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Abstract

:

Drylands are vast and face threats from climate change and human activities. Traditional reviews cannot capture interdisciplinary knowledge, but bibliometric analysis provides valuable insights. Our study conducted bibliometric research of scientific production on climate change and land degradation in drylands using remote sensing. We examined 1527 Scopus-indexed publications to identify geographic and thematic hotspots, extracting leading authors, journals, and institutions. China leads in publications, followed by the US, Germany, and Australia. The US has the highest citation count. Collaboration networks involve the US, China, and European countries. There has been an exponential increase in remote sensing of land degradation in drylands (RSLDD) publications since 2011. Key journals include “International Journal of Remote Sensing” and “Remote Sensing of Environment”. The analysis highlights the growing interest in the field, driven by Australia, the US, and China. Key areas of study are vegetation dynamics and land use change. Future perspectives for this scientific field involve promoting collaboration and exploring emerging technologies for comprehensive land degradation and desertification research.
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1. Introduction


Drylands cover about 41% of Earth’s surface, support more than 2 billion people, and have unique characteristics in terms of native vegetation, carbon dynamics, climate properties, and land use [1,2,3,4]. Despite their considerable resilience to low and variable water availability [5], these regions have been threatened by problems resulting from human actions and climate change, such as prolonged droughts, warm temperatures, changing moisture regimes, frequent forest fires, and land use intensification and change [6,7]. These problems generate social and environmental impacts that are detrimental and potentially irreversible [8,9,10].



Environmental problems originating from the degradation of drylands have been an essential theme of scientific and political discussions since the middle of the XX century [11,12], reflected in scientific publications, academic conferences, and global committees created by the United Nations. In those discussions, remote sensing has always been emphasized and recommended as a tool for analyzing land degradation and the effects of climate change throughout time [13,14,15]. However, all the knowledge generated from the application of remote sensing for assessing and monitoring land degradation, especially the indicators used, the analysis methodologies, and the main results, is dispersed in papers and reports from different subject areas, given the vast interdisciplinarity inherent to the theme of analysis [10].



While some traditional review studies involving remote sensing of land degradation in drylands (RSLDD) have been previously published [11,15], they did not have the objective to systematically and quantitatively demonstrate, list, and map the global main conceptual and methodological tendencies. Rather, their authors aimed to detail the results of studies at different spatial scales, mainly associated with the land degradation process in a well-defined space, with the majority focusing on the African Sahel [16,17]. Another important characteristic of traditional reviews is that they are limited to qualitative analysis, which makes them prone to subjectivity errors, that is, the interpretation of the significance of research results in the reviewed publications is conditional to the reviewing of authors’ knowledge base and scientific assumptions [18].



Bibliometric analysis, on the other hand, consists of a set of methods and tools for analyzing research publications that aid in quantitatively analyzing and recognizing patterns in the literature, thus synthesizing and organizing information more systematically. Once a specialized domain of Library and Information Science [19], bibliometric analyses are increasingly carried out in all fields of science [18,20,21,22]. This systematic approach allows for the analysis of thematic, conceptual, and methodological tendencies under a spatial and temporal perspective and thus can be of substantial assistance in studies of the literature and state-of-the-art reviews [18,21,23,24].



Another advantage of bibliometric studies is that they create clearer and more concise literature analysis for a variety of readers by adding summary charts, maps, and figures to the otherwise text-heavy analysis [22]. Some examples of the use of bibliometric studies in remote sensing have been published in academic journals, with studies that involve remote sensing and human health [23], remote sensing of oil spills [22], and remote sensing for vegetation monitoring [20,25]. However, so far, none of them analyzed the scientific production of knowledge associated with remote sensing for land degradation in drylands.



To fill this gap, our study focused on conducting a bibliometric analysis of papers that deal with the problems of climate change and land degradation in drylands using remote sensing techniques, as indexed in the Scopus database. To this end, we created a structured literature review involving themes, authors, methods, and concepts by crafting organized analyses through different periods and identifying geographic and thematic hotspots of scientific knowledge. We highlighted where the publications about the addressed topic come from, extracting the leading papers, authors, journals, and institutions over a long temporal series, and tracking the most important concepts over the years, as represented by the terms most frequently occurring in the analyzed publications.




2. Materials and Methods


This study uses a classic bibliometric approach and co-occurrence network analysis to understand the patterns of the academic literature on RSLDD [22]. We intend to make an essential contribution for quantifying, understanding, and visualizing trends in this academic field. Our research questions and approach are summarized in Table 1 and Figure 1.



