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than those that have conducted marine MP research. 
At each level of analysis (publication, institution, 
and country levels) within each field (research and 
policy), the temporal growth rate had a break point 
where doubling time changed significantly. Marine 
MP research grew exponentially, where doubling 
times ranged 1.1–3.7 years and the topics of inquiry 
increased steadily. National plastic policies also 
grew exponentially, where doubling times ranged 
3.3–4.1  years. Different diffusion methods explain 
spatial growth, where marine MP research spread was 
best explained by a hybrid of expansion and reloca-
tion diffusion while national plastic policy spread was 
best explained by expansion diffusion. Both marine 
MP research and national plastic policies continue to 
spread, increasing global knowledge and mitigation 
efforts of plastic pollution.

Keywords Scientometric · Scopus · Hot spot · 
Pollution · Debris

1 Introduction

Global plastic production has grown since the late 
1940s and today over 300 million tons of plastic is 
produced globally each year with no slowing in sight 
(Jambeck et  al., 2015; Plastics Europe, 2018). As 
of 2015, over 6300 megatons of plastic waste was 
produced and only ~ 9% was recycled (Geyer et  al., 
2017). The majority of the plastic is from single use 
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packaging, construction, and textile/apparel (Geyer 
et al., 2017). Unfortunately, elements that contribute 
to plastic’s popularity, such as flexibility, durability, 
light weight, and low price, also contribute to the 
long-lasting environmental impacts. For example, 
plastic does not readily degrade, but instead breaks 
into smaller and smaller pieces termed “microplas-
tics” (MPs; 1µm- 5 mm; Arthur et al., 2009 Hartmann 
et al. 2019).

In the ocean, material waste in surface, pelagic, 
benthic, and beach environments is up to 80% plastic 
(Barnes et al., 2009; Choy et al., 2019). In addition to 
its overwhelming abundance, plastic acts as a sponge 
and a transportation vector for persistent organic pol-
lutants (POPs) like DDT and PCB (Rios et al., 2007; 
Engler, 2012; Avio et al., 2015; Jambeck et al., 2015) 
and pathogens (Bowley et al., 2020). Plastic exposure 
has been shown to affect marine organisms mechani-
cally due to the physical structure (Browne et  al., 
2008) and chemically due to the reactivity of attached 
toxics (Paul-Pont et al., 2016).

The field of marine MP is relatively new, however, 
and as a result knowledge of potential biological impli-
cations is still growing (Barboza & Gimenez, 2015). 
Small plastics were first noted in marine animals in 
the late 1960s (albatrosses; Kenyon & Kridler, 1969) 
and in marine environments with biological implica-
tions in the 1970s (coastal waters; Carpenter & Smith, 
1972). The term “microscopic plastic,” however, was 
not commonly used until 2004 (Thompson et al.) and 
was not shortened to “microplastic” until 2006 (Ng & 
Obbard, 2006). Since then, marine MP research has 
grown rapidly, in terms of published papers, institu-
tions conducting research, and international collabo-
rations (Barboza & Gimenez, 2015). This increase is 
mainly driven by an increase in laboratory microcosm 
experiments studying the effects of MP in a controlled 
environment (Barboza & Gimenez, 2015), but there 
has also been an increase in environmental (sediment 
and water) and organismal MP contamination studies 
(wild-caught; Ryan, 2015). Thus far, studies found 
organisms from multiple functional groups, includ-
ing invertebrates, small vertebrates, large vertebrates, 
and zooplankton ingest plastic in laboratory experi-
ments and in natural habitats (Thompson et al., 2004, 
Browne et al., 2008, Wright et al., 2013, Frias et al., 
2014, Avio et  al., 2015, Cole & Galloway, 2015; 
Desforges et al., 2015, Li et al., 2015, 2016; Harris & 
Carrington, 2019, Harris et al., 2021). Microplastics 

have the potential to accumulate in the food chain and 
detrimentally impact marine ecosystems through their 
physical presence as well as their ability to adsorb POPs 
(Rios et al., 2007; Galloway et al., 2017).

Recently, marine plastic pollution has become a 
hot topic in the press and among conservation organi-
zations and non-government organizations (NGOs; 
e.g., the “Plastic or Planet” issue by National Geo-
graphic in June 2018; World Wildlife Fund ReSource: 
Plastic activation hub n.d.; Surfrider Foundation 
n.d.). Many of these groups demand a “call to action” 
for policies to be put into place to reduce both plastic 
production as well as pollution. Although the field of 
marine MP is relatively new, there is the overarching 
conclusion that MPs have negative organismal, social, 
and economic impacts (Beaumont et al., 2019).

To combat these negative effects, there is sufficient 
evidence that policies can lead to reduced plastic pro-
duction and consumption both locally and globally 
(Ryan, 2015; Schnurr et  al., 2018). At a local and 
regional level, conservation groups and NGOs are 
forming coalitions to lobby for anti-plastic bills and 
we are starting to see traction at the national level, 
where countries are starting to regulate the most com-
mon plastic items. Numerous sources of MPs make 
it difficult to regulate, so national policies tend to 
focus on consumer plastic like bags, microbeads, or 
single use plastic (SUPs), rather than production plas-
tic (packaging and industrial material). By directing 
attention toward consumer plastics, countries can 
substantially decrease the quantity of low-grade plas-
tic disposal and the subsequent pollution (Schnurr 
et al., 2018). Due to the structure of national govern-
ance and few international regulating systems, indi-
vidual countries are left to implement their own ver-
sions of plastic policy that are dependent on national 
needs and demands as well as trade agreements with 
neighboring countries.

