two papers within the citation network of Figure 4 are of special interest in regard to their
connection with our topic: “The environmental fall of the Roman Empire” [19] and “Realising
consilience: How better communication between archeologists, historians and natural scientists
can transform the study of past climate change in the Mediterranean” [34]. Two recently published
review papers [1,17], and a book [18] comparing the slow collapse of the classic Maya civilization with
the decline of the Roman Empire are located at the bottom. Besides the economic, political, and social
dimensions of the decline of both civilizations, Storey & Storey [18] also discuss the environmental
dimension. They state that the environments of the Roman Empire and the Classic Maya are completely
different and summarize that two main challenges played a role in the collapse of the Roman Empire:
deforestation and soil erosion as anthropogenic components, and a general cooling trend, which all
had a devastating effect on the agricultural economy. “These data suggest a general climatic downturn
for the later centuries of the Roman Empire and its aftermath, reversing the Roman Warm Period” [18]
(p. 180).

Michael Decker presented an overview of approaches to the environmental history of the Late
Antiquity, allowing historians to discuss climatological data in the light of historical sources [17].
According to Decker, many studies support the view that Eurasia experienced a warm period
(the Roman Warm Period) roughly from the fifth century BC to the fifth century AD, with annual
averages being about 1 ◦C higher than previously. Subsequently, the climate became cooler and dryer.
The various regional studies place the beginning of the cooling period at somewhat different times.
“Some scholars propose a period of gradual cooling and increasing climate variability beginning ca.
AD 250 and continuing into the seventh century − a phase referred to as the Migration Era Pessimum
. . . ” (p. 2). Decker emphasizes that “environmental history holds great promise in its potential to
enrich our understanding of the late antiquity” (p. 5). He states that climate history has intersected
with the historical study of the transition from the ancient to the medieval world, and that “a historian
today needs to be comfortable using scientific data, often considerably beyond his or her field of
expertise, and in collaborating in interdisciplinary studies” (p. 2).

Since the late 1970s, measured changes in climatic humidity have been discussed in connection
with long-term shifts in the North Atlantic Oscillation (NAO) as a major climatic influence in
the northern hemisphere [1]. NAO is a weather phenomenon of fluctuations in the difference of
atmospheric pressure and temperature at sea level between the Azores high and the Icelandic low. It is
one of the great climate mechanisms of the earth. Through fluctuations in its strength, NAO controls
the strength and direction of the westerly winds across the North Atlantic. Positive and negative
phases of NAO affect the Eastern and Western Mediterranean in opposite ways. A positive NAO mode
spins the westerlies poleward, resulting in more drought in the Western Mediterranean and more
rain in North Europe. On the contrary, a negative NAO mode brings more moisture to the Western
Mediterranean and a more arid climate in Northern Europe. In the Eastern Mediterranean, the effects
of NAO are less distinct, because its climate is also influenced by the monsoonal system. The (distant)
effect of the Eastern Mediterranean by El Niño Southern Oscillation (ENSO), an irregularly periodic
variation in winds and sea surface temperatures over the tropical Pacific Ocean, has not been proven.

