P4 ccologies

Review

Glyphosate and Aminomethylphosphonic Acid: A Map of the
Bibliography on Ecotoxicology, Fate, and Monitoring Frontier
Studies in Environmental Research

Jingchun Sun "2, Canying Zhang 2, Linbing Zhang 23, David Gongalves %5, Shaoping Kuang 1*

and Hongsheng Yang

W) Check for updates

Academic Editors: Volker Liideritz
and Rutger De Wit

Received: 18 March 2026

Revised: 22 June 2026

Accepted: 30 June 2026

Published: 4 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

2,3,%

College of Environment and Safety Engineering, Qingdao University of Science and Technology,
Qingdao 266042, China; sunjingchun@qdio.ac.cn

Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266000, China;
zhangcanying@qdio.ac.cn (C.Z.); zhanglibin@qdio.ac.cn (L.Z.)

State Key Laboratory of Breeding Biotechnology and Sustainable Aquaculture, Institute of Oceanology,
Chinese Academy of Sciences, Qingdao 266000, China

Institute of Science and Environment, University of Saint Joseph, Macau SAR, China

William James Center for Research, ISPA—Instituto Universitario, 1149-041 Lisbon, Portugal
Correspondence: kuangshaoping@126.com (S.K.); hshyang@qdio.ac.cn (H.Y.)

Abstract

Glyphosate is one of the most widely used herbicides worldwide, and its extensive ap-
plication has raised increasing concern regarding environmental occurrence, ecological
exposure, and potential risks to non-target organisms. Its major degradation product,
aminomethylphosphonic acid (AMPA), has also received growing attention because of its
persistence, transport behavior, and contribution to long-term contamination profiles. To
clarify the development and emerging priorities of this field, we conducted a bibliometric
review of glyphosate-related publications indexed in the Web of Science Core Collection
from 1974 to 2024. After screening and data cleaning, 7050 articles and reviews were
included. Publication output increased markedly over time, with annual publications
exceeding 300 after 2019 and reaching a peak of 488 in 2023. The United States ranked
first with 1928 publications, accounting for 27.4% of the total output, followed by Brazil
and China. Keyword co-occurrence, temporal overlay, and collaboration analyses showed
that glyphosate research has shifted from early agronomic topics, including herbicide
efficacy, crop selectivity, and resistance management, toward a broader environmental
research framework. Three major research fronts were identified: mechanism-oriented
ecotoxicology in non-target organisms, environmental fate and transport of glyphosate
and AMPA across soil-water—sediment systems, and the development of analytical and
sensing technologies for environmental monitoring. The results further indicate that the
field is moving from single-compound residue assessment toward integrated contaminant-
ecology perspectives linking occurrence, transformation, biological response, exposure
assessment, and ecological risk. Future studies should strengthen the integration of long-
term environmental monitoring, AMPA-inclusive risk assessment, realistic multi-stressor
exposure scenarios, and field-deployable detection technologies. This review provides a
quantitative overview of the global research landscape and identifies priority directions for
environmental assessment and management of glyphosate and AMPA contamination.

Keywords: glyphosate; AMPA; bibliometric analysis; ecotoxicology; environmental fate; non-
target organisms; environmental monitoring; ecological risk assessment; sensing technologies
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1. Introduction

Glyphosate is a non-selective, broad-spectrum systemic herbicide that was first com-
mercialized in 1974 and subsequently became one of the dominant herbicides worldwide
because of its high weed-control efficacy and inhibition of 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS), a key enzyme in the shikimate pathway for aromatic amino
acid biosynthesis [1]. Its global use increased substantially after the introduction and
expansion of glyphosate-tolerant cropping systems, which allowed post-emergence appli-
cation over large agricultural areas and contributed to a marked rise in both agricultural
and non-agricultural use [2]. Alongside this expansion, increasing concern has been
raised regarding glyphosate occurrence in environmental matrices, its degradation prod-
uct aminomethylphosphonic acid (AMPA), and potential effects on non-target organisms,
ecosystems, and human health [3]. The scientific and regulatory debate has been further in-
tensified by divergent interpretations of toxicological evidence, including the classification
of glyphosate by the International Agency for Research on Cancer as “probably carcino-
genic to humans” (Group 2A) in 2015 [4,5]. These developments indicate that glyphosate
research has moved beyond its original agronomic context and has become an important
topic in environmental chemistry, ecotoxicology, exposure assessment, and risk-oriented
monitoring. Glyphosate and AMPA are now widely investigated as environmental contam-
inants because repeated inputs, hydrological transport, and matrix-dependent retention
allow their occurrence across multiple environmental compartments. Monitoring studies
have reported frequent detections of glyphosate and AMPA in soils, sediments, surface wa-
ters, groundwater, precipitation, ditches, drains, rivers, and streams, although occurrence
patterns and concentrations vary strongly among land-use types, hydrological settings, and
analytical matrices [6]. At the global scale, freshwater monitoring data further indicate that
glyphosate contamination is not restricted to agricultural systems and may pose potential
risks to aquatic organisms in some regions [7]. AMPA deserves particular attention because
it is not only the principal degradation product of glyphosate, but may also originate from
other phosphonate-containing compounds; therefore, its detection in natural waters has
important implications for source attribution, persistence assessment, and long-term con-
tamination interpretation [8]. In parallel, experimental and review studies have increasingly
shown that glyphosate and glyphosate-based herbicides can induce sublethal responses
in non-target organisms, including oxidative stress, immune disturbance, neurobehav-
ioral alteration, developmental effects, and changes in aquatic community structure [9-11].
Together, these findings demonstrate that glyphosate-related research has shifted from a pri-
marily agronomic focus toward an integrated environmental framework linking occurrence,
fate, biological effects, and ecological risk. Bibliometric analysis provides a quantitative and
reproducible approach for examining the development, intellectual structure, collaboration
patterns, and emerging directions of a scientific field through the integration of perfor-
mance indicators and science-mapping tools [12,13]. For glyphosate specifically, previous
bibliometric studies have provided valuable insights into publication growth, country-level
distribution, institutional contributions, politicization of science, market characteristics,
and funding-related influences on the global research landscape [14,15]. However, these
studies mainly emphasized overall scientific production, controversy, and broad disci-
plinary patterns, while less attention was given to the environmental research trajectory of
glyphosate and AMPA. In environmental contaminant research more broadly, bibliometric
approaches have been increasingly used to identify thematic evolution, hotspot transitions,
and future research priorities in rapidly expanding fields [16]. Therefore, a focused bib-
liometric synthesis is needed to clarify how glyphosate-related research has shifted from
agronomic and resistance-oriented topics toward ecotoxicological effects, AMPA-related
environmental fate, exposure assessment, and monitoring technologies. Accordingly, a
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focused bibliometric synthesis from an ecological and environmental perspective is timely
and necessary. In this study, we analyzed glyphosate-related articles and reviews indexed
in the Web of Science Core Collection from 1974 to 2024. By integrating publication-output
analysis, country and institutional contribution analysis, collaboration-network mapping,
keyword co-occurrence, temporal overlay visualization, and thematic clustering, we aimed
to clarify how glyphosate research has evolved from agronomic application and resistance
management toward broader environmental and ecological concerns. Specifically, this
review sought to identify major knowledge structures, emerging hotspots, and priority
research directions related to non-target ecotoxicological effects, environmental fate and
transport of glyphosate and AMPA, exposure assessment, and monitoring technologies.
By linking bibliometric patterns with environmental interpretation, this work provides a
structured reference for future studies on contaminant ecology, ecological risk assessment,
AMPA-inclusive monitoring, and risk-oriented management of glyphosate contamination
in complex environmental systems.