There is international recognition that marine 
debris is a pervasive pollution issue. Six international 
marine debris conferences (1984, 1989, 1994, 2000, 
2011, 2018; Supplemental Table  1) have occurred 
and have developed a framework for reducing marine 
debris in addition to calling upon governments, 
NGOs, industries, and stakeholders to adopt it. The 
framework does not have any legal standing nor does 
it have incentives (other than environmental preserva-
tion) or implementation requirements. The European 
Union (EU) is one of the few international entities to 
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implement regulations with legal standing, as seen 
with their single-use plastic ban going into effect in 
2021 (European Parliament News, 2019). Broader 
international regulating organizations (e.g., UN, 
NATO), however, have made slow (if any) progress 
implementing a unified approach to marine debris, 
and marine plastic pollution remains a pressing global 
issue today.

As the field of marine MP grows, national and 
international collaborations between marine MP sci-
entists have increased (Barboza & Gimenez, 2015; 
Pauna et  al., 2019). Notably the National Center for 
Ecological Analysis and Synthesis (NCEAS) working 
group (2011), Marine debris: Scale and impact of trash 
in ocean ecosystems, which brought together a global 
group of interdisciplinary scientists to address the 
global pollution issue. Furthermore, the quantity of 
organismal, environmental, and review publications 
have increased as well (Ryan, 2015). Widespread 
policy is often a result of more scientists conducting 
studies in more places and reaching out to their local 
governments (Powell & Bromley, 2012), emphasiz-
ing the importance of scientific research growth to 
achieve policy spread and growth. Although scien-
tific research and public policy are often funded by 
different administrative bodies (e.g., agencies and 
legislature, respectively in the USA), increased col-
laborations and publications may be a proxy for a 
country’s motivation and resources regarding plastic 
pollution, resulting in the adoption of national plas-
tic policies. It is important to note that regardless of 
scientific research as a proxy for motivation, other 
country-specific parameters such as cultures, NGOs, 
funding agencies, demands, and belief systems likely 
play important roles in policy adoption. It is probable 
that scientific research alone does not drive policy 
change, but rather  that science informs country-spe-
cific parameters that increase motivation for national 
policies. Identifying if and how marine MP research 
and national plastic policies independently experience 
geographic spread may shed light on the factors driv-
ing each field’s rapid growth and may also establish a 
novel link between the two fields.

Given the hot topic of marine plastic and estab-
lishment of a marine debris framework, it is unsur-
prising that both marine MP research as well as 
national plastic policies are increasing globally 
(Barboza & Gimenez, 2015; Karasik et  al., 2020). 

The spatial–temporal patterns explaining either 
marine MP research or national plastic policy growth 
and geographic diffusion remain unknown, however. 
Diffusion patterns arise from expansion or relocation 
properties that are often a result of external deter-
minants such as motivation, obstacles against inno-
vation, and resources for overcoming the obstacles 
(Berry & Berry, 1990; Mohr, 1969). Spatial analy-
ses can therefore be used to determine how ideas (in 
this case science and policy) spread geographically 
through time, identify clusters, and lend evidence to 
distinguishing between diffusion properties.

Diffusion patterns and diffusive growth typically 
follow an S-shaped curve, showing the accumulation 
of adopters over time as entities (e.g., authors, insti-
tutions, countries) gain motivation and resources to 
overcome obstacles, from innovators to majority to 
laggers (Fig. 1A; Rogers, 1995). In fields that are still 
growing, like marine MP research or plastic policies, 
transitions between growth phases may be identified 
as break points in piece-wise regression analyses 
(Bornmann & Mutz, 2015). If a diffusion is clus-
tered, spatial analysis can reveal two types of spatial 
diffusion properties: (1) expansion and (2) relocation 
(Fig. 1B-C; Mitchell, 2018). Expansion occurs when 
ideas spread out geographically from one area and 
when adoption by nearest neighbors is more likely 
than adoption by non-neighbors. Relocation occurs 
when there are multiple geographical areas of adop-
tion which can be identified through clustering of dis-
persed adopters. Hybrid diffusion occurs when both 
expansion and relocation diffusion are observed at the 
same time.

Examining diffusion as a function of time and 
space can offer insight to how these fields are grow-
ing, if and how spread is occurring, and may point 
toward why they are spreading (Mitchell, 2018; 
Shipan & Volden, 2008). Growth and diffusion affect 
geographical patterns, which can be analyzed for spa-
tial relationships over time with hot spot analyses. Hot 
spot analyses are common in crime, accident, and epi-
demiology research (e.g., Moore & Carpenter, 1999; 
Anderson, 2009; Erdogan et al., 2008) and can be use-
ful to visualize event centers over time. If ideas are 
expanding geographically and institutions or coun-
tries are clustered, hot spots will remain in the same 
locations over time. If ideas are relocating across geo-
graphic space, hot spots will shift and jump locations 



 Water Air Soil Pollut         (2021) 232:400 

1 3

  400  Page 4 of 18

over time. Diffusion is considered hybrid if multiple 
diffusion properties are evident in visualization.

This paper investigates the spatial–temporal 
growth, distribution, and diffusion of plastic research 
and national plastic policies. Due to the vast field of 
marine plastic research, we used marine MP papers 
as a manageable case study. We use scientometric and 
spatial diffusion methods to determine how ideas (in 
this case science and policy) grow spatially and tem-
porally. We propose six independent hypotheses and 
associated justifications:

H1 Global marine MP publications are grow-
ing exponentially at the paper, institution, and 
national levels

  Marine MP publications as well as collabora-
tions are growing quickly (Barboza & Gimenez, 
2015; Ryan, 2015). As more researchers study 
and publish marine MPs papers, institutions and 
countries will increase with similar growth tra-
jectories.

