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Abstract: Climate change is a global threat that is better understood through global research spanning
many regions, countries, and life-supporting ecosystems. This review focused on the bibliometric
analysis of the distribution of a global research compendium on phytoplankton, an aquatic community
that accounts for half of the carbon fixation in the global carbon cycle. A total of 716 primary research
papers published in the immediate past decade (2012–2022) were reviewed. The articles were sampled
from Web of Science and described field and laboratory experiments quantifying the impact of global
climate change on phytoplankton from different climate zones (tropical, subtropical, temperate,
subpolar, and polar) and ecosystems (freshwater, brackish, and marine). Analyses of these studies
suggest that the bulk of the global research effort (80%) focused on high-latitude areas, and only a
few (17%) were carried out in the tropics, largely led by four countries (Australia, Brazil, India, and
Saudi Arabia), while Africa’s contribution was minuscule (<1%). In terms of ecosystems, the majority
(76%) of the research was in marine waters, irrespective of the climate zone. Analyses of these studies
also highlighted widespread disparities in phytoplankton research in tropical aquatic ecosystems,
particularly in Africa. Strategic investment in terms of targeted funding, institutional networks, and
partnerships between the global north and global south are necessary to increase phytoplankton
research across different ecosystems in the tropics.

Keywords: Africa; aquatic productivity; climate change; phytoplankton research; research biases;
tropical ecosystems

1. Introduction

Aquatic ecosystems cover about 71% of the Earth’s surface and comprise diverse
habitats ranging from freshwater to brackish and marine environments [1]. These ecosys-
tems provide critical functions important for achieving the sustainable development goals
related to biodiversity conservation and livelihoods [2]. Now, it is common knowledge that
these aquatic ecosystems and habitats in freshwater, brackish, and marine environments
are under pressure from multiple stressors and factors related to pollution, global climate
change, and other human activities [3,4]. Only 13% of the world’s marine environments are
currently considered pristine or untouched by human impacts [5].

For coastal ecosystems in particular, estimates suggest that about 50% of salt marshes,
35% of mangroves, 30% of coral reefs, and 29% of seagrasses are already lost or degraded
worldwide due to human activities [6]. This degradation is expected to be even more
accelerated with the increasing urbanization of riparian/coastal communities and changes
in land use, particularly for agriculture and other industrial activities [7]. This threatens
the objectives of the global ocean decade as well as the sustainable development goals
(SDG) to achieve food security (SDG 2) and decent economic growth (SDG 8) through
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sustainable management of life below water (SDG 14) [8]. There is therefore an urgent call
for concerted, global action to understand and possibly predict the response(s) of aquatic
ecosystems and organisms to the combination of multiple environmental stressor factors.

1.1. Climate Change and Its Impacts on Aquatic Ecosystems

Climate change represents one of the most important sources of environmental change
in aquatic ecosystems [9,10]. Climate change has resulted in five critical global environ-
mental changes: the warming temperature of the Earth’s surface and the oceans, changes
in the global water cycle (“hydrologic” cycle), declining glaciers and snowpack, sea level
rise, and ocean acidification. These changes in the environment are primarily driven by
the emissions of greenhouse gases in the atmosphere from anthropogenic sources, such as
the combustion of fossil fuels, coupled with the resultant warming of the Earth’s surface.
Reports from the Intergovernmental Panel for Climate Change (IPCC) have shown that the
world has been warming gradually, with some studies estimating that these temperature
increases have doubled over the last 50 years alone [9–11]. This warming will potentially
have disproportional catastrophic effects on various ecosystems by altering their structures
and functions, particularly those adapted to specific climatic conditions [10–13].

Many aquatic organisms, particularly within the tropics and polar regions, have
evolved to survive within specific ranges of environmental conditions [14,15]. Climate
change impacts may create physical and biological conditions that the majority of these
organisms have previously not experienced within their evolutionary history [16], thereby
pushing them towards extinction [13,15]. In particular, research has shown that many of the
species found in tropical marine and coastal ecosystems are already living on the edge of
their thermal tolerances [13,17]. In addition, climate change impacts such as heatwaves are
also more prevalent in tropical regions, thereby altering the biodiversity, productivity, and
potential for aquatic ecosystems to provide functions and services [13]. There is therefore a
need to increase our understanding of how climate change impacts aquatic biodiversity
and productivity, particularly in tropical ecosystems [15,18].

Regarding the impacts of global climate change in particular, phytoplankton play a
key role in regulating the balance of carbon in the atmosphere. With a turnover rate of
about one week [19], phytoplankton account for half of the carbon fixation in the global
carbon cycle; they release a large fraction (>90%) of the organic matter that fuels ocean
carbon sequestration and burial [20,21]. The sum of these processes controls more carbon
than the amount available in the atmosphere [22,23]. Phytoplankton research is therefore
considered imperative for ocean science [24] and requires insight into the evolution of
phytoplankton communities in different climate regions of the world [25]. This is because
phytoplankton species diversity, function (e.g., carbon fixation), and climate sensitivity
differ among species from different climate zones [19,25,26]. Anthropogenic (e.g., pollution)
and natural forces (e.g., upwelling) that impact phytoplankton biology are also not equally
distributed around the world [25].