2.1. Database


In order to achieve the objectives proposed in this study, the construction of a database of papers is the first essential step, and for this, we used the Scopus abstract and citation database “www.scopus.com (accessed on 1 January 2023)” (www.scopus.com). With over 25,100 titles, 5000 editors, more than 77.8 million papers, and tools for information integration, data exportation, and analytics, the Scopus database is extensive and representative of the international publication scene [22,23].



To build our database of relevant publications, we selected search terms related with the proposed theme based on three major dimensions: the environmental problem, the analysis techniques used, and the geographic region of interest. Therefore, we utilized the expression (“climate change” OR “land degradation” OR “deforestation” OR “desertification”) AND (“arid” OR “semiarid” OR “dryland *”) AND (“remote sensing” OR “satellit* imag*”). The search was conducted on May 8, 2022. These search terms were required to occur in the paper’s title, abstract, or keywords for all available publications until 2020. From the shortlisted papers, we focused on primary research and excluded literature reviews and conference papers. We then filtered the resulting data by subareas of “Earth and Planetary Sciences”, “Environmental Science”, “Agricultural and Biological Sciences” and “Computer Science”. We also exported quantitative metrics of the bibliographic production from the Scopus database, such as the overall number of papers per year and the number of papers per author, journal, and country.




2.2. Bibliometric Analyses


With the data extracted from Scopus, we produced co-occurrence and co-authorship networks, in which we used information of authors, their institutional affiliations, and their respective countries. This allowed us to identify the main institutions from which the publications originated, as well as in which manner those authors collaborated, based on their countries of origin. We utilized the VOS Viewer 1.6.15 software [26], developed by Leiden University in the Netherlands, to extract the co-authorship networks, and the Gephi 0.9.2 software [27], specialized in graph networks, to spatially visualize them. For the co-occurrence networks, we limited the search to terms occurring in titles and abstracts of the papers analyzed in this study. We also created a thesaurus to replace and remove irrelevant terms. To create these networks, we used the VOS Viewer 1.6.15 software [26].



All the charts were produced in the R language [28] with the IDE RStudio [29] version 2022.07.2 Build 576 and the libraries bibliometrix 4.0.1 [30] and ggplot2 3.3.6. [31].





3. Results


3.1. Spatial Distribution of Publications


Figure 2A shows China’s dominance concerning the number of publications, with a total of 503 papers (~32.9%), followed by the United States with a total of 353 papers (~23.1%), Germany with 112 (~7.3%), and Australia with 109 (~7.1%). To understand spatial patterns, it is also important to highlight Brazil, with 63 papers (~4.1%), because it is leading in South America. By contrast, the United States leads the number of citation count with 14,026 citations, followed by China (8041 citations), Australia (5031 citations), and Germany (3632 citations).



Argentina, with 1394 citations, leads citation count in South America. Regarding collaboration networks, the United States, China, and a few European countries stand out as involved in the most collaboration networks: the United States interacts with 40 countries, Germany with 37, China with 31, and Spain with 29. Particularly strong collaboration ties exist between United States–China, United States–France, China–Australia, and China–Japan.



Figure 2B depicts the number of publications and citations divided by decades. The graph includes the top 10 countries with the most publications in each period, a total of 19 countries. Each period represents a decade (1981–1990, 1991–2000, 2001–2010, 2011–2020). The main highlights in this figure are the following: China cemented its leadership position in the number of publications in the most recent decade (2011–2020) with 428 papers; the United States is the country with the most citations in the all but the first decade, when Australia led the count with 157 citations; Brazil and Iran appear as new hotspots for publications in the last decade, with 62 and 59 papers, respectively; and the European continent has the most countries on the list.



To understand the relation between the number of RSLDD publications and the importance of drylands by country, Figure 3 shows a bivariate map combining these two variables.



The highlights on this map are the following: Australia has ~9.9% of the total dryland area and ~7.1% of the total publications; China has ~7.4% of the total dryland area and ~32.9% of the total publications; the United States has ~6.0% of the total dryland area and ~23.1% of the total publications; Brazil has ~4.4% of the total dryland area and ~4.1% of the total publications; and India has ~2.7% of the total dryland area and ~4.9% of the total publications. While these results suggest a relationship between dryland area and publications on RSLDD, there are two types of outliers. On the one hand, some Saharan and sub-Saharan countries, Argentina, Kazakhstan, and Russia occupy a relatively large proportion of the global drylands but produced only a low number of RSLDD publications. On the other hand, some European countries and Iran generated many publications on RSLDD despite their relatively insignificant dryland areas.