H2 Marine MP papers are increasing in breadth of 
topics studied

  The quantity of topics and organisms studied 
will increase as new researchers, collaborators, 
and institutions increase (Barboza & Gimenez, 
2015) and start building new marine MP pro-
grams.

H3 Countries implementing national plastic policies 
are growing exponentially

  Increased attention toward marine plastic pol-
lution and relatively recent international commit-
ments to reducing plastic waste (e.g., EU plas-
tic ban) will increase the quantity of countries 
implementing national plastic policies.

H4 Countries publishing more marine MP papers 
are more likely to have national plastic policies 
than countries publishing fewer or no papers.

  Marine MP research is a proxy for a country’s 
motivation and resources regarding plastic pollu-
tion; therefore, countries with more papers pub-
lished will have high amounts of motivation and 
resources to adopt national plastic policies.

Fig. 1  Growth and dif-
fusion typically form (A) 
S-shaped curve where the 
solid line represents quan-
tity growth, the dashed line 
represents total proportion 
over time (first derivative), 
and adoption phases can be 
assigned. Visualization of 
spatial diffusion (B) expan-
sion and (C) relocation. 
Diffusion can be compared 
over time and hybrid dif-
fusion can be identified if 
two types of diffusion occur 
simultaneously
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H5 Institutional marine MP research growth is in the 
early majority phase and spread is due to reloca-
tion diffusion

  As a new field with momentum, marine MP 
research is still in the beginning phase of its 
growth trajectory. With the rise of marine MP 
publications and international collaborations 
(Barboza & Gimenez, 2015), the field will spread 
to non-neighboring countries creating a reloca-
tion diffusion pattern.

H6 National plastic policy growth is in the early 
majority phase and spread is due to expansion 
diffusion

Neighboring countries are often culturally similar, 
and while countries are left to implement their own 
plastic policies, they are likely to be influenced by 
neighboring countries with similar cultures, creating 
growth and expansive diffusion. Countries are imple-
menting their own plastic policies, and will continue 
until the majority of countries have done so, reaching 
a saturated state.

2  Methods

2.1  Marine Plastic Peer Reviewed Paper Selection

Growth of marine microplastic (MP) publications 
was compared to other types of plastic research by 
performing a systematic literature search of peer-
reviewed papers from Scopus, Elsevier’s abstract and 
citation database, in April 2020. The search used five 
sets of keywords: marine AND plastic*, marine AND 
“plastic bag*,” marine AND “single use plastic*,” 
marine AND microbead*, and marine AND micro-
plastic*. The asterisk at the end of a word ensured 
both the singular and plural forms were considered. 
The first set of keywords, marine AND plastic*, was 
chosen to represent the broader field. Sets of key-
words including “plastic bag*,” “single use plastic*,” 
and microbead, mirror the national plastic policy foci 
selected in this study. The set of keywords, marine 
AND microplastic*, was selected to equate the Sco-
pus searches to the Web of Science search, outlined 
below. Within each of these sets of keywords, the 
“analyze search results” feature was used in Scopus to 
record the quantity of papers published annually and 
cumulative number of papers published by country 

for 1900–2019. We note that many early papers stud-
ying mussel feeding physiology used poly-microbe-
ads since the 1980s but were not included in any of 
the keyword searches (e.g., Ward, 1996). Papers were 
randomly spot-checked to ensure they fit within the 
keywords.

Metadata from marine MP papers were collected 
from a systematic literature search of peer-reviewed 
papers from Web of Science in April 2020. The 
search criteria used were the keywords marine AND 
microplastic* and all years (1900–2019), the same as 
the Scopus search. Publishing date, institution of lead 
author (including latitude and longitude), country of 
lead author, journal, and title were collected. Papers 
addressing non-marine MP topics (e.g., table salt or 
freshwater), highlights, commentary, news features, 
correspondences, opinion, and review papers were 
removed.

Each marine MP paper was categorized based on 
focus topic: chemistry, environment, organism, pol-
icy, or review. If a paper studied multiple focus top-
ics, only the predominate one was recorded. Organ-
ismal papers were further categorized into functional 
groups: bacteria, fungus, invertebrate, small verte-
brate, large vertebrate, macroalgae, phytoplankton, 
and zooplankton (includes fish larvae). If a paper 
studied multiple organisms, all organisms were cat-
egorized by functional group and included.

2.2  National Plastic Policy Selection

To evaluate plastic policy growth and diffusion, a 
systematic literature search for national plastic poli-
cies implemented through 2019 was conducted. The 
plastic policy literature search included three pre-
dominant types of plastic, plastic bag, microbead, and 
single use plastic (SUP), at two levels, levy and ban. 
Policy data was collected from Xanthos and Walker 
(2017), Schnurr et al. (2018), Lam et al. (2018), Plas-
tic Policy Inventory from Duke’s Nicholas Institute for 
Environmental Policy Solutions (2020), and news arti-
cles from Wikipedia’s “phase-out of lightweight plas-
tic bags” page (2020). Country, implementation year, 
type (plastic bag, microbead, SUP), and level (levy, 
ban) were recorded. All policies were cross-vali-
dated with an internet news search and policies that 
failed cross-validation were not included. Voluntary 
national plastic levies and bans were not included. 
Policies were evaluated at a national level, where 
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countries with multiple levels or types of policies 
were only counted once in analyses. Local policies 
(city, county, state, etc.) were not included in these 
analyses as globally there is relatively poor documen-
tation at such a fine scale.