2. Materials and Methods
2.1. Data Source and Search Strategy

All bibliographic records analyzed in this study were retrieved from the Web of Science
Core Collection (WoSCC). To ensure consistency in indexing quality, citation information,
and document metadata, the data source was restricted to the Science Citation Index Ex-
panded (SCIE). The search was completed on 31 December 2024. The retrieval period
was set from 1974 to 2024, corresponding to the earliest glyphosate-related records in-
dexed in WoSCC and the most recent complete publication year available at the time of
data collection.

A topic-field search was conducted using the query TS = (glyphosate), which searches
titles, abstracts, author keywords, and Keywords Plus. The term “glyphosate” was used
as the core search term because the objective of this study was to characterize the overall
research landscape of glyphosate-related studies and then identify environmental sub-
themes, including AMPA-related fate, ecotoxicology, and monitoring technologies, through
keyword co-occurrence and thematic analyses. No restrictions on subject category, journal,
country, or region were applied during the initial retrieval stage, in order to capture the
broad knowledge domain of glyphosate-related research.

The inclusion criteria were as follows: (i) records indexed in WoSCC-SCIE; (ii) publica-
tions within the period 1974-2024; (iii) records containing “glyphosate” in the title, abstract,
author keywords, or Keywords Plus; and (iv) document types classified as articles or
reviews. The exclusion criteria were (i) editorial materials, meeting abstracts, proceedings
papers, letters, corrections, notes, news items, and other non-research document types;
(if) duplicate records; and (iii) records with incomplete bibliographic information that could
not be reliably standardized for bibliometric analysis.

All eligible records were downloaded in “Full Record and Cited References” format
for subsequent bibliometric analysis. Duplicate records were identified primarily based
on DOI information and, where DOI was unavailable, by cross-checking title, first author,
publication year, journal, and source information. After document-type screening, duplicate
removal, and bibliographic data cleaning, 7050 articles and reviews were retained as the
final dataset. The overall literature identification, screening, exclusion, and inclusion
process is summarized in Figure 1.
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Note: Intermediate counts for initially retrieved, excluded, and removed
records should be added only if verified from the original Web of Science
export or search log.

Figure 1. Flow diagram of the identification, screening, exclusion, and inclusion process for
glyphosate-related publications. The final dataset included 7050 articles and reviews retrieved
from the Web of Science Core Collection Science Citation Index Expanded (WoSCC-SCIE) using the
topic query TS = (glyphosate).

2.2. Data Preprocessing and Standardization

Before bibliometric analysis, the retrieved records were manually and semi-manually
preprocessed to improve data consistency and reduce artificial fragmentation in the bib-
liometric maps. The preprocessing focused on three types of bibliographic information:
country or region names, institutional affiliations, and keywords. For country and region
information, spelling variants and alternative expressions were unified where appropriate.
Institutional names were standardized by merging obvious variants, abbreviations, and
spelling differences referring to the same organization, while retaining institution-level
distinctions where independent entities could not be confidently merged.

Keyword preprocessing was conducted to improve interpretability while preserving
the original thematic structure of the dataset. First, common formatting differences, in-
cluding capitalization, hyphenation, singular and plural forms, and spelling variants, were
harmonized. For example, “glyphosate based herbicide” and “glyphosate-based herbicide”
were standardized to a single form, and inconsistent capitalization of terms such as “ox-
idative stress”, “risk assessment”, and “herbicide resistance” was corrected. Second, clear
synonym or abbreviation variants were merged when they referred to the same concept,
such as “aminomethylphosphonic acid” and “AMPA”, and “5-enolpyruvylshikimate-3-
phosphate synthase” and “EPSPS”. Third, overly broad or non-informative formatting
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variants were corrected, but conceptually related terms were not merged when they repre-
sented different analytical meanings. For instance, “toxicity”, “ecotoxicology”, and “risk
assessment” were retained as separate terms because they represent different levels of
biological or environmental interpretation.

Duplicate records were identified mainly using DOI information. For records without
DOI information, duplicates were checked by comparing the title, first author, publica-
tion year, journal name, and source information. Records with incomplete bibliographic
metadata were retained only when the missing fields did not affect the intended analysis;
otherwise, they were excluded from the final dataset. All preprocessing steps were inde-
pendently checked by two researchers. Discrepancies in duplicate identification, keyword
merging, institutional standardization, or inclusion decisions were discussed and resolved
by consensus to improve reproducibility and minimize subjective bias.

2.3. Bibliometric and Visualization Tools

A combination of bibliometric, statistical, and network-visualization tools was used to
analyze the cleaned dataset. Derwent Data Analyzer (DDA, version 12.5; Clarivate Analyt-
ics, Philadelphia, PA, USA) was used for bibliographic data organization and descriptive
statistics, including annual publication output, country and institutional productivity, jour-
nal distribution, Web of Science research-area distribution, and high-frequency keyword
statistics. Microsoft Excel 2021 (Microsoft Corporation, Redmond, WA, USA) was used for
auxiliary data checking, tabulation, and figure preparation.

VOSviewer (version 1.6.19; Centre for Science and Technology Studies, Leiden Univer-
sity, Leiden, The Netherlands) was used to construct and visualize bibliometric networks,
including keyword co-occurrence networks, temporal overlay maps, and collaboration
networks at the country and institutional levels [17]. For keyword analysis, author key-
words and Keywords Plus were included, and a minimum occurrence threshold of 10
was applied to reduce noise from low-frequency terms and to highlight relatively stable
thematic structures. Unless otherwise specified, network construction in VOSviewer used
the association-strength normalization method and the default clustering algorithm. Node
size indicates occurrence frequency or publication output; link thickness indicates connec-
tion strength, and colors indicate either cluster membership or average publication year,
depending on the type of visualization.

UCINET 6 (version 6.757; Analytic Technologies, Harvard, MA, USA), together with
NetDraw, was applied for social network analysis of international and inter-institutional
collaboration [18]. UCINET was used to calculate network indicators such as degree cen-
trality and network density, while NetDraw was used to visualize collaboration structures.
Together, these tools enabled quantitative assessment and visual interpretation of publica-
tion dynamics, collaboration patterns, disciplinary distribution, and thematic evolution in
glyphosate-related research.

2.4. Analytical Framework

The analytical framework was designed to move from descriptive bibliometric indica-
tors to thematic interpretation of the environmental research trajectory of glyphosate and
AMPA. Four complementary analytical components were included.

First, temporal evolution was assessed using annual publication output to identify
long-term growth patterns and major developmental phases in glyphosate-related research.
This analysis provided the chronological basis for interpreting how the field expanded
from early agronomic application and resistance-management studies toward broader
environmental and ecological topics.
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Second, geographical, institutional, and disciplinary structures were evaluated by
analyzing country-level productivity, institutional contributions, collaboration networks,
and Web of Science research-area distributions. This component was used to identify major
contributors, collaboration clusters, disciplinary foundations, and the degree to which
glyphosate research has become internationally and interdisciplinarily distributed.

Third, the knowledge structure and thematic evolution of the field were examined
using high-frequency keyword statistics, keyword co-occurrence networks, clustering
analysis, and temporal overlay visualization. Author keywords and Keywords Plus were
used to reveal dominant topics, thematic relationships, and shifts in research focus across
different time periods.