According to Drake [1], NAO shifted in four episodes and increased droughts in the periphery of
the Roman Empire: “Periodic weakening of the NAO caused drought in regions of origin for tribes in
antiquity and may have created a powerful push factor for human migration” (p. 1). The first NAO
change AD coincides with the Marcomannic Wars (AD 166−AD 180), the second with the Gothic
migration and the beginning of the Migration Period AD 376, and the third with the broad population
movements since around AD 500.
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Some more specific papers appear to be isolated from the citation network in Figure 4: a book
review [16], a foreword of a conference paper [67], and some other highly specific papers, as, for
example, on the Antonine plague [68] or on the AD 472 Pollena eruption of Somma-Vesuvius [69].
Moravcsik reviewed a recently published book by Kyle Harper [13], which is not included in the
citation network of Figure 4. At the date of searching, the original book had not been covered by
the WoS yet. Based on a comprehensive compilation of paleoclimatic and paleomolecular data and
traditional written sources, the book offers an impressive re-interpretation of the decline and fall of the
Roman Empire. Harper documents the devastating spread of pandemic diseases (plague, smallpox,
and tuberculosis), which, he argues, killed more than half of the population in some areas of the Roman
Empire. The empire had become vulnerable to such diseases, not at least due to severe climate change
in the Roman Transition Period. Harper illustrates how the climate variability of Late Antiquity is
intimately connected with epidemics. For example, drought reduces crop yields, cooler temperatures
reduce the growing season, and flooding recorded in river sediments indicate episodes of extreme
rain. By undermining the grain-based economy and leading to food shortage, such climate events
have the potential to trigger epidemics. Harper is a co-author of one review paper [21] in the citation
network figure, and has also published a more general paper on climate change and the course of
global history [4].

We did not search for publications on paleoclimatic data related to Late Holocene outside the
context of the Roman Empire or Late Antiquity, respectively, and therefore presumably missed some
relevant literature. Also, the corresponding search terms sometimes do not appear in the titles or
abstracts, because the authors mention the relevance of their results for the time period of the Roman
Empire only in the full text.

At the risk of oversimplifying, we summarized the 85 key papers mentioned above, which
presented paleoclimatic data from various sites of the Roman Empire, as follows:

1. The climate archives revealed the existence of both the Roman and the Medieval Warm Period
(Roman and Medieval Climate Optimum) with warmer conditions, separated by the Dark Age Cold
Period (Migration Period Pessimum) with prolonged cooling;

2. Lake sediment chronologies, pollen analysis, and multi-proxy data indicate the Iberian-Roman
Humid Period, followed by a progressive arid phase since AD 400−450;

3. Speleothem records, stalagmites, and lake sediments indicate dryer conditions in Croatia,
Greece, and Israel since about AD 350−500, and a late Roman drought in Anatolia and Levant between
AD 350 and AD 450 (and wetter conditions later);

4. Reconstruction of local growing-season temperatures based on stable carbon isotope time-series
of cellulose indicates a cold and presumably wet phase between the 4th and 7th century in Germany
(Eifel);

5. Climate change in the period of Late Antiquity correlates with documented long-term shifts of
some major climate mechanisms, in particular NAO.

The potential of the geosciences and paleoclimatology is, by far, not outbid. For example, Passchier
and his coworkers at the University of Mainz (Germany) found out that Roman aqueducts could offer
a unique look at how the climate changed on many sides of the Mediterranean region [70,71]. Over
time, the rushing water coming from limestone cave springs deposited thick layers of calcite (calcium
carbonate) on the channel walls. Similar to cave records, this sinter material has recorded environmental
changes throughout the time of operation of the aqueducts. In contrast to cave formations, annual
deposits in aqueducts can be one centimeter thick, thereby providing a more highly resolved look
into past climate. Measuring the concentration of Oxygen-18 via geochemical analysis informs about
a colder or warmer environment at a specific point in time, provided that the exact age of the layers
can be determined (e.g., via radioactive dating). Using the calcium incrustations of Roman aqueducts
as climate archives has been suggested already in 1971 [72]. This paper has been detected by the WoS
search query III, whereas the basic paper by Passhier [70] is included in the publication set of 85 papers.
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There exist some further interesting papers published as book chapters or conference proceedings,
which are either not covered by the WoS or not covered by our search query. For example, a paper
entitled “Megadroughts, ENSO, and the Invasion of Late-Roman Europe by the Huns and Avars” [73]
is not a WoS database record. However, it appears as cited reference within our publication set and cites
itself the underlying research articles [74,75] (see below). Another paper strongly related to the paper
on megadroughts in Central Asia [73] and entitled “Migrations of early nomads of the Eurasian steppe
in a context of climatic changes” [76] is covered by the WoS, but was not found by our search query.