2.3  Analysis

All analyses, maps, and graphs were developed with 
the computing software R for Mac OS X (version 
3.6.1, R Core Team, 2019). The following packages 
were used: lme4, plyr, ggplot2, rworldmap, maptools, 
segmented, and spatstat. For all tests, level of signifi-
cance was set at α < 0.05.

Semi-ln regression was used to analyze tempo-
ral growth rate and doubling time of plastic research 
papers appearing in Scopus. ANCOVA was used to 
assess marine MP research from Scopus and Web of 
Science with source as the main effect and year as 
the covariate. Chi-squared was used to analyze the 
observed distribution of focus categories in marine 
MP papers as compared to the predicted distributions.

Change in growth rates of marine MP papers, 
institutions publishing, countries publishing, and 
countries with national policies were tested for using 
Davies’ test. If a change was indicated, piecewise 
semi-ln regression analyses were used to estimate the 
years where the break points occurred. Linear mod-
els were used to characterize the temporal growth rate 
and doubling time of each segment. A t test was used 
to compare the quantity of marine MP papers pub-
lished in countries with and without plastic policies.

2.4  Diffusion

Two diffusion properties were compared in both 
marine MP papers and plastic policies, expansion 
and relocation. Kernel density estimations for each 
year (where there were enough papers or policies to 
do so) were calculated to explore which type of dif-
fusion best explained the spread and clustering of 
papers and policies over time. Kernel density esti-
mations were plotted each year for latitude and lon-
gitude of papers and policies. Papers were evaluated 
at the institution level and policies at the national 
level. Hot spot analyses were used to visualize geo-
graphic concentrations (Anderson, 2009) of institu-
tional marine MP publications over time (spread). 
Institution coordinates and country centroid 

coordinates (latitude and longitude) were used for 
analyses and institution coordinates and country 
polygons were used for visualizations. All national 
policies types were assessed together (plastic bags, 
microbeads, and SUPs).

3  Results

3.1  Scopus

Marine plastic literature dates back to 1961, when 
the first study using plastic in marine industries was 
published (Strickland & Terhune, 1961). However, 
the first report of marine plastic pollution was not 
published until 8  years later (Kenyon & Kridler, 
1969). The field of marine plastic (whether related 
to industry or pollution) has grown exponentially, 
doubling on average every 7.7  years, similar to 
climate change publications and faster than scien-
tific publications as a whole (Table  1). Our search 
of marine AND plastic* literature yielded a total 
of 7577 papers (after random spot-checking); we 
therefore consider the dataset to serve as a good 
representation of the broader field (Fig. 2).

Marine AND “plastic bag*” literature dates 
back to 1961 where a study used plastic bags as a 
research tool (Strickland & Terhune, 1961). For 
30  years, plastic bags were used as pollution con-
finement measures (oil) or for in  situ experiments. 
The first marine plastic bag record relating to pol-
lution available in Scopus was a study on manatees 
(Beck & Barros, 1991). Marine AND microbead* 
literature dates to 2004 and the use of fluorescent 
poly-microbeads in current and water flow stud-
ies (Petrisor et  al., 2004), however it was not until 
2013 that marine microbeads were recognized as 
pollution in research. The field of marine AND 
“single use plastic*” is the newest, with the first 
papers published in 2017 (Wagner, 2017; Xanthos 
& Walker, 2017). Both of the studies published in 
2017 address the efficacy of single use plastic bans 
rather than any marine aspect. All of the aforemen-
tioned fields have grown exponentially with vary-
ing doubling times ranging from 1.2 to 8.7  years; 
the SUPs literature was too recent to include in this 
doubling rate analysis (Fig. 2; Table 1).
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3.2  Marine Microplastic Papers

We used marine microplastic (MP) papers as a man-
ageable case study for investigating spatial–temporal 
patterns and diffusion properties. Marine MP papers 
were published more than any other keyword within 
marine plastic (p < 0.001; X2), exceeding plastic bag, 
microbead, and SUP publications by 8, 11, and 86 
times, respectively (Fig. 2). There was no significant 
difference between the quantity of marine MP papers 
collected over time from Scopus and Web of Science 
(p = 0.98; ANCOVA; Supplemental Table 2; Supple-
mental Fig. 1).

As of the end of 2019, 538 institutions in 64 coun-
tries (of 195 countries, not all of which have marine 
territory) published a total of 1267 marine MP papers 
(Table  2). Each level of analysis (paper, institution, 

and country) had a break point where growth rate 
changed significantly (p < 0.01, piecewise semi-ln 
regression; Fig.  3, Table  1). Marine MP publication 
rate slowed in 2014 from a doubling time of 1.1 to 
1.5  years, institutional publication rate slowed in 
2012 from a doubling time of 1.3 to 1.7  years, and 
country publication rate slowed in 2009 from a dou-
bling time of 3.4 to 3.7  years. We label the institu-
tions and countries from the first publication to the 
break point as early adopters and from the break point 
till 2019 as early majority; we acknowledge that we 
cannot separate innovators and early adopters pre-
cisely because marine MP research is still growing 
exponentially (Fig. 3).

Marine MP papers show increasing trends in quan-
tity both over time and in breadth of topics addressed 
(Fig. 4). The largest proportion of papers focused on 
organisms (34%; Fig.  4) and within this topic over 
32% of papers studied multiple rather than single spe-
cies (n = 143 papers; data not shown). Small verte-
brates and invertebrates are the most frequently stud-
ied functional groups across all organisms at 50% and 
28%, respectively (Table 3).