Fourth, emerging fronts and future research priorities were identified by integrating
keyword-frequency patterns, co-occurrence clusters, average publication year informa-
tion, period-specific keyword changes, and interpretation of the supporting literature.
Particular attention was given to four environmentally relevant themes: non-target eco-
toxicological effects, environmental fate and transport of glyphosate and AMPA, exposure
assessment, and monitoring technologies. This integrative framework allowed the study to
go beyond descriptive mapping and to clarify knowledge gaps, hotspot transitions, and
priority directions for ecological risk assessment and monitoring-based management of
glyphosate contamination.

2.5. Ethical Statement and Data Availability

This study was based exclusively on publicly indexed bibliographic metadata re-
trieved from the Web of Science Core Collection and did not involve human participants,
human data, animals, biological samples, or field experiments. Therefore, ethical approval
was not required. The processed bibliometric dataset, including the cleaned records and
summarized analytical outputs used to support the findings of this study, is available
from the corresponding author upon reasonable request. The literature identification and
screening process is summarized in Figure 1 to improve transparency and reproducibility.

3. Results
3.1. Temporal Evolution of Glyphosate Research

Figure 2 shows the annual number of glyphosate-related articles and reviews indexed
in the Web of Science Core Collection-SCIE between 1974 and 2024. After document-type
screening, duplicate removal, and bibliographic data cleaning, the final dataset comprised
7050 records. Overall, publication output increased markedly over the study period, indi-
cating sustained and expanding scientific attention to glyphosate across nearly five decades.

For interpretation of publication dynamics, the development of glyphosate research
was divided into three broad phases according to the long-term growth trajectory. Keyword
evolution was further examined in four consecutive analytical periods in Section 3.2 to
provide finer thematic resolution. The phase division in this section was based on annual
publication patterns and bibliometric trends, rather than a complete historical review of all
early experimental studies.

In the early stage (1974-2000), annual publication output remained relatively low, gen-
erally below 50 articles per year. The bibliometric pattern suggests that research during this
period was mainly associated with herbicidal efficacy, crop selectivity, weed control, and
plant-related mechanisms, reflecting the original agronomic context of glyphosate research.
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Figure 2. Annual number of SCIE-indexed glyphosate-related publications (1974-2024). Yearly
publication counts were retrieved from the Web of Science Core Collection-SCIE using the topic
query TS = (glyphosate), accessed on 31 December 2024. The final dataset included 7050 articles
and reviews after document-type screening, duplicate removal, and bibliographic data cleaning. Bar
colors indicate annual publication-output categories: blue, 0 < n < 100; green, 100 < n < 200; yellow,
200 < n < 300; orange, 300 < 1 < 400; and red, n > 400.

During the transition stage (2001-2014), publication output increased steadily, and the
thematic scope became more diversified. In addition to herbicide resistance and crop-related
topics, increasing attention was directed toward residue behavior, adsorption, degradation,
soil processes, and the movement of glyphosate and AMPA in environmental compartments.
This period therefore represents a transition from application- and resistance-oriented
research toward broader environmental behavior and non-target effect studies.

In the recent high-output stage (2015-2024), publication growth accelerated further.
Annual output exceeded 300 articles after 2019 and reached a peak of 488 publications
in 2023. This rapid increase indicates that glyphosate has become an intensively studied
environmental and ecological topic extending beyond weed management. The overall
temporal trajectory shows a progressive shift from efficacy-oriented agronomic research to
a more diversified field involving environmental fate, ecotoxicology, exposure assessment,
and risk-related concerns.

3.2. Evolution of Research Focus: Keyword and Cluster Analysis

A keyword co-occurrence network was constructed using cleaned author keywords
and Keywords Plus to examine the knowledge structure and thematic evolution of
glyphosate-related research. As shown in Figure 3, the overall network was organized
around several high-frequency terms, including “glyphosate”, “herbicide”, “AMPA”, “her-
bicide resistance”, “oxidative stress”, “adsorption”, “toxicity”, and “glyphosate-based
herbicide”. Node size reflects keyword occurrence frequency, link thickness indicates co-
occurrence strength, and colors represent thematic clusters. The network structure indicates
that glyphosate research integrates agronomic, environmental, toxicological, and analytical

dimensions rather than forming a single disciplinary cluster.

https:/ /doi.org/10.3390/ecologies7030078


https://doi.org/10.3390/ecologies7030078

Ecologies 2026, 7,78

8 of 23

poisening

dna damage
comefjassay fi
W‘ »
genofoxicity liver
metabolism . omdats,strss
resistance mechanism mortality & © inflamimation
cytotexicity: \ 4
5-enolpyruvylshikimate-3-phosp reproduction neurotoxicity
Boari bioassay
translocation "
gene amplification hormesis oy @hiomarkers
weed resistance s \ 7
shikimate growth acute toxicity o
conyza canadensis i A
V¥ photosynthesis Forogfology mass spectrometry
urine
epsps dose-response pargquat - CMPARWIE | o patant amphibians toxicblogy
fitness. 2
deift occupational exposure
geneflow < phytotoxicity @&
@ resigtance = surfactants 5
- 3 yneggism -
herbicide resistance pesggpes teans
[

palmer @maranth cropiinjury.

-

> y
ammonium sulfate ad;uvants'hwe bacteria

le-ms/ms

derivatization

risk assessment

6‘& VOSviewer

tolefanc g
horsgweed 22 L 4 ‘;.h% > torih = gl : te
@ herbicidgjfolerance g%ﬁ S S - ampa
b 2 4.

canada fleabane density.

resistance fganagement » o offiacy” weds -~ ®,0i S, g metabolite . metaholites
y wateriguality biodegradation
i o €l o transgenié soybean ypeat glufosinate
dichba eedgontrol s
v 2 e 2 agriculture
> lycige max rice el
herbicide-rasistant egops & plc
: " competition, ) 1
. integrated weedimanagement ™ s > degradation @8
monitorin; surfacewater
{ . 50*3'1 L 4 tillage ©transgenic D
& copn mineralization
L soil
©  maize >
® adsarption
coton conservatign tillage fluoreBcence sorption %

phosphate
desofption

kinetics

sensor

electrochemical sensor

Figure 3. Keyword co-occurrence network for glyphosate-related publications from 1974 to 2024. The
network was generated in VOSviewer using cleaned author keywords and Keywords Plus. Node size
reflects keyword occurrence frequency, link thickness indicates co-occurrence strength, and colors
indicate clusters of thematically related terms.

The temporal overlay visualization in Figure 4 further reveals a clear shift in research
focus over time. Earlier keyword clusters were mainly associated with agronomic ap-
plication, weed control, herbicide resistance, glyphosate-tolerant crops, soybean, EPSPS,
and translocation. In contrast, more recent keywords were increasingly related to envi-
ronmental fate, AMPA, adsorption, degradation, oxidative stress, toxicity, biomarkers,
ecotoxicology, risk assessment, and monitoring-oriented topics. This temporal pattern
indicates that glyphosate research has progressively expanded from crop-production and
resistance-management issues toward environmental behavior, non-target biological effects,
exposure assessment, and ecological risk interpretation.