3.2. Temporal Distribution of Publications


The yearly evolution and the accumulated number of publications, total and divided by periods, are presented in Figure 4A,B. Unsurprisingly, in line with the general acceleration of knowledge production, the main characteristic observed is an exponential increase in the number of RSLDD publications over time, with an annual growth rate of 11.4%, increasing after the beginning of the XX century, especially from 2011 to 2020. In this most recent decade, we located 1147 papers, with an annual growth rate of ~16.7%, corresponding to ~75.1% of the all-time total number of publications, while the first period accumulated only 26 papers, ~1.7% of the all-time total.



Figure 4C compares the yearly evolution of RSLDD publications and of general remote sensing publications. The main difference between these time series is in the fourth period, where the increase in RSLDD publications exceeds that of general remote sensing publications with an annual growth rate of ~16.7%, compared to an annual growth rate of ~11.5%, suggesting not only a sustained but a heightened research interest in RSLDD.




3.3. Representative Journals, Authors, and Institutions


Figure 5 shows the top 10 representative authors, institutions, and journals associated with these papers accumulated over time (Figure 5A) and per decade (Figure 5B). We highlight the “International Journal of Remote Sensing” and the “Remote Sensing of Environment” as leading journals on the subject, with 83 and 77 papers, respectively, placing them in the top 10 in all four decades. Other representative journals include “Journal of Arid Environments” (present in the top 10 in three of the analyzed periods) with 45 papers and “Remote Sensing” with 40 papers in the last period. Chinese institutions are well represented among the top producers of RSLDD publications (Figure 5A), however, only from the 2000s (Figure 5B).



In prior decades, the top 10 institutions represented more geographic diversity, including European, American, Australian, Israeli, and Indian institutions. More geographic and institutional diversity is found among the top producing authors than among the top producing institutions throughout all time periods. The ten all-time most prolific authors of RSLDD publications include several individuals from the University of Copenhagen in Denmark, even though this university is not among the top ten institutions producing RSLDD publications.




3.4. Methodologies, Concepts, and Main Papers per Decade


This section shows the results of the co-occurrence networks based on titles or abstracts of 1527 papers analyzed in this study by decade (Figure 6) and their frequencies (Table 2). In addition, we created a synthesis table of the most cited individual papers per decade (see more details in Supplementary Material Table S1).



Figure 6 illustrates a visualization of co-occurrence networks of terms, which are grouped thematically using a VOS mapping technique [26]. The algorithm extracts terms from titles and abstracts of the RSLDD publication database and cluster them thematically based on their close relation [26]. A minimum number of repetitions of the terms within the database is specified in order to avoid the inclusion of insignificant terms. The algorithm automatically determines the number of clusters based on the underlying data structure.



For the first period, we specified a minimum of three repetitions of terms between the documents. The algorithm found 30 terms and grouped them into three clusters of related terms, visualized here with different colors, such as “Landsat” and “bare soil” in blue, “desertification” in yellow, and “soil moisture” in red. For the second decade, a minimum of six repetitions between the analyzed papers was specified, resulting in 50 terms grouped into four different clusters, with the most important ones in green being “vegetation index”, “ndvi”, “vegetation cover”, and “bare soil”. In the blue cluster, “rainfall” and “water”, in the yellow cluster, “land use” and “drought”, and in the red cluster, “mapping”, “desertification”, and “soil erosion”.



For periods 3 and 4, we specified a minimum of 12 and 24 repetitions of terms, respectively. During the first decade of the XXI century, 86 terms and five clusters were identified, with blue, green, and red standing out because they synthesize concepts, methods, indicators, and regions of study. Terms like “china”, “human activity”, “lai”, “agriculture”, and “temperature” appear in this decade.



Between 2011 and 2020, with 190 terms in four distinct clusters, even more indicators and methodologies are represented by the co-occurring terms, highlighting climate and water indicators of degradation, such as “evapotranspiration”, “lst” (land surface temperature); new methods, such as “model” and “time series”; and an increase associated with vegetation analysis, such as “biomass”, “carbon”, and “npp”.



Despite the progressively more restrictive filter applied in each period, the number of relevant terms identified increased considerably, from 30 in the first, 50 in the second, 86 in the third, to 190 in the last.



This progressive increase in the number of terms does not affect the number of clusters generated in each network, which remains steady between three and five. It is also essential to highlight the frequency of the terms in these decadal networks (Table 2).