Such papers can only be detected through searching based on an appropriate search query
or through screening the cited references within our publication set. We have carefully inspected
the references cited within the 85 papers of our final publication set, and have retrieved additional
literature, particularly with regard to early publications (e.g., [77]), and concerning indirect climatic
forcing through drought events in Central Asia (e.g., [73]). Since the scientific discourse has just started
to switch to the natural sciences, the relevant publications are too recent and cannot be detected based
on the number of citations.

In accordance with the prevailing view of the scholars at his time, Saunders questioned in his
article “The debate on the fall of Rome” that climate change had played a significant role in the fall
of Rome [77]. The attempt by Huntington [12] seems dubious to him: “I have always thought it
not a little far-fetched to try to explain the fall of Rome by measuring the girth of redwood trees in
California” (p. 8). With regard to indirect climatic forcing, he wrote: “Desiccation in Central Asia may
possibly account for the arrival of the Huns in Europe at the end of the fourth century, but I see no
way of proving it” (p. 8). Meanwhile, this has changed (see below). According to Storey [18], John
Nichols began to focus less on the effect inside the empire as opposed to the climatic conditions outside.
“A changing and less benevolent climate may have been a factor in driving the northern barbarians to
enter the Roman Empire” [78] (p. 437).

The Eurasian steppe stretches from the plains of Hungary to Eastern Mongolia. Its climate
is too dry to support trees and too moist to form a desert. The Juniper tree-ring chronology from
Dulan-Wulan on the Tibetan plateau discussed by Cook [73] and based on previous work [74,75]
revealed three periods of intense, multi-decadal drought, the first beginning around AD 340 (at about
the time of the first migration of the Huns) and lasting for almost forty years in Central Asia (one of
the worst in 2000 years). The second major drought occurred in the middle of the 5th century AD, at
around the time of the second invasion of the Huns. The third drought period is centered around AD
550, at the time of the invasion of the Avars of Late-Roman Eastern Europe. Above-average wetness
before the second and third drought period may have allowed the invaders to build up the capacity
for invasion. ENSO is a candidate as a climate system cause, because long-range ENSO forcing of the
climate influences the precipitation in Central Asia. NAO is another candidate: when NAO is positive,
the westerly jet stream moves north and Central Asia becomes more arid; but when NAO is negative,
the jet stream moves toward the equator and more rains reach the steppe.

The in-situ tree-ring evidence is convincing; however, the links to ENSO and NAO are highly
speculative. Remote teleconnections between different areas around the globe are difficult to find,
even when using very recent data sets. Teleconnections are usually used for seasonal outlooks, but
not for extended decadal or multi-decadal climate phenomena, such as long droughts. Extrapolating
current weak teleconnections to determine past climate should be used with caution. In his paper on
the Hunnic migrations, Cook [73] claims he saw the Huns moving from Mongolia, but specialists now
understand that the Huns who crossed into the Roman Empire were not far east of the Volga River.

The Dulan-Wulan tree-ring data clearly confirm speculations about a climatic factor in the
migration of the Huns. The Huns, for their part, induced the movement of the Goths from north of
the Black Sea across the Danube into the Roman Empire, which is widely seen as the origin of the
Migration Period. Possibly, the nomadic Huns tried to escape from the drought region in Central Asia
and simply moved towards areas with more grass for their cattle. “The Huns were armed climate
refugees on horseback” [13] (p. 192). Their basic weapon was a composite reflex bow, which increased
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their military clout substantially [7]. According to the Roman historian Ammianus, “You would not
hesitate to call them the most terrible of all warriors” (cited in [13], p. 193). The Huns are one brick in
the building block of the far-reaching impact of a changing climate. “We need not go in for monocausal
explanations. The coming of the Huns did not, by itself, spell the doom of the western empire” [13]
(p. 163).