Table 1 summarizes the 30 most frequent keywords in the full dataset and in four con-
secutive analytical periods. Overall, the keyword patterns show a clear thematic transition
from agronomic and crop-oriented studies toward residue behavior, environmental fate,
and, more recently, ecotoxicology and risk-related interpretation. In the full dataset, domi-
nant terms such as “glyphosate”, “herbicide”, “AMPA”, “oxidative stress”, “adsorption”,
“toxicity”, and “glyphosate-based herbicide” suggest that the field now spans both tradi-
tional weed-science topics and broader environmental and toxicological research themes.
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Figure 4. Temporal overlay visualization of keyword co-occurrence in glyphosate-related publications.
Colors indicate the average publication year of keywords, with warmer colors representing more recent re-
search themes. The overlay pattern illustrates the shift from earlier agronomic and resistance-management
topics toward environmental fate, ecotoxicology, exposure assessment, and risk-oriented research.

Table 1. High-frequency glyphosate-related keywords in the full dataset and across four analytical periods.

Year

Primary Keywords (Top 30)

All years

Glyphosate, Herbicide, AMPA, Pesticides, Herbicide resistance, Glyphosate resistance, Oxidative
stress, Roundup, Adsorption, EPSPS, Soybean, Toxicity, Glycine max, Glyphosate-based herbicide,
Weed control, Glufosinate, Soil, Weed, Glyphosate tolerance, Resistance, Translocation, Surfactant,
Dose-response, Herbicide tolerance, Degradation, Shikimic acid, Shikimate, Biodegradation,
Integrated weed management, Adjuvant

2001-2006

Glyphosate, Herbicide, Herbicide resistance, AMPA, Herbicide-resistant crops, Glyphosate resistance,
Surfactant, Pesticides, Adjuvant, Soil, Translocation, Crop injury, Glyphosate tolerance, Integrated
weed management, Transgenic crops, Weed control, EPSPS, Glufosinate, Shikimic acid, Herbicide
tolerance, Roundup, Soybean, 5-enolpyruvylshikimate-3-phosphate synthase, Postemergence,
Transgenic soybean, Absorption, Herbicide drift, Herbicide efficacy, Herbicide injury, Roundup
Ready soybean

2007-2012

Glyphosate, Herbicide, Glyphosate resistance, Herbicide resistance, AMPA, Soybean, Glycine max,
Pesticides, Transgenic crops, EPSPS, Glyphosate-resistant crops, Photosynthesis, Resistance,
Shikimate, Weeds, Adsorption, Glyphosate-resistant soybean, Glyphosate tolerance, Shikimic acid,
Tolerance, Translocation, Roundup, Weed control, Degradation, Dose-response, Soil, Efficacy,
Glufosinate, Integrated weed management, Transgenic soybean

2013-2018

Glyphosate, Herbicide, Glyphosate resistance, AMPA, Herbicide resistance, Pesticides, Roundup,
EPSPS, Glycine max, Oxidative stress, Weeds, Adsorption, Toxicity, Weed control, Glyphosate
tolerance, Resistance, Soybean, Soil, Photosynthesis, Resistance management, Genotoxicity,
Glufosinate, Glyphosate-based herbicide, Risk assessment, Translocation, Shikimate, Corn,
Dose-response, Multiple resistance, Amphibians

2019-2024

Glyphosate, Herbicide, Pesticides, AMPA, Oxidative stress, Herbicide resistance, Glyphosate-based
herbicide, Roundup, Adsorption, Glyphosate resistance, Toxicity, Glufosinate, EPSPS, Soybean, Weed
control, Biodegradation, Weeds, Dicamba, Hormesis, Biomarkers, Ecotoxicology, Risk assessment,
Urine, Resistance, Dose-response, Degradation, Horseweed, Soil, Chemical control

Table note: Keywords were extracted from author keywords and Keywords Plus after preprocessing and standardiza-
tion. The table lists the top 30 high-frequency keywords for the full dataset and for each analytical period. Keyword
variants and abbreviations were standardized where appropriate; for example, “aminomethylphosphonic acid” was
merged with “AMPA”, and “glyphosate based herbicide” was standardized as “glyphosate-based herbicide”.
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3.2.1. Period 2001-2006: Resistance Management and Crop-Production Focus
During 20012006, the keyword profile was dominated by agronomic and crop-

"o

management terms, including “herbicide resistance”, “herbicide-resistant crops”, “glyphosate
resistance”, “glyphosate tolerance”, “transgenic crops”, “transgenic soybean”, “Roundup
Ready soybean”, and “weed control”. Mechanism- and application-related terms such as
“EPSPS”, “translocation”, “absorption”, “herbicide efficacy”, and “postemergence” were also
prominent. These patterns indicate that glyphosate research in this period remained strongly
centered on weed science, glyphosate-tolerant cropping systems, herbicide performance, and
resistance-management strategies. Environmental terms such as “soil” and “AMPA” were

present, but they were less central than agronomic and crop-production themes.

3.2.2. Period 2007-2012: Transition Toward Residue Behavior and Environmental Processes

During 2007-2012, the thematic structure broadened beyond crop resistance and
weed control. Agronomic terms such as “glyphosate-resistant crops”, “transgenic crops”,
“soybean”, “EPSPS”, and “weed control” remained visible, but environmental process-
related terms, including “adsorption”, “degradation”, “soil”, and “AMPA”, became more
prominent. The increasing presence of these terms suggests growing attention to the
retention, transformation, and transport of glyphosate and AMPA in soil-related systems.
Therefore, this period can be interpreted as a transitional stage in which agronomic research
remained important, while residue dynamics and environmental fate began to emerge as

distinct research directions.

3.2.3. Period 2013-2018: Emergence of Toxicology and Risk-Related Themes
A clearer thematic shift was observed during 2013-2018. In addition to established

agronomic terms, keywords such as “oxidative stress”, “toxicity”, “genotoxicity”, “risk
assessment”, and “glyphosate-based herbicide” became increasingly visible. These terms
indicate that glyphosate research had expanded from herbicide efficacy and crop produc-
tion toward mechanistic toxicology and non-target biological effects. At the same time,
fate-related terms such as “adsorption”, “soil”, “AMPA”, and “translocation” remained
important, suggesting that environmental behavior and toxicological interpretation were
becoming increasingly interconnected. The appearance of organism-related terms such as

“amphibians” further indicates growing concern about ecological effects in non-target taxa.

3.2.4. Period 2019-2024: Ecotoxicology, Biomarkers, and Environmental Monitoring

The period 2019-2024 shows the strongest convergence of environmental and toxico-

/a7 v

logical themes. Keywords such as “oxidative stress”, “biomarkers”, “ecotoxicology”, “risk

7

assessment”,
oriented ecotoxicology and sublethal effect assessment. Meanwhile, “biodegradation”,

toxicity”, and “hormesis” indicate a pronounced shift toward mechanism-

“adsorption”, “degradation”, “soil”, and “AMPA” remained central, reflecting continued
attention to environmental fate, transformation, and persistence. The occurrence of terms
such as “urine” also suggests an expansion toward exposure assessment and biomonitoring,
while monitoring-related and analytical themes became increasingly relevant in the broader
keyword network. Overall, the keyword profile of this period indicates that glyphosate
research has evolved into a more integrated field linking environmental fate, biological
response, exposure assessment, and ecological risk interpretation.