3.3  Policies

By the end of 2019, a total of 127 national plastic 
policies were implemented in 115 countries, placing 
either a ban and/or levy on plastic bags, microbe-
ads, and/or single use plastics (SUPs; Table 4; Sup-
plemental Table  3). Notably, the number of plastic 
bag policies has tripled globally in the past 10 years 
(2010–2019). Some countries progressed from a levy 
to a ban of the same type of plastic, some countries 
have multiple policies regulating different types of 
plastics, and some have just one type of plastic policy. 
Here, we examined plastic policies from a national 
level, where countries with multiple types or levels 
of policies were only counted once. The growth tra-
jectory of countries adopting national plastic policies 
exhibited a break point, where adoption rate changed 
in 2010 from a doubling time of 4.1 to 3.3  years 
(piecewise semi-ln regression; Fig.  3; Table  1). As 
with marine MP papers, adoptions of national poli-
cies are still growing exponentially; we labeled coun-
tries from the first adopter to the break point as early 
adopters and from the break point through 2019 as 
early majority.

Table 1  Summary of doubling time (years) analyses. (A) 
Other scientific fields, (B) Scopus keyword search, (C) marine 
microplastic papers at the paper, institution, and country level 
divided into early adopters and early majority, and (D) plas-
tic policies at the country level divided into early adopters 
and early majority. Data on doubling times for other scientific 
fields were collected from the following sources: Science from 
Bornmann & Mutz, 2015 and climate change from Haunschild 
et al., 2016

Years Doubling 
time 
(years)

A) Field
  Science 1980–2012 24
  Climate Change 1980–2014 5–6

B) Scopus keyword search: Marine AND
  plastic* 1961–2019 7.7
  “plastic bag*” 1961–2019 8.7
  microbead* 2004–2019 3.1
  microplastic* 2006–2019 1.2
  “single use plastic*” 2017–2019 NA

C) Marine microplastic papers
  Papers 2006–2014 1.1

2015–2019 1.5
  Institutions 2006–2012 1.3

2013–2019 1.7
  Countries 2006–2011 3.4

2012–2019 3.7
D) Plastic policies
  Countries 1993–2009 4.1

2010–2019 3.3
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Denmark was the first country to adopt a national 
policy (plastic bag levy) in 1993, and Bangladesh was 
the first country to successfully adopt a national ban 
(plastic bag) in 2002. Saint Lucia was the first coun-
try to adopt a national SUP levy in 2008 and Guy-
ana was the first country to adopt a national SUP ban 
in 2014. As of 2019, SUP policies only exist in the 
Caribbean and South America. The USA was the first 
country to adopt a national plastic microbead ban in 
2015. Plastic bag legislation is the most common type 
of national plastic policy, with only a few countries 
enforcing microbeads and SUPs policies (Table  4; 
Supplemental Table 3).

More countries adopted national plastic policies 
than those conducting marine MP research, and the 
growth rate differs between the two metrics (115 
and 64, respectively; p < 0.01; Davies’ test; Fig.  3). 
Further, there is no difference in quantity of marine 
MP papers published by countries with or without 
national plastic policies (all types of policies com-
bined; p = 0.12; t test; Supplemental Fig. 2).

3.4  Diffusion

Institutions publishing marine MP papers have his-
torically been, and continue to be, concentrated in 

the Northern hemisphere (Fig.  5). While Europe 
continues to be a dominant hot spot for MP research, 
institutions conducting research spread longitudi-
nally over time, flattening the kernel density estima-
tion curve (Fig. 5). From 2013 to 2019, the quantity 
of hot spots condenses from four to two, signifying 
dominant leaders in the marine MP field. These two 
hot spots are Europe, which continuously maintains 
high kernel density estimations, and Eastern China, 
which emerges in 2016 with lower kernel density esti-
mations (Fig. 5). These estimations and visualizations 
suggest hybrid diffusion is present, with expansion 
of the Europe and Eastern China hot spots as well as 
relocation observed in the decrease of hot spots.

Conversely, countries with national plastic policies 
(all plastic policies evaluated together) have histori-
cally been, and continue to be, evenly spread across 
both Northern and Southern hemispheres (Fig.  6). 
Kernel density estimates for national plastic policies 
are highest near zero degrees longitude (Fig.  6C). 
Plastic policies were evaluated at the national level 
and therefore hot spot analyses were not visualized. 
While more spatially dispersed in 2011, national plas-
tic policies are concentrated across African and Euro-
pean countries as of 2019. When examining kernel 
density estimations and geographic visualizations, 

Fig. 2  (A) Cumulative and (B) semi-ln cumulative number of marine plastic papers retrieved from Scopus for various combinations 
of keywords with publication dates of 1960–2019. Slope of lines in (B) represent doubling time for each keyword publication rate
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expansive diffusion, where hot spots remain in the 
same regions, was predominantly observed.