More recent works on nomads and climate by Di Cosmo et al. [79,80] modify and relativize the
connection between climate and the migration of nomads: With regard to the collapse of the Eastern
Turk Empire (ETE, ca. AD 584–630), Di Cosmo argues that reduction in vegetation growth and increased
livestock mortality associated with a climatic shift should be evaluated within a comprehensive analysis
of political relations [79]. Regarding the re-evaluation of the history of the Uyghur Empire (AD 744–840)
in connection with newly available paleoclimate data, Di Cosmo states that the assumption of
a direct causal link between drought and the stability of nomadic societies is not always justified.
A severe drought lasting nearly seven decades did not cause this nomadic empire to collapse or to
disintegrate [80].

The periodic migration of Asian nomads can be traced by archeological and written sources.
An analysis of lake deposits and loess–soil cross-sections by Bokovenko shows significant changes of
the climate, which correlate with their migrations [76]. In his conclusion, Bokovenko states: “The origin
of these migrations is not yet clear. They may be caused by political ambitions. But there are no doubts
that climatic changes played an essential role by stimulating the move of numerous nomads over great
distances” (p. 31). In summary, at around AD 350, the Roman Optimum was over and replaced by
the Migration Era Pessimum, which lasted until the beginning of the Medieval Climate Optimum at
around AD 800. The drought in Central Asia and the onset of a cooler climate in North-West Eurasia
possibly put Germanic tribes, Goths, and Huns on the move straight into the Roman Empire.

3.4. News Mentions

The papers of our publication set with more than ten news mentions are: (1) the paper by
Luterbacher [32] with 25 news mentions; and (2) the paper by Büntgen [81] with Luterbacher as one
of the co-authors, which received 15 news mentions. Based on the expanded number of high-quality
proxy records and new statistical reconstruction methods, Luterbacher et al. presented and discussed
an annually resolved, spatial reconstruction of the European summer temperature since Roman
times. Büntgen et al. used tree-ring chronologies from the Russian Altai and European Alps to
reconstruct summer temperatures over the past two millennia, and found a long-lasting cooling
period after a series of three volcanic eruptions around AD 550. This coincides with ongoing
political turmoil, migration, and pandemics. The accessible news reports dealing with the paper
by Luterbacher et al. [32] are focused on the temperature increase within the recent decades against
the backdrop of the current global-warming discussion. Many news reports dealing with the tree-ring
data presented by Büntgen et al. [81] discuss the connection between the Late Antiquity Little Ice
Age and the fall of the Western Roman Empire. Others debate whether climate change can alter the
course of history in general or deal with a possible link between climate change and epidemics or
food shortage. The analogy with current civil wars and migration presumably provoke public interest.
Interested readers may inspect the news articles at https://www.altmetric.com/details/5056795/news
and https://www.altmetric.com/details/5108025/news.

4. Discussion

The current bibliometric study is based on the literature (accessible via the WoS literature database)
dealing with the decline and fall of the Roman Empire and the references cited therein. Due to the
poor coverage of books by the WoS, the publication set analyzed here mainly includes research articles
written in English, which means that many publications by historians on the fall of Rome are not
considered. However, this literature has been used to interpret the bibliometric results. The study
shows that, until present, the amount of literature on the fall of Rome in connection with climate
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change and the number of researchers, respectively, is comparatively low; most of the relevant papers
appeared more recently. The publications citing the papers of our final publication set primarily
discuss paleoclimatic analysis methods and data from larger time periods (e.g., some millennia) with
no specific focus on the fall of Rome.

There exists no clear dividing line between the publications studying climate change over the
complete timespan of the Late Holocene and those specifically focused on the time period of the
Roman Empire and the transition to the Middle Ages. Earlier papers tend to mention only the Roman
Warm Period, whereas more recent publications are increasingly dealing with the impact of a shifting
climate on the rise and decline of the Roman Empire. Most classic books on the fall of Rome discuss
the climate only marginally, if at all. The content analysis of the relevant papers indicates a shift from
endogenous to exogenous forces. However, anthropogenically-driven climate change is currently still
not seen as a leading force in the fall of Rome [10]. Some historians, however, are convinced that
a naturally shifting climate was a major force both for the rise and fall of civilizations (Kyle Harper,
Michael McCormick). Many other historians are still reluctant.