Overall, the keyword analysis demonstrates that glyphosate research has evolved
from a largely agronomic and resistance-oriented field into a broader interdisciplinary
domain encompassing environmental chemistry, ecotoxicology, exposure assessment, and
monitoring-related themes. This temporal transition is consistent with the cluster structure
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observed in Figure 3 and the overlay pattern shown in Figure 4 and provides a direct basis
for the interpretation of emerging research fronts in the Discussion section.

3.3. Geographic Distribution and International Collaboration
3.3.1. Country-Level Productivity

Between 1974 and 2024, glyphosate-related publications involved authors from
118 countries, indicating broad global participation in this research area. However, publi-
cation output was strongly concentrated in a limited number of countries. As shown in
Figure 5, the top 10 countries were the United States, Brazil, China, Canada, Argentina,
Germany, Spain, France, Australia, and Italy, which together accounted for more than 82%
of all publications in the dataset.

s Total number of publications
2000 Number of first author publications
1800
1600
1400
1200
1000 f
800 |
600
400
200 |

Number of publications by corresponding authors

-=-=#--- Number of publications in the past three years

Number of publications

Brazil China  Canada Argentina Germany Spain France Australia Italy

Country

Figure 5. Country-level publication output in glyphosate-related research from 1974 to 2024. The ten
most productive countries are ranked by the number of SCIE-indexed publications. Bars show total
publications, first-author publications, corresponding-author publications, and publications in the past
three years. The United States, Brazil, and China accounted for the largest shares of global output.

The United States ranked first with 1928 publications, representing 27.4% of the total
output. Brazil and China occupied the second and third positions, followed by Canada
and Argentina. The remaining countries in the top 10 each contributed several hundred
publications, indicating that glyphosate research is globally distributed but still dominated
by a relatively small core group of high-output countries.

These leading countries include several major agricultural economies, suggesting
that glyphosate research output is closely associated with large-scale agricultural produc-
tion, herbicide use, resistance management, environmental monitoring, and ecological
risk assessment. In addition to total publication output, the distribution of first-author
publications, corresponding-author publications, and publications in the past three years
further indicates that research leadership and recent activity are concentrated in a limited
number of countries, although participation from other regions has increased over time.

Citation-based indicators further suggest that publications from the United States, Ger-
many, and Australia achieved comparatively high average citation impact. This indicates
that scientific influence is not determined only by publication volume, but is also related
to research visibility, collaboration capacity, and thematic specialization within the global
glyphosate research landscape.

3.3.2. International Collaboration Network

The international collaboration network provides information beyond publication
counts by showing how countries are connected through co-authored publications. As
shown in Figure 6, country partnerships with five or more instances of cooperation formed
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a visible international collaboration structure. The United States occupied a central position
in this network and showed strong cooperative links with several major research-producing
countries, including Canada, China, Brazil, the United Kingdom, Germany, France, and
Australia. This pattern indicates that the United States has functioned not only as the largest
contributor in terms of publication output, but also as an important hub for international
knowledge exchange in glyphosate research.

Figure 6. Country partnerships with five or more instances of cooperation in glyphosate-related
research from 1974 to 2024. Each node represents a country or region, and connecting lines indicate
international cooperation. Red nodes indicate major collaborative hub countries in the network, while
black nodes indicate other collaborating countries or regions. Line thickness reflects the strength of
cooperation between countries or regions.

The United States—Canada connection represents one of the strongest collaborative
relationships in the network. This close partnership may be related to comparable agricul-
tural production systems, shared concerns about herbicide use and resistance management,
and common interests in environmental monitoring and pesticide regulation. Collaboration
between the United States and European countries, including Germany, France, and the
United Kingdom, was also prominent, reflecting the importance of glyphosate research
across different agricultural, environmental, and regulatory contexts. In addition, links
involving Brazil, Argentina, China, and other countries indicate that glyphosate research
has become increasingly internationalized, especially in regions where large-scale crop
production, herbicide-resistance management, and environmental risk assessment are
major concerns.

The broader global collaboration pattern is further illustrated in Figure 7. The global
network shows that glyphosate research is organized around several major hubs, with
the United States, Brazil, China, Canada, and European countries forming important
collaborative nodes. Regional clustering was also observed. A South American cluster
involving Brazil and Argentina reflects the strong agricultural relevance of glyphosate
in this region. A European cluster is characterized by frequent intra-regional coopera-
tion, while the increasing involvement of China and other Asian countries suggests that
glyphosate-related research has become more geographically diverse. Nevertheless, the
network remains uneven, with some countries occupying central positions and others
remaining relatively peripheral.
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Figure 7. Global collaborative network for glyphosate-related research from 1974 to 2024. The
country-level collaboration network shows the global structure of co-authored glyphosate-related
publications. Node size reflects publication output or network prominence, connecting lines indicate
international collaboration links, and colors indicate different collaboration clusters generated by the
network analysis.

The relevance of international collaboration analysis lies in its ability to reveal how
knowledge, methods, and monitoring experience are exchanged across regions. Strong
collaboration can promote methodological standardization, cross-regional comparison
of environmental occurrence data, coordinated exposure assessment, and more consis-
tent ecological risk evaluation. Conversely, weakly connected regions may contribute
fewer comparable data to global assessments, limiting the integration of local contam-
ination evidence into broader environmental management frameworks. Therefore, the
collaboration-network results indicate that future glyphosate and AMPA research would
benefit from broader international coordination, especially in long-term monitoring, multi-
matrix exposure assessment, and harmonized ecological risk evaluation.

3.4. Institutional and Disciplinary Landscape
3.4.1. Institutional Productivity

The institutional distribution of glyphosate-related publications further shows that
research output was concentrated within a relatively small group of productive organi-
zations. As shown in Figure 8, the top 10 institutions included Monsanto Company, the
USDA Agricultural Research Service (ARS), the University of Guelph, the University of
Buenos Aires, the Federal University of Vigosa, the University of Sao Paulo, Purdue Uni-
versity, Mississippi State University, Consejo Nacional de Investigaciones Cientificas y
Técnicas (CONICET, Buenos Aires, Autonomous City of Buenos Aires, Argentina), and
North Carolina State University. These institutions represent a mixture of industrial, govern-
mental, and academic organizations, indicating that glyphosate research has been shaped
by multiple knowledge-production systems.

https://doi.org/10.3390/ ecologies7030078


https://doi.org/10.3390/ecologies7030078

Ecologies 2026, 7,78

14 of 23

N
>
=

—
n
=

—
>
=

50 f

The Number of Articles

Research Institutions

Figure 8. Top 10 institutions publishing on glyphosate-related research in the SCIE database from 1974
to 2024. The figure shows the ten most productive institutions based on SCIE-indexed glyphosate-
related articles and reviews. The institutional distribution highlights the contributions of industrial,
governmental, and academic organizations, with strong representation from the United States and
substantial contributions from Canada, Argentina, Brazil, and other regions.

Notably, several leading institutions were located in the United States, which is con-
sistent with the dominant country-level contribution described in Section 3.3. The strong
presence of U.S.-based organizations reflects the long-standing importance of glyphosate
in agricultural production, herbicide-resistance management, regulatory assessment, and
environmental monitoring. At the same time, the inclusion of institutions from Canada,
Argentina, Brazil, and other regions indicates that glyphosate research has developed as
an international field, particularly in countries where large-scale crop production, weed
management, and pesticide-related environmental concerns are highly relevant.