4  Discussion

Marine plastic pollution has been documented in 
scientific literature since the late 1960s and contin-
ues to be a growing research topic and policy con-
cern. We used aspects of scientometric and spatial 
diffusion research to understand the spatio-temporal 
growth of marine microplastic (MP) research and 
national plastic policies. This study shows evidence 
to support our hypotheses that marine MP publica-
tions are increasing exponentially at all levels (H1) 
as well as increasing in breadth of topics studied 
(H2), national plastic policies are increasing expo-
nentially (H3), and national plastic policy spread is 
due to expansion diffusion (H6). This study did not 
find evidence that countries with more published 
marine MP research had national plastic policies 

Table 2  Summary of total institutions and papers published 
by each country. As of 2019, a total of 64 countries and 538 
institutions published a total of 1267 papers on marine micro-
plastics

Country Total papers Total 
institu-
tions

China 178 51
United Kingdom 109 45
Italy 98 33
United States of America 92 60
Germany 85 43
Brazil 57 22
Australia 54 21
France 54 22
Spain 54 23
Portugal 49 9
South Korea 43 13
Netherlands 41 10
Canada 30 15
Belgium 22 6
India 20 15
Ireland 18 8
Denmark 18 4
Japan 17 9
Iran 17 10
Turkey 16 9
Sweden 15 6
South Africa 13 7
Malaysia 13 4
Greece 12 5
Chile 11 3
Russia 11 1
Finland 10 5
Norway 9 5
Mexico 8 7
Indonesia 8 7
Switzerland 7 6
Saudi Arabia 7 2
New Zealand 5 2
Colombia 5 2
Slovenia 5 3
Poland 5 3
Argentina 5 3
Singapore 4 1
Croatia 4 3
Tunisia 4 2
Taiwan 3 3
Austria 3 3

Table 2  (continued)

Country Total papers Total 
institu-
tions

Nigeria 3 3
Qatar 2 1
Israel 2 2
Philippines 2 2
Czech Republic 2 2
Romania 1 1
Uruguay 1 1
Sri Lanka 1 1
Tanzania 1 1
Thailand 1 1
Malta 1 1
Vietnam 1 1
Lithuania 1 1
Bangladesh 1 1
Peru 1 1
Ecuador 1 1
Jamaica 1 1
Egypt 1 1
Algeria 1 1
Trinidad and Tobago 1 1
Bulgaria 1 1
Hungary 1 1
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(H4) nor that marine MP research spread is solely 
due to relocation diffusion (H5). The results point 
to a heterogeneous, hybrid spread of global research 
activity and policy implementation with different 
diffusion properties.

Marine MP papers were used as a manageable 
case study for the broader marine plastic field. We 
note that research on marine MPs existed before the 
keyword was termed and is encompassed by marine 
plastics research in general. The term “microplastic” 
(rather than microscopic plastic or small plastic) is 
relatively new (2006) and previous research on MPs 
may have been omitted from our search. We are con-
fident, however, that the collection of marine MP 

papers we did identify serves as a good case study for 
growth and diffusion patterns.

Marine MP research has grown exponentially 
at the publication, institution, and national levels, 
doubling every 1.1–1.5  years since 2006, faster 
than scientific publications as a whole (Table  1). 
Published marine MP papers focus on a breadth 
of topics, the most popular being organismal and 
then environmental. Together, organismal and 
environmental studies account for over half of the 
published papers (Fig. 4) and likely drove the expo-
nential rate of marine MP publication through the 
rise of microcosm studies (organismal; Barboza 
& Gimenez, 2015) as well as regional monitoring 

Fig. 3  (A) Cumulative 
and (B) semi-ln cumulative 
marine microplastic papers; 
(C) cumulative and (D) 
semi-ln cumulative institu-
tions publishing marine 
microplastic papers; and (E) 
cumulative and (F) semi-ln 
cumulative countries pub-
lishing marine microplastic 
papers and countries with 
national plastic policies. 
Papers retrieved from Web 
of Science for the keywords 
marine AND microplastic* 
with publication dates of 
2006–2019. Piecewise 
regression break points, 
where slope of line signifi-
cantly changes, is present 
in all semi-ln cumulative 
graphs. One asterisks 
(*) represents statistical 
significance of slope change 
at p < 0.01 and two asterisks 
(**) represents statistical 
significance of slope change 
at p < 0.001; Davies’ test. 
Gray shading represents 
95% confidence intervals 
for each line fit
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efforts (environmental; Ryan, 2015). Furthermore, 
over 32% of organismal papers focused on multiple 
rather than a single species, emphasizing the inter-
est in trophic transfer, food webs, and ecosystem-
level approaches in the marine MP problem. The 
most common functional groups studied within 
organismal papers were small vertebrates (e.g., fish) 
and invertebrates (e.g., oysters, mussels, crabs), 
both important in aquaculture and human consump-
tion, relatively easy to perform mesocosm experi-
ments on or capture in the wild, and perhaps carry 
higher economic research incentives.

Marine MP research is still in the early phase, 
including innovators, early adopters, and early major-
ity, as identified by the initial phase of the typical 
S-curve (Fig.  1A; Rogers, 1995). As of the end of 
2019, there appears to be no slowing of publication 
rate. Perhaps, this trend is in part due to early adopt-
ing researchers and institutions (e.g., within the UK 
and the USA) building and expanding individual 
programs, becoming experts, forming both domestic 
as well as international collaborations (e.g., Thomp-
son et  al., 2004; Barboza & Gimenez, 2015; Pauna 
et  al., 2019), and thus promoting the establishment 
of an early majority. The concept of prolific, early 
adopting institutions is supported by kernel density 

Fig. 4  Marine micro-
plastic paper publications 
each year segmented by 
categories within the field. 
Papers retrieved from Web 
of Science for the keywords 
marine AND microplastic* 
with publication dates of 
2006–2019. Categories 
were determined based on 
title and abstract of each 
paper. Here, each paper was 
only included once, and the 
predominate category was 
assigned

Table 3  Frequency of functional groups studied in marine 
microplastic papers from 2006–2019. Functional groups were 
determined from paper title, abstract, and results. Papers with 
multiple functional groups were counted multiple times

Functional group Frequency 
in published 
papers

Small vertebrate 639
Invertebrate 357
Zooplankton 152
Large vertebrate 59
Bacteria 53
Phytoplankton 16
Fungus 4
Macroalgae 4

Table 4  Summary of national plastic policies reported as type 
as of 2019. A total of 127 national plastic policies were imple-
mented in 115 countries
Policy type Year of first implemen-

tation
Quantity of 
national poli-
cies

Plastic bag 1993 113
Microbead 2015 8
SUP 2008 6
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estimates, where Europe starts as a hot spot in 2013, 
and remains one through 2019 (Fig. 5).