A multitude of paleoclimatic data from various sites of the Roman Empire revealed the existence
of the Roman Warm Period (Roman Climate Optimum) and the Migration Period Pessimum. For the
period, when severe economic, political, and military crises came up, many proxy data reveal a shift
away from the stability of the previous centuries: a cooler and dryer climate for the north-western
provinces, and a progressive arid phase in the south-eastern and southern provinces. Climatic change
seems to have impacted not only on the Roman World itself, but also its peripheral regions and
Asia, influencing the course of history in a more indirect way. Recently, some researchers argued
that drought in Central Asia and the onset of a cooler climate in North-West Eurasia may have put
Germanic tribes, Goths, and Huns on the move into the Roman Empire, provoking the Migration
Period—and by this, eventually, the downfall of the Western Roman Empire.

In his book entitled “The Great Warming”, Brian Fagan discusses the migration of the Mongols
under their leader Ginghis Khan as a result of climatic change in Central Asia [82]. He points out
that arid lands, such as steppes and deserts, are extremely sensitive to even tiny variations in rainfall,
and act as huge pumps: After rainfall, nomadic people are attracted to its promises of grazing land
and water; when dry conditions return, the nomads and their herds are expelled to the margins.
Although Fagan has no specific expertise in the history of the Mongols, this scenario can possibly be
applied to the migration of the Huns about one millennium prior, resulting in the Migration Period
and eventually causing the downfall of the Roman Empire.

The complexity of the environmental, economic, and political interactions on the one hand,
and the incompleteness of suitable records and lack of precision in their dating on the other, preclude
a simplistic unraveling of the connections and closing answers. A combination of many factors
interacting with each other (civil wars, defense against barbarians, the impacts of internal and external
climatic pressure, pandemic diseases, and many others mentioned above) is a possible explanation for
the scenario of the long-lasting decline and final collapse of the Roman Empire.

However, the various paleoclimatic records indicate distinct fluctuations of the climate during
Late Antiquity. We may assume that a more comfortable climate was decisive for the rise of the Roman
Empire, and a shifting climate might have been a major triggering factor for weakening the power
of Rome. Since a society relies on a fine margin of climate stability, even small climatic changes can
have notable effects [10]. Overlooking this is presumably one possible reason for why the potentially
decisive role of the climate for the stability of societies has often been underestimated. We do not
want to advocate for simple or reductionist theories—we do not know if the fluctuations of the climate
were a triggering factor; the data only deliver a possible explanation (which can be explored in future
studies).

The effects of the climatic shift at the time of Late Antiquity seem to be more indirect. It was
not so much the immediate impact, but the consequences that caused political and social change and
eventually the downfall. It is still difficult to assert, how far climate change affected the struggle
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of the later Roman Empire. “But climate change was always an exogenous factor, a true wild card,
transcending all other rules of the game . . . The rise and fall of Rome remind us that the story of
human civilization is, through and through, an environmental drama” [13] (p. 15). Harper’s work is
likely to re-ignite the debate about the role of environmental change in the fall of Rome.

Against the backdrop of the current amount of research activity and the public discussion around
global warming, scholars are in danger of being focused too much on “climate downturns”, and of
over-explaining and simplifying the role of the climate for the end of Rome. However, climate research
might deliver important data for a better understanding, which can be used and interpreted by
historians. We do not argue that climate change was the main cause for the fall of Rome. However, we
summarize the literature analyzed here by saying that climate change has come into play. Our
bibliometric approach: (1) quantifies the amount and time evolution of the relevant literature;
(2) presents the most active authors and their co-authorship; and (3) also presents the linkage of
the relevant papers within their citation network. Literature overviews published by experts in
specific fields are in danger of being subjective based on their own background and specific interests.
A bibliometric approach can provide a more unbiased view of the scientific discussion.