The coexistence of industry, government agencies, and universities among the most
productive institutions is an important feature of the institutional landscape. Monsanto
Company reflects the historical role of product development and herbicide technology
in shaping early and applied glyphosate research. Public-sector institutions such as the
USDA Agricultural Research Service indicate the importance of agricultural management,
residue monitoring, and regulatory science. University-based institutions contribute to a
broader range of topics, including plant science, environmental chemistry, ecotoxicology,
and analytical method development. Therefore, the institutional pattern helps explain
why glyphosate research spans herbicide efficacy, crop systems, resistance management,
environmental fate, toxicology, and monitoring technologies.

Overall, the institutional results indicate that glyphosate-related research is not evenly
distributed across the global scientific system. Instead, it is organized around a core
group of influential organizations with strong connections to agriculture, plant science,
environmental assessment, and risk-oriented research. This concentration may facilitate
sustained research capacity and methodological development, but it also highlights the
need for broader participation from regions and institutions where glyphosate exposure
and environmental monitoring remain underrepresented.

3.4.2. Disciplinary Composition

From a disciplinary perspective, glyphosate research shows a broad but clearly struc-
tured distribution across Web of Science research areas. As shown in Table 2, the three
dominant research areas were Agriculture, Plant Sciences, and Environmental Sciences &
Ecology with 2535, 1893, and 1598 publications, respectively. Together, these categories
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demonstrate that glyphosate research remains rooted in agricultural and plant-related
sciences while increasingly expanding into environmental research.

Table 2. Top 10 Web of Science research areas for glyphosate-related publications from 1974 to 2024.

Main Research Areas Number of Publications
Agriculture 2535
Plant Sciences 1893
Environmental Sciences & Ecology 1598
Chemistry 1031
Toxicology 700
Biochemistry & Molecular Biology 434
Entomology 366
Food Science & Technology 365
Engineering 353
Science & Technology—Other Topics 250

Table note: The table lists the ten most frequent Web of Science research areas assigned to SCIE-indexed glyphosate-
related articles and reviews, together with the corresponding number of records. The category distribution illustrates
the interdisciplinary nature of glyphosate research, with agriculture and plant sciences remaining dominant while
environmental sciences, chemistry, toxicology, and engineering-related areas show increasing relevance.

Beyond these core areas, several other disciplines also contribute substantially to the
glyphosate literature, including Chemistry, Toxicology, Biochemistry & Molecular Biology,
Entomology, Food Science & Technology, Engineering, and Science & Technology—Other
Topics. The presence of Chemistry and Toxicology reflects growing attention to residue
behavior, analytical determination, environmental transformation, and biological effects.
The contribution of Engineering and Food Science & Technology further suggests increasing
interest in detection technologies, residue monitoring, processing-related concerns, and
technology-oriented environmental surveillance.

The disciplinary distribution is consistent with the temporal and keyword-based re-
sults described in Sections 3.1 and 3.2. The dominance of Agriculture and Plant Sciences
reflects the historical foundation of glyphosate research in herbicide application, crop toler-
ance, weed control, and resistance management. In contrast, the strong representation of
Environmental Sciences & Ecology, Chemistry, and Toxicology supports the conclusion that
the field has progressively diversified toward contaminant fate, AMPA-related environmen-
tal behavior, non-target biological effects, and ecological risk assessment. This disciplinary
expansion provides an important basis for understanding why recent glyphosate research
increasingly integrates environmental fate, ecotoxicology, exposure assessment, and moni-
toring technologies.

Taken together, the institutional and disciplinary results indicate that glyphosate
research has evolved into a multi-domain field linking agronomy, plant biology, envi-
ronmental science, analytical chemistry, toxicology, and monitoring-oriented technology
development. This broad disciplinary base provides an important context for interpreting
the emerging research fronts discussed below.

4. Discussion
4.1. From Agronomic Application to Environmental and Ecological Interpretation

The bibliometric patterns identified in this study show that glyphosate research has
undergone a clear conceptual shift over the past five decades. Early work was primarily
embedded in weed science, herbicide efficacy, crop selectivity, and resistance management,
reflecting the original agronomic context in which glyphosate was developed and widely
adopted. This interpretation is consistent with the historical role of glyphosate as a highly
effective broad-spectrum herbicide and with the global expansion of herbicide-resistant
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weed problems under intensive herbicide use [1,2,19]. However, the increasing appearance
of keywords related to AMPA, adsorption, degradation, oxidative stress, ecotoxicology,
toxicity, and risk assessment indicates that glyphosate is now studied not only as an agri-
cultural input, but also as an environmental contaminant operating across interconnected
soil, water, sediment, and biological systems. This transition is supported by a growing
body of environmental monitoring evidence. Field studies have detected glyphosate in
surface waters, sediments, and agricultural soils, including early monitoring work in
soybean-producing regions and broader assessments of glyphosate and AMPA in agri-
cultural topsoils [20,21]. These findings indicate that, although glyphosate can strongly
interact with soils and minerals, repeated application, runoff, erosion, and hydrological
transport can contribute to its occurrence outside target application areas. Recent syntheses
further show that glyphosate occurs across multiple environmental systems, reinforcing the
need to interpret glyphosate contamination through a multi-compartment environmental
framework rather than only through the lens of crop-field application [22].

The environmental interpretation of glyphosate research has also been strengthened by
increasing attention to AMPA and other transformation products. AMPA has been widely
discussed as a major degradation product of glyphosate, but its environmental significance
is broader because it may show distinct occurrence patterns, persistence, source complexity,
and transport behavior in natural waters and soils [7]. More recent work on glyphosate
degradation pathways has also shown that AMPA, glycine, and sarcosine may differ in their
environmental fate and therefore have different implications for risk assessment [23]. This
supports the bibliometric observation that AMPA-related keywords are becoming more
visible and that the field is moving from parent-compound residue assessment toward a
broader fate-based understanding of glyphosate-related contamination.

At the same time, ecotoxicological research has become increasingly central to the field.
Recent reviews of aquatic ecotoxicity indicate that glyphosate, glyphosate-based herbicides,
and co-formulants can produce adverse effects in a range of aquatic organisms, with ox-
idative stress, physiological disturbance, behavioral effects, and formulation-dependent
toxicity frequently reported [11]. These findings are consistent with the keyword patterns
observed in this study, where oxidative stress, toxicity, biomarkers, and ecotoxicology
became increasingly prominent in recent years. Therefore, the shift from agronomic perfor-
mance to environmental and ecological interpretation is not merely a change in terminology;
it reflects an expansion of research questions from weed control and crop management to
contaminant occurrence, transformation, biological response, and ecological risk.

This conceptual transition is also relevant to regulatory and management contexts.
The 2023 EFSA peer review of glyphosate illustrates that contemporary glyphosate as-
sessment now requires the integration of toxicological, environmental fate, exposure, and
ecological information [24]. Accordingly, the bibliometric shift identified here reflects a
broader maturation of glyphosate research toward integrated environmental assessment.
Glyphosate is increasingly being examined within a contaminant-ecology framework that
links agricultural use, environmental occurrence, transformation products, non-target
organism responses, monitoring strategies, and risk-oriented management.

4.2. Ecotoxicology Has Become a Major Research Frontier

One of the clearest outcomes of the keyword and overlay analyses is the growing cen-
trality of ecotoxicology in glyphosate research. The emergence of terms such as “oxidative
stress”, “biomarkers”, “toxicity”, “ecotoxicology”, and “risk assessment” indicates that
recent studies increasingly seek to resolve how glyphosate and glyphosate-based herbi-
cides affect organisms at multiple levels of biological organization. This trend is important

because it marks a transition from descriptive residue monitoring to mechanism-oriented
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interpretation of sublethal responses, including redox imbalance, immune disturbance, neu-
robehavioral alteration, developmental impairment, endocrine-related effects, and changes
in community composition.