The purpose of this report is to present the trends in global phytoplankton research in
the last decade (2012–2022), with a special focus on work evaluating impacts associated
with global climate change. The objective is to provide a reference point for interventions
to strengthen phytoplankton research in tropical areas.

1.2. Phytoplankton as Indicators of Climate Change

Phytoplankton represent a taxonomically diverse group of photosynthetic, mostly
single-celled aquatic organisms that drift with the current. There are approximately
20,000 species of phytoplankton that are distributed among eight phyla. Phytoplankton
can be divided into three distinct groups: diatoms, dinoflagellates, and coccolithophorids
and microflagellates. Unlike terrestrial plants, which have more than 250,000 recorded
species, phytoplankton are poor in species diversity but are phylogenetically diverse [27].

Apart from bacteria, phytoplankton are the most abundant life form in pelagic ecosys-
tems [28]. They have short life cycles and are amenable to subtle variations in the environ-
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ment [29–31]. Diatoms, for example, can adapt to warming over a period of about three
weeks after 300 generations [19,32]. Dinoflagellates, including species (Prorocentrum micans)
common in cold temperate to tropical waters, are also able to adapt to elevated pH levels
over short cycles of 34–126 generations [33]. The calcification of coccolithophorids such
as Emiliania huxleyi is also adaptable to elevated temperatures and carbon dioxide levels
after seven generations [34]. This ability to respond quickly to changes in the environment
qualifies microalgae as good reference indicators for assessing the impact of global climate
change [30,35].

Current efforts to evaluate the response of aquatic ecosystems to climate change and
other anthropogenic factors involve the use of water quality criteria, usually derived from
studies testing the response of sensitive organisms [36]. These analyses typically consider
the response of keystone organisms with large populations distributed across different
ecosystem zones [29,37]. Microalgae are a good example of these keystone organisms
because of the significant role they play in aquatic ecosystems [30]. These organisms
modulate the efficiency of aquatic food webs with consequences for the global carbon cycle,
food security, and livelihood opportunities (e.g., fisheries) in many communities [21,38,39].

In addition to primary production, phytoplankton also play a significant role in the
carbon (C), nitrogen (N), phosphorus (P), iron (Fe), and silicon (Si) biochemical cycles. They
utilise these compounds for their vital processes, and in these processes, they reintroduce
them back to the environment as either particulate or dissolved organic matter, which is
either remineralised by heterotrophs and transferred to higher trophic levels or sinks to form
elemental compositions in deeper waters. Studies have highlighted that understanding how
phytoplankton take up these inorganic nutrients and allocate their resources to undertake
physiological processes is important in understanding the present, past, and future linkages
to these important biogeochemical cycles [40].

Phytoplankton also play an important role in influencing the Earth’s climate and
the functioning of the biological carbon pump. The biological carbon pump is a major
component of the global carbon cycle and refers to the process by which atmospheric
CO2 is transferred by primary producers (mostly phytoplankton) from the eutrophic zone
of the ocean to the underlying sediments [41]. Marine ecosystems provide the major
sink for atmospheric CO2 and account for the removal of approximately one-third of all
anthropogenic CO2 emissions from the atmosphere [42]. The conversion of atmospheric
CO2 to ocean sediment is a direct result of the combined effect of solubility and the
biological pump [41]. In addition, the effectiveness of the biological pump depends highly
on phytoplankton physiology and community structure. Phytoplankton primarily drive
the biological pump through primary production, where they convert inorganic carbon
into organic matter. As a result, after their consumers and bacteria that feed on their waste
die, they are transported down into sediments, where they are locked out of circulation
for centuries.

Despite their considerable importance, some phytoplankton species may have direct,
devastating impacts on humans and animals through the production of toxic algal blooms.
Algal blooms refer to the above-average outbreak of phytoplankton cells within a given
body of water, which occur during peaks in the annual cycle of phytoplankton biomass
and chlorophyll concentrations [43]. These blooms occur when the rate of phytoplankton
assemblage exceeds their normal mortality rates, often facilitated by the occurrence of
excess growth-limiting nutrients such as nitrogen and phosphorus in the environment. As
a result, the phytoplankton assemblages accumulate in the water column until the limiting
nutrients are depleted. Out of the thousands of phytoplankton species, only less than 5%
can form algal blooms [43]. When they occur, HABs pose significant effects to human
and biodiversity health, recreation, and aquaculture. It is projected that stressors such as
pollution and climate change will influence aquatic planktonic systems, thereby increasing
the frequency and intensity of harmful algal blooms [44].

The diversity, growth, and development of plankton communities are greatly tied to
environmental parameters such as nutrient availability, light regimes, temperature, alkalin-
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ity, and pH [21,45]. Climate change and its associated impacts on aquatic environments
alter these environmental parameters and, subsequently, phytoplankton community struc-
tures [20]. As a result, studies in phytoplankton ecology have always sought to understand
how these organisms respond