What are the limitations of this bibliometric analysis? (1) As already mentioned, in the fields of
archeology and history, a large portion of literature is published as books or book chapters. However,
books are scarcely covered by literature databases such as the WoS. Since they appear as cited references
within research articles, some relevant books and book reviews have been included in the analysis.
(2) Our selection of the 10 key papers is somewhat arbitrary, but they are only the starting point
for a more detailed search (see Figure 1). (3) The publication set analyzed here (n = 85 papers) is
comparatively small, but the papers already deliver a consistent picture of the discussion initiated by
the paleoclimatic data available at present.

5. Conclusions

The rapidly evolving climate change research (against the backdrop of the danger of global
warming), and the increasing availability of paleoclimatic data, enabled scholars to better analyze
the role of anthropogenic and natural climatic shifts for the course of history in Late Antiquity. In
recent years, the number of records from different locations, the toolbox of suitable analytic methods,
and the precision of dating all evolved rapidly. However, until now, the impact of the past climate on
the course of history has been discussed primarily by climatologists. Therefore, historians sometimes
recommend that more experts from their discipline are brought on board.

The use of the climate in the history of Rome seems to be different in work conducted by historians
and archeologists than in work conducted by climatologists. Historians study the evolution of societies
as an interaction of many components (culture, economy, environment, military power, etc.) within
a sophisticated network. Their interpretations and conclusions are based on archeological artefacts
and written records. In contrast, climate scientists are solely focused on climatic shifts documented by
paleoclimatic data. They correlate climatic events, such as periods of drought, with historical events,
such as the migration of nomads, and establish hypotheses with climate change as an indication for
having caused or influenced historical processes. Historians underestimate the explanatory power
and the future perspective of paleoclimatic data; climatologists discuss historical events, which they
cannot study with due care.

Many studies on the decline of Rome lack the inevitable collaboration between disciplines:
archeology, history, and climatology. Different research cultures and lack of insight in the
complementary discipline hamper better collaboration. Climate researchers mainly cite other climate
researchers (see Figure 4a), and historians seem to primarily cite other historians. Typically, historians
are not trained climate scientists, and climate researchers analyzing the past climate are not trained
historians. Climatologists not trained in ancient history or in textual analysis cannot properly interpret
the historical context of the data they produce, and historians cannot be trusted with paleoclimate
data. Better communication between archeologists, historians, and natural scientists has already been
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suggested [21,34], and seems to be highly promising for answering one of the most classic historical
questions. We encourage scholars studying the history of Rome to intensify collaborations across
disciplinary boundaries.

The Roman Empire is not the only civilization that possibly came to fall in connection with climatic
change. The Akkadian empire in Mesopotamia, the Old Kingdom civilization of Egypt, the Harappan
civilization of the Indus valley, the Anasazi in North America, the Maya civilization in Central America,
as well as the Moche and the Tiwanaku civilization in South America, collapsed in periods of severe
drought [82–84]. An extensive bibliometric analysis of the complete body of literature dealing with the
impact of climate change or climate variability on the rise and fall of ancient civilizations would be
most interesting.

Many scholars do not believe that climate change was crucial, let alone a driving force, of each
of these “collapses”. The answers to some basic questions should act as starting points for studying
these collapses: How are we defining “collapse”? Did these “collapses” look anything like the Roman
“collapse”? Other aspects also still requiring attention are:

• Vulnerability, or sensitivity, to climate change is not equal, different societies were better able to
withstand certain climate changes than others;

• The possible impact of climate change on other factors decisive for the demise of societies, like
food production and livestock pasture;

• A better understanding of the casual chain from climate shift to history;
• The re-interpretation of written records with regard to climatic shifts, as documented by

paleoclimatic records.