We found 33 land degradation indicators throughout the four decades, such as “bare soils”, “drought”, “land use”, and “rainfall”, analysis tools and methods, such as “gis” with frequency 4 and “ndvi”, spatial hotspots, such as “China” (frequency 2) and “Brazil” (frequency 1), and satellite sensors, such as “landsat” (frequency 2) and “modis” (frequency 1).



The most cited papers in each of the periods are listed in Supplementary Material Table S1. We selected the first 5 papers for the first two decades, and the first 10 papers for the last two decades, due to the larger volume of documents in the last two decades.



In general, it is possible to note that the “Remote Sensing of Environment”, with seven publications, followed by the “International Journal of Remote Sensing”, with four publications, the “Journal of Arid Environments”, and the “International Journal of Applied Earth Observation and Geoinformation”, with three publications each, are the journals that published the most cited papers.



Regarding the study locations, there is considerable heterogeneity, with Australia standing out. The “Landsat” and “AVHRR” sensor systems are the main sources of remote sensing data. In terms of indicators, land cover analysis dominates, followed by indicators associated to land cover and climate factors.



As the first space-borne Earth observation system, operating since the 1970s [32], the “Landsat” sensor system dominates the most cited publications list in the 1980s, especially in analyses of land use and cover in research carried out in the United States and Australia. Although “Landsat” has maintained a leading position in the 1990s and beyond, other relevant sensor systems started surging in publications, as the potential of the NOAA AVHRR sensor, originally designed for atmospheric observations, was discovered for land observations, especially the monitoring of green vegetation [33].



In terms of journals, “Remote Sensing of the Environment” prominently features among the most influential publications, with a more diverse journal base emerging in the 2000s.



A progressive diversification is also observed in the indicators for studying land degradation. Land cover dominates the indicators in the 1980s and 1990s, with more diverse and complex indicators appearing in the 2000s, such as “Fire”, “Carbon”, and “Land Cover/Rainfall”. By the 2010s, combining land cover with climate indicators became a common practice for assessing land degradation.





4. Discussion


Our analysis of 1527 papers on RSLDD over four decades and in all continents shows a growing interest in RSLDD, exceeding the increase in general remote sensing research in the last decade (2011–2020). From the spatial perspective, we identified Australia, the United States, and, more recently, China as three geographic centers of dryland research and collaboration, all of which concentrate a large portion of drylands in their territories. Furthermore, we found 33 representative RSLDD indicators and a variety of methods used to evaluate these indicators, mainly associated with vegetation dynamics and land use/land cover change.



The increase in RSLDD publications over time parallels similar observations in previous bibliometric studies on different remote sensing topics [22,23,24]. This result is mainly associated with improved data accessibility and computation processing power [22], notably the enactment of free and open access to the entire Landsat archive [32] and the rise of the cloud-based Google Earth Engine platform, which facilitates large-volume remote sensing analysis without the need for local data storage and high performance computing resources [34,35,36]. These developments had huge importance because they leveled the playing field by allowing lower-income countries to enter the research stage, and as a result increased internationalization of RSLDD research, which is shown in the publication, citations, and collaboration networks. They also enabled studies at higher spatial resolutions, which are better suited for the spatial scales at which land degradation is typically observable.



Spatial hotspots of RSLDD scientific knowledge production have changed throughout time, between Australia, the United States, and China. The United States is frequently in reviews interacting with remote sensing as a subject of analysis [20,22,23], and we can observe increased output and citation of Chinese-authored papers in the recent decade. China has been building its global competitiveness and ambition to be a global leader in science and innovation by 2050 [22].



The main indicators and methods of RSLDD research identified by the analysis of co-occurrence networks corroborate the lines of development of research outlined in traditional literature review studies on the topic [4]. Defined indicators and methods are important because they help with the complex conceptualization of land degradation in drylands. The bare soils, rainfall, droughts, and land use have been representative indicators since the 1980s [37,38]. Even more indicators have been developed mainly in the last two decades, and they have been always conditioned to land use land cover dynamics or climate patterns. Concerning the methods, we found that spectral indexes of vegetation, such as the Normalized Difference Vegetation Index (NDVI), constitute one of the most traditional methodologies for mapping [39,40,41] but with known limitations regarding soil fraction interference in highly seasonal environments with sparse trees and shrubs [42]. In this sense, some studies were directed to improve spectral unmixing, in which the pixels are decomposed into sub-pixels, and each existing fraction is quantified [43,44]. Better results were found with this technique, using different sensor systems [45,46]. Over the last few years, time series analyses have been incorporated into studies of this nature, often correlated to climate indicators such as precipitation and temperature [40,47].