This interpretation is well supported by the broader ecotoxicological literature. A
recent synthesis of aquatic studies concluded that the toxicity of glyphosate cannot be
adequately understood by examining the active ingredient alone, because commercial
formulations and co-formulants may substantially modify biological effects in fish, am-
phibians, invertebrates, algae, and aquatic primary producers [11]. This point is consistent
with earlier and widely cited work showing that glyphosate-based formulations can differ
in toxicity among aquatic organisms and that environmental factors may influence toxic
outcomes [25]. Broader reviews of the freshwater environment have also emphasized
that glyphosate and glyphosate-based herbicides may affect aquatic organisms through
multiple pathways, including direct toxicity, biochemical disruption, and indirect ecological
effects [26].

Fish and zebrafish models further illustrate the mechanistic expansion of glyphosate
ecotoxicology. Systematic and review-based evidence indicates that glyphosate and
glyphosate-based herbicides can affect zebrafish across embryonic, larval, and adult stages,
with reported outcomes including developmental toxicity, mortality, oxidative stress, neuro-
toxicity, genotoxicity, endocrine disturbance, immune effects, and altered behavior [27-29].
Fish behavior has become particularly relevant because changes in swimming, foraging,
predator avoidance, and reproductive behaviors may translate sublethal biochemical or
physiological disturbances into ecological consequences at the population or community
level [28]. These findings help explain why keywords related to biomarkers, oxidative
stress, toxicity, and ecotoxicology became more prominent in the recent phase of the biblio-
metric maps.

Neurotoxicity and behavioral disruption represent another increasingly important
component of the ecotoxicological frontier. A systematic review of glyphosate effects
on the nervous system reported evidence for altered neurotransmission, oxidative stress,
neuroinflammation, mitochondrial dysfunction, and behavioral or motor disturbances
across different experimental systems [30]. Although the strength of evidence varies among
taxa, exposure conditions, and formulations, these studies indicate that glyphosate-related
ecotoxicology is moving beyond simple survival endpoints toward mechanistic endpoints
that are more closely linked with organism fitness and ecological function.

Another important implication is that glyphosate-related ecotoxicology is moving
toward a multiple-stressor framework. Experimental work has shown that warming can
lower critical thresholds for multiple-stressor-induced shifts between aquatic primary
producers, suggesting that pesticide-related effects may be amplified under climate-change-
related stress conditions [31]. Likewise, co-exposure studies with aged polyethylene mi-
croplastics and glyphosate-based herbicides have demonstrated combined toxic effects
in Pacific white shrimp, including impacts on immune-related responses and tissue-level
endpoints [32]. These developments are highly consistent with the present bibliometric re-
sults, which indicate that the most recent stage of glyphosate research is no longer centered
solely on herbicide toxicology, but increasingly embedded within the broader ecology of
interacting stressors.

Taken together, these findings suggest that ecotoxicology has become a major research
frontier because it connects environmental occurrence with biological response and eco-
logical relevance. Future glyphosate research should therefore place greater emphasis on
environmentally realistic exposure scenarios, formulation-specific toxicity, non-target or-
ganism sensitivity, biomarker validation, long-term sublethal effects, and interactions with
co-occurring stressors such as warming, nutrient enrichment, microplastics, and other con-
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taminants. From a bibliometric perspective, this helps explain why ecotoxicology-related
keywords are now clustered more closely with environmental fate, exposure assessment,
and risk-related terms than with classical agronomic descriptors.

4.3. Environmental Fate and Transport of Glyphosate and AMPA Are Increasingly Independent Themes

The second major frontier highlighted by this study is the environmental fate of
glyphosate and especially AMPA. The increasing visibility of keywords such as “AMPA”,
“adsorption”, “degradation”, “soil”, “runoff”, “surface water”, and “groundwater” indi-
cates that the field has progressively expanded from compound use patterns to post-release
behavior in environmental matrices. This development is important because the ecological
relevance of glyphosate contamination depends not only on the parent compound, but
also on how residues are transported, transformed, retained, and remobilized across the
soil-water-sediment continuum.

Existing literature strongly supports this interpretation. Grandcoin et al. emphasized
that AMPA in natural waters has multiple sources and should not be interpreted only as
a simple tracer of glyphosate degradation [7]. More recent work has further shown that
wastewater and point-source pathways may represent substantial inputs of both glyphosate
and AMPA, and that treatment processes, wastewater sludge, and constructed wetland
systems can shape downstream release into receiving waters [33]. Field monitoring has
also demonstrated that glyphosate and AMPA are commonly found in urban streams and
wetlands, indicating that their environmental occurrence is not restricted to agricultural
catchments [34]. These findings help explain why the bibliometric landscape has shifted
toward keywords related to source attribution, transport interfaces, retention, degradation,
and monitoring in surface-water systems.

AMPA-related fate research has also expanded across aquatic and transitional envi-
ronments. Measurements in Baltic Sea estuaries showed that glyphosate and AMPA can be
detected in estuarine systems, demonstrating the need to consider river—estuary—coastal
connections when interpreting the transport of these compounds [35]. In freshwater en-
dorheic basins, simultaneous assessment of glyphosate and AMPA in water and sediment
further showed that environmental fate and ecotoxicological risk may vary among sites
influenced by agricultural, peri-urban, and hydrological conditions [36]. Together, these
studies indicate that the fate of glyphosate and AMPA cannot be understood from agri-
cultural application rates alone, but requires attention to hydrology, land use, sediment
interaction, and water-body type.

Groundwater and subsurface transport represent another important component of
this research frontier. Although glyphosate has often been considered relatively immobile
because of strong adsorption to soil and mineral surfaces, monitoring and review studies
show that glyphosate and AMPA can still occur in groundwater under certain hydrogeo-
logical and land-use conditions [37]. Regional monitoring in agricultural basins of China
further demonstrated spatial and seasonal occurrence of glyphosate and AMPA in ground-
water and surface water, with runoff, erosion, spray drift, meteorological conditions, and
soil characteristics acting as important drivers of water-body exposure [38]. These findings
support the need to evaluate glyphosate and AMPA within a multi-pathway transport
framework rather than assuming uniformly low mobility.

The present results therefore suggest that AMPA-related research is becoming increas-
ingly independent from the parent glyphosate literature. In earlier work, AMPA often
appeared mainly as a secondary analytical endpoint. In contrast, recent studies treat it as an
environmental target with distinct persistence, source attribution, transport behavior, and
monitoring significance [7,33,37]. Broader syntheses have also emphasized that glyphosate
persistence and mobility depend on adsorption, degradation, microbial activity, soil compo-
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sition, runoff, erosion, and water movement, which together determine whether glyphosate
and AMPA remain in soils or move toward surface water, sediment, or groundwater [39].
This supports the bibliometric observation that AMPA-related keywords are becoming
more visible and increasingly connected with environmental fate and monitoring themes.

At the global scale, modeling approaches are beginning to place glyphosate and AMPA
transport into a larger watershed and river-network context. A recent global assessment
estimated annual inputs of glyphosate and AMPA into rivers and showed that AMPA
accounted for the majority of modeled river inputs, with important regional differences
linked to crop production systems [40]. This type of evidence indicates that AMPA-inclusive
fate assessment is essential for understanding long-term contamination and for designing
monitoring strategies that extend beyond the parent herbicide alone.