The development of scientific fields and disciplines 
is often driven by the pedigree of principle investi-
gators and their students who subsequently move to 
other institutions and/or countries to continue their 
research. The field of marine MP is new and quickly 
growing, however, a marked decrease in growth rate 
occurred at each analysis level (paper, institution, and 

country). This indicates that while pedigree is impor-
tant, many early career scientists from proficient 
research groups may have not had the time necessary 
to establish their own group and subsequently influ-
ence spatial diffusion patterns found here. We expect 
researchers trained during either the early adoption 
or early majority phases to substantially contrib-
ute to the field during the late majority phase. Fur-
ther, MP research is collaborative, with researchers 

Fig. 5  Geographic visualization of institutions publish-
ing marine MP papers through (A) hot spot analyses where 
red symbolizes hot spots of institutions that published papers 
through 2013, 2016, and 2019, (B) kernel density estimations 

of published MP papers across latitudes and years, and (C) 
kernel density estimations of published MP papers across lon-
gitudes and years. Colors in (A) are a visualization of hot spots 
associated with kernel density estimation in B-C 
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collaborating across disciplines, publishing “clusters” 
(authors that frequently publish with one another), 
and countries (Pauna et  al., 2019). While the data-
set includes influential and highly cited papers and 
individual authors that may have a larger impact on 
the research community and press, the new and col-
laborative nature of the field reinforces that quantity 
of published papers is an accurate metric to examine 
growth and diffusion.

At institutional and national levels of marine 
MP research analyses, the early majority phase 
is characterized by slower growth than the early 
adoption phase. Most diffusion literature suggests 
that later-adopting countries tend to adopt quicker, 
due to a decrease in perceived risk (e.g., Valente 

1995; Albuquerue et al., 2007). We see the opposite 
trend here, where early adopting countries adopted 
quicker. This is possibly due to an observed oppor-
tunity to delve into a new, unexplored topic where 
everyone starts on equal footing and the initial per-
ceived risk is low. Now, however, as the field of 
marine MP has grown, so has the breadth of top-
ics and species studied, thus reducing novel study 
organisms that new programs and institutions may 
study. This is supported by the increase of studies 
focusing on multiple organisms rather than a single 
organism that has been saturated in previous stud-
ies. Furthermore, the advancement in best practices 
has called for expensive polymer analysis to vali-
date results for publication (Granek et  al., 2020). 

Fig. 6  Geographic visualization of national plastic pol-
icy types in (A) 2011 and in 2019. Both bans and levies are 
included and not differentiated in this geographic visualization. 
Color corresponds to the type of national plastic policy. Coun-

try centroids were used to analyze kernel density estimations 
of national plastic policies across (B) latitudes and (C) longi-
tudes in 2011 and 2019
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These aspects of marine MP research present new 
obstacles to overcome for researchers or institutions 
trying to get into the field and may explain why we 
observed a decrease in publication rate after 2014. 
The research field remains undersaturated and many 
questions remain unanswered; however, researchers 
now face more barriers to entering the field if not 
already part of a research group then they did dur-
ing the early adoption phase. The rate of publication 
at each level of analyses is likely going to increase 
during the late majority phase as early career 
researchers that were previously part of prolific 
marine MP research groups in the early adoption 
and majority phases (and thus have a lower barrier 
to entry) set up their own groups in different institu-
tions and countries.

Marine MP research exhibited a hybrid of expan-
sive and relocation diffusion. This could be for a mul-
titude of reasons, and we suggest three explanations. 
First, scientific research is often collaborative, with 
the possibility of collaborators at multiple institu-
tions between both neighboring and non-neighboring 
countries (Barboza & Gimenez, 2015; Ryan, 2015; 
Pauna et  al., 2019). Second, globalization enables 
widespread communication and opportunities to learn 
about actions of non-neighboring countries, reducing 
the influential strength of neighbors. Third, research 
is mainly a product of wealthy countries with pres-
tigious universities, concentrated in select regions. 
These three ideas, or their combination, could con-
tribute to the hybrid diffusion pattern observed as 
well as lend insight to diffusion mechanisms at play.

The growth of countries researching marine MP is 
mirrored in the number of countries and researchers 
taking part in the past six Marine Debris Conferences 
(Supplemental Table 1) and international groups sup-
porting pollution mitigation (e.g., EU and UN). Cur-
rently in the early majority phases, research and poli-
cies are being adopted by countries at similar rates 
(Table 1), though this was not always the case. Plas-
tic policies were implemented at the national level 
since 1993, contributing the high number of countries 
with policies as opposed to research. It is important 
to note, however, that there is no limit to the number 
of papers that can be published while the total num-
ber of institutions and countries is relatively fixed. In 
the coming years, we may start to see growth rates 
of institutions and countries conducting research and 

adopting policy slow, as they approach saturation, 
while publication rates remain high.