If we want to draw lessons from the collapse of the Western Roman Empire, then this is one:
Complex societies are very fragile because they rely on a sophisticated network of production and
distribution, depending (largely) on fine margins of climate stability [8,10]. Climate research tells
us that even small climatic changes can have notable effects. So far, it has been shown that climate
change has the potential to be an important factor for the evolution of civilizations and their downfall.
However, climate is always one of many factors interacting with each other. In view of the current
situation on global warming, humans would be wise to consider this. At the same time, more attention
should be paid to societal resilience to environmental change. After all, the Eastern Roman Empire,
which was also a complex state, managed, for a variety of reasons, to survive late antique environmental
change, not to mention long wars with Sassanid Persia and the Arab conquests [85,86]. Lessons are to
be learned from resilient past societies too.
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Search Query I
# 3 257 TITLE: (((breakdown OR collapse OR decline OR demise OR

doom OR end OR downfall OR fall OR fate) SAME (rome OR
roman OR romans OR “late antiquity”) NOT republic))
Refined by: [excluding] RESEARCH AREAS: (MUSIC OR
LITERATURE OR FILM RADIO TELEVISION OR
LINGUISTICS OR ART OR THEATER) AND DOCUMENT
TYPES: (ARTICLE OR PROCEEDINGS PAPER OR REVIEW)
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 2 1123 TITLE: (((breakdown OR collapse OR decline OR demise OR
doom OR end OR downfall OR fall OR fate) SAME (rome OR
roman OR romans OR “late antiquity”) NOT republic))
Refined by: [excluding] RESEARCH AREAS: (MUSIC OR
LITERATURE OR FILM RADIO TELEVISION OR
LINGUISTICS OR ART OR THEATER)
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 1 1287 TITLE: (((breakdown OR collapse OR decline OR demise OR
doom OR end OR downfall OR fall OR fate) SAME (rome OR
roman OR romans OR “late antiquity”) NOT republic))
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

Search Query II
# 4 46 #3 OR #2 OR #1

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 3 25 TOPIC: ((breakdown OR collapse OR decline OR demise OR
doom OR end OR downfall OR fall OR fate) NEAR/5 (rome OR
roman OR romans OR “late antiquity”)) AND TITLE: (climat*
OR environment*)
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 2 15 TITLE: ((breakdown OR collapse OR decline OR demise OR
doom OR end OR downfall OR fall OR fate) SAME (rome OR
roman OR romans OR “late antiquity”)) AND TOPIC: (climat*
OR environment*)
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 1 17 TITLE: ((rome OR roman OR romans OR “late antiquity”)
SAME (“climat* chang*”))
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years



Climate 2018, 6, 90 23 of 34

Search Query III
# 3 263 #2 OR #1

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 2 137 TOPIC: ((climat* NEAR/5 (chang* OR histor* OR variabilit* OR
reconstruct*) OR environment* NEAR/5 (chang* OR histor* OR
variabilit* OR reconstruct*) OR temperature* NEAR/5
(european OR reconstruct* OR variabilit*) OR climat* NEAR/5
(proxy OR record*) OR proxy* NEAR/5 (climat* OR data OR
record*) OR palaeoclimat* OR paleoclimat* OR glacier* OR “ice
core*” OR sediment* OR varve* OR pollen* OR “tree ring*” OR
cave* OR speleothem* OR stalagmit*) SAME (“roman empire”
OR “late antiquity”))
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

# 1 141 TITLE: ((climat* NEAR/5 (chang* OR histor* OR variabilit* OR
reconstruct*) OR environment* NEAR/5 (chang* OR histor* OR
variabilit* OR reconstruct*) OR temperature* NEAR/5
(european OR reconstruct* OR variabilit*) OR climat* NEAR/5
(proxy OR record*) OR proxy* NEAR/5 (climat* OR data OR
record*) OR palaeoclimat* OR paleoclimat* OR glacier* OR “ice
core*” OR sediment* OR varve* OR pollen* OR “tree ring*” OR
cave* OR speleothem* OR stalagmit*) SAME (rome OR roman
OR romans OR “late antiquity”))
Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH,
BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC
Timespan=All years

Appendix B
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