Overall, the rise in AMPA-centered and fate-related keywords in the present bibliomet-
ric analysis is not incidental. It reflects a substantive reorientation of glyphosate research
toward source attribution, environmental persistence, multi-compartment transport, and
risk-relevant monitoring. If monitoring programs or exposure models focus too narrowly
on glyphosate alone, they may underestimate chronic background contamination, espe-
cially in sediments, groundwater, wastewater-linked pathways, or environments receiving
diffuse and repeated inputs. Future research should therefore integrate glyphosate and
AMPA measurements across soils, surface waters, groundwater, sediments, wastewater
systems, and receiving aquatic environments.

4.4. Expansion and Limitations of Detection and Monitoring Technologies

The third major frontier identified in this study is the development of detection and
monitoring technologies for glyphosate and AMPA. Keyword evolution and cluster struc-
ture indicate increasing attention to analytical methods, sensors, biosensors, aptasensors,
immunosensors, nanomaterials, and miniaturized detection platforms. This trend likely
reflects the practical analytical challenges associated with glyphosate itself: its high polar-
ity, strong water solubility, low volatility, weak chromophoric or fluorophoric properties,
and matrix-dependent behavior make rapid and selective determination difficult in envi-
ronmental, biological, and food-related samples [41]. Therefore, glyphosate monitoring
has gradually expanded from conventional chromatographic workflows toward rapid
screening-oriented platforms intended to shorten analysis time, reduce sample preparation
requirements, and improve field applicability.

Conventional instrumental methods remain essential for accurate quantification and
regulatory confirmation. Reviews of chromatographic methods show that liquid chromatog-
raphy, ion chromatography, derivatization-based fluorescence detection, and tandem mass
spectrometry have been widely used for glyphosate, AMPA, and related compounds in
water, soil, food, urine, and other matrices [42]. Recent LC-MS/MS methods have achieved
high sensitivity for glyphosate, AMPA, and glufosinate in surface water and groundwater,
demonstrating the continuing importance of laboratory-based confirmatory methods for
environmental monitoring [43]. However, these methods generally require specialized
instrumentation, trained personnel, controlled laboratory conditions, and matrix-specific
validation. As a result, they are difficult to deploy directly for high-frequency field screening
or large-scale decentralized monitoring.

Electrochemical sensing has become one of the most active directions in rapid
glyphosate detection. Zambrano-Intriago et al. reviewed electroanalytical strategies for
glyphosate determination and emphasized the importance of transduction mode, elec-
trode materials, recognition elements, and detection mechanisms in different food and
environmental matrices [44]. Recent studies have further explored nanomaterial-enhanced
electrochemical and aptamer-based platforms. For example, aptamer-based electrochemical
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biosensors and nanostructured electrode systems have been developed to improve sensitiv-
ity and selectivity for glyphosate detection [45,46]. These approaches show clear promise
because electrochemical devices can be compact, relatively low-cost, and compatible with
portable detection formats. Nevertheless, challenges remain in receptor stability, electrode
fouling, matrix interference, calibration robustness, and performance reproducibility in real
environmental samples.

Immunosensors and aptasensors represent another important branch of monitoring-
oriented detection technologies. Immunosensor reviews have highlighted the potential of
antibody-based devices for rapid, simple, and sensitive monitoring of pesticides, including
glyphosate [47]. A rapid on-site immunoassay for glyphosate herbicide has also been
reported, demonstrating the feasibility of field-oriented screening formats [48]. In parallel,
aptamer-based sensing has expanded rapidly because aptamers offer advantages such
as chemical stability, synthetic accessibility, tunable modification, and compatibility with
nanomaterials [49]. However, many aptasensor studies remain focused on proof-of-concept
development, model matrices, or single-platform optimization. For glyphosate specifically,
the availability, validation, and cross-reactivity of recognition elements remain critical
issues that need to be resolved before broad environmental deployment.

Optical and nanomaterial-based sensors have also contributed to the diversification
of glyphosate detection. Fluorescent, colorimetric, SERS-based, and smartphone-assisted
sensing strategies have been explored for pesticide monitoring because they can provide
visual readout, low-cost instrumentation, and potential field adaptability [50]. Among
glyphosate-specific systems, highly sensitive immunosensing based on optical waveguide
light-mode spectroscopy (OWLS) has demonstrated label-free detection capability in com-
petitive assay formats [51]. Such technologies illustrate the movement of the field toward
rapid and potentially portable analytical systems. However, field deployment remains
limited because many platforms still require derivatization, controlled assay conditions,
sample pretreatment, or validation against chromatographic reference methods.

Opverall, the present bibliometric results suggest that technological development is ad-
vancing faster than routine integration into long-term environmental monitoring programs.
Much of the recent sensor literature emphasizes signal amplification, new nanomaterials,
novel recognition elements, and low detection limits, whereas fewer studies address long-
term matrix robustness, inter-laboratory reproducibility, standardized validation, multi-site
monitoring, or compatibility with regulatory surveillance. Broader reviews on glyphosate
impacts, detection, and removal strategies also emphasize the need to connect analytical
innovation with environmental management needs [52]. Therefore, while rapid detection
technologies represent a clear emerging frontier, the next stage of development should
prioritize validated performance in real environmental matrices, AMPA-inclusive detection,
cross-platform comparability, low-cost field screening, and integration with conventional
confirmatory methods.

5. Conclusions

This bibliometric review analyzed 7050 glyphosate-related articles and reviews in-
dexed in the Web of Science Core Collection-SCIE from 1974 to 2024. The results show
that glyphosate research has evolved from a field primarily centered on herbicidal efficacy,
crop selectivity, weed control, and resistance management into a broader environmental
and ecological research domain. The rapid increase in publication output after 2019 and
the diversification of keywords indicate that glyphosate is now studied not only as an
agricultural input, but also as an environmental contaminant associated with occurrence,
transformation, biological response, exposure assessment, and ecological risk.
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Three major research fronts were identified. First, ecotoxicology has become a central
theme, with increasing attention to non-target organisms, sublethal effects, oxidative stress,
biomarkers, formulation-dependent toxicity, and multiple-stressor interactions. Second,
AMPA-related environmental fate and transport have become increasingly important, indi-
cating that risk assessment and monitoring should not focus only on the parent compound
glyphosate. Third, detection and monitoring technologies have expanded rapidly, espe-
cially chromatographic methods, electrochemical sensors, immunosensors, aptasensors,
optical sensing platforms, and nanomaterial-assisted approaches. However, the routine
integration of rapid detection technologies into long-term field monitoring remains limited.

The findings of this review indicate that glyphosate research is moving toward an
integrated contaminant-ecology framework linking agricultural use, environmental occur-
rence, transformation products, non-target organism responses, analytical monitoring, and
risk-oriented management. Future studies should give greater attention to AMPA-inclusive
monitoring, multi-matrix transport across soil-water—sediment systems, environmentally
realistic exposure scenarios, formulation-specific toxicity, interactions with co-occurring
stressors, and standardized field-deployable detection methods. Strengthening these direc-
tions will improve the ecological relevance of glyphosate research and support more robust
environmental risk assessment and management of glyphosate and AMPA contamination
in complex environmental systems.
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