Marine MP research, while potentially having 
economic incentive, is not a good proxy of the coun-
try’s interest or motivation for plastic policies. There 
appears to be no relationship between quantity of 
marine MP papers published by a country and pres-
ence or type of national plastic policy and we were 
unable to discern if marine MP research (or the larger 
body of plastic research) is directly contributing to the 
increase in plastic policies. To support these findings, 
countries with marine MP publications and coun-
tries with national plastic policies occupy different 
areas of the world (Figs. 5 and 6), where marine MP 
papers are concentrated in the Northern Hemisphere 
and have distinct hot spots, and national policies are 
spread between Northern and Southern hemispheres, 
in many developing countries.

We suggest that other country-specific parameters 
such as cultures, NGOs, funding agencies, demands, 
belief systems, and plastic industries likely play more 
important roles in policy adoption and should be fur-
ther explored. Specifically, the influence of conserva-
tion focused NGOs and the opposing plastic indus-
try should not be over  looked. NGO involvement in 
environmental policy-making around the globe has 
increased substantially since the 1972 United Nations 
Conference on Human Environment (Betsill and 
Corell 2008), forming powerful coalitions that may 
influence both national as well as international plastic 
policies substantially. Conversely, the plastic industry, 
consisting largely of chemical and fossil-fuel compa-
nies, has continuously opposed plastic ban policies, 
opting instead for language that shifts away from 
producer responsibility to focus on recycling and 
consumer accountability. These two forces directly 
oppose one another and may overshadow any effect 
scientific research has on policy adoption.

The spatial distribution of national plastic poli-
cies may be due to difficulty associated with imple-
menting nationwide policies and the historically ad 
hoc, bottom up trend observed with previous plastic 
bag policy studies (Clapp & Swanston, 2009). We 
also note that while clustering is present, it may 
have little to do with policy diffusion and more to 
do with political, economic, and demographic simi-
larities often observed in geographically neighbor-
ing countries (Shipan & Volden, 2012). Clapp and 
Swanston (2009) explored the emergence of plastic 
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bag legislation in the Southern hemisphere and 
noted many countries established an anti-plastic bag 
cultural norm. The quick shift in cultural norms and 
environmentalism was attributed to non-existent or 
poorly established municipal waste systems often 
seen in developing countries, so there was no value 
or economic incentive in recycling plastic bags 
(Clapp & Swanston, 2009). Here, we did not exam-
ine urban centers, regional plastic policies, NGOs, 
plastic industries, or cultural norms, all important 
aspects when considering how national plastic poli-
cies come to fruition and should be examined in 
future studies. Further, we did not examine diffu-
sion theories (learning, competition, imitation, and 
coercion) that traditionally explain policy spread.

Populated urban areas place higher demands and 
burdens on natural resources than rural communi-
ties, leading to a greater incentive to manage com-
mon-pool resources (e.g., fossil fuels), and issues 
like pollution (Ehrlich, 1968; Stern et  al., 1992). 
Marine plastic pollution affects more than urban 
areas, however. Microplastics have been found in 
the Arctic Ocean and Antarctic Peninsula, both 
of which are places where there are no permanent 
industries (Cózar et al., 2017; Lacerda et al., 2019). 
Unfortunately, rural communities are still inun-
dated by pollution from urban populations. Small 
islands in the Indo-Pacific have more plastic litter 
on beaches than they have people on the island—
all due to ocean currents and global consumerism 
(National Geographic, 2018). While these countries 
and island nations have largely passed regulations 
banning types of plastics, it has not alleviated the 
issue.

The countries that are perceived as the most 
affected by marine plastic pollution are not a hot spot 
for marine MP research, while large urban centers 
such as Europe, China, and the USA are. This mis-
match between where research is conducted, pollu-
tion is the worst, and policies are adopted may lead 
to underestimating how severe marine plastic pollu-
tion is and how much plastic policies can mitigate the 
issue. The science-policy mismatch may be accentu-
ated in the future since marine MP publications dis-
played a marked decrease in growth at all levels of 
analysis (paper, institution, and country) while coun-
tries adopting policies displayed a marked increase 
in growth at the national level. This phenomenon 
may strengthen geographic publication hot spots in 

regions distinct from countries that need national 
plastic policies.

Assessing how scientific research contributes 
to and strengthens the durability and effectiveness 
of policies in countries that have both marine MP 
research as well as policy adoption can shed light 
on the intersection of the two fields. If science does 
strengthen policy than we expect to see compound-
ing effects of the spatial mismatch between research, 
policy, and pollution hubs where countries that are 
the most polluted and need the most effective policies 
are not publishing the necessary scientific research 
that can strengthen implementation. Conversely, cul-
tural and societal needs may lead to greater policy 
durability and effectiveness, and therefore dimin-
ishes the role science can play in policy-making and 
adopting. This study only recorded country of the first 
author rather than where the study was conducted, 
potentially further supporting both a discrepancy in 
research as well as factors other than marine MP pub-
lication influencing policy adoption.

Marine MPs are a local, regional, and global 
issue that require cross disciplinary attention from 
researchers in biological, chemical, environmental, 
and social sciences. We found that aspects of marine 
MP research explored here were not good indicators 
of a country’s resource or motivation toward national 
plastic policies and suggest exploring external (moti-
vation, obstacles, and resources for overcoming the 
obstacles) and internal (e.g., GDP, culture, religion, 
plastic, and fossil fuel industries) factors to under-
stand what is driving research and policy diffusion. 
Both marine MP research and national plastic poli-
cies continue to spread, increasing global knowledge 
and mitigation efforts of plastic pollution. As knowl-
edge and mitigations efforts increase, there is a clear 
need for studies that explore external and internal fac-
tors driving research and policy diffusion as well as 
international science-based policies to reduce global 
marine plastic pollution.
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