Although we obtained representative results for the understanding RSLDD, it is important to acknowledge some limitations of the methodology and the results: (i) bibliometric research is viewed as objective because it is quantitative, transparent, and scalable. However, citation count indicates impact rather than quality [48], which would need to be complemented with traditional review studies that uncover the contents of individual publications in more detail; (ii) with our search terms in English, we only included English-language publications, while they can be assumed to be the majority, there might be significant knowledge production published in French, Chinese, Portuguese, and Spanish, which was left out; (iii) some relevant papers might avoid the term “desertification” because of its weak scientific [12] basis and hence have not shown up in our database of RSLDD publications; and (iv) although journal articles are the primary carrier for remote sensing knowledge, some relevant knowledge may be included in books and book chapters that are not indexed in the Scopus database and, hence, were left out of our analysis.




5. Conclusions


This bibliometric analysis confirmed remote sensing as a robust and heavily relied-upon set of tools for studying land degradation in drylands. Throughout forty years of scientific production on RSLDD, we showed the geographic hotspots, leading authors, leading journals, leading institutions, the trend of the number of publications, representative methods and indicators, and most cited papers. Therefore, we were able to answer the research questions we proposed. Besides our usage of Scopus, which is a world reference database, it is recommended to add other sources of data in further studies, such as the “Web of Science” and “Google Scholar”, in order to increase the content presented here and create an even more robust review.
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Figure 1. Methodological roadmap and data analysis of the bibliometric research. 
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Figure 2. Spatial distribution of the publications. (A) Map shows papers’ origin country. The size and colors of the circles vary according to the number of citations. In shades of grey, the number of publications in each country and the lines represent the degree of collaboration. (B) Charts include the top 10 countries of each period regarding publications. 
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Figure 3. Bivariate map shows the variables Number of Publications and Percent Dryland Area. Magenta colors represent the number of Publications. Cyan colors represent the Dryland Area. The upper left—lower right diagonal shows a positive relationship between the two variables: the more significant the dryland area, the higher the number of publications on RSLDD. The lower left—upper right diagonal shows deviation from this relationship. 
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Figure 4. Evolution of the number of publications over time. (A) Complete time series of the publications; (B) time series by period; (C) time series of general remote sensing publications and RSLDD publications. 
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Figure 5. The top 10 representative authors, institutions, and journals associated with the analyzed papers: (A) of the entire RSLDD database and (B) per decade. 
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Figure 6. Co-occurrence networks of terms found in each period. The size of the circles is proportional to the number of times that terms appear. The lines represent the link between the terms. The colors indicate clusters, which are grouped based on the relation of the terms. 
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Table 1. Analysis methods and source data to answer the main research questions.
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	Questions
	Analysis Method
	Source Data





	How do RSLDD study publication trends behave?
	General statistics/Word Co-occurrence network/Country collaboration spatial network
	All papers



	Which countries stand out in terms of RSLDD knowledge production?
	General statistics/Word Co-occurrence network/Country collaboration spatial network
	All papers



	What are the most influential papers in the RSLDD field?
	General description tables
	Most cited papers



	Which journals are most prominent in terms of the number of articles published in the RSLDD field?
	General statistics/General description and citation tables
	All papers



	What is the overall picture of collaboration between countries and institutions regarding the RSLDD field?
	General statistics/General description and citation tables/Country collaboration spatial network
	All papers



	What are the central themes and approaches most used in research in the RSLDD field?
	Word co-occurrence network/General description
	All and Most cited










 





Table 2. Frequency of terms in the decadal networks.
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	Topic
	Frequency 4
	Frequency 3
	Frequency 2
	Frequency 1





	Area of Interest
	
	
	China
	Australia; Brazil; Central Asia; India; Inner Mongolia; Iran



	Methods
	gis
	index; model; ndvi
	soil moisture; land cover change; land use change; lai; time series; trend
	algorithm; classification; correlation analysis; drought index; evi; npp; spi; drought monitoring



	Sensors
	
	
	avhrr; landsat; modis
	high resolution radiometer; smmr; moderate resolution imaging spectroradiometer; sentinel



	Indicators
	bare soil; drought; land use; rainfall
	landcover
	soil erosion; agriculture; desert; human activity; irrigation
	air temperature; biodiversity; biomass; carbon; climate variability; deforestation; evaporation; evapotranspiration; fire; groundwater; land surface temperature; population; severe drought; soil salinity; species; surface temperature; topography; vegetation change; vegetation dynamic; vegetation productivity; water availability; water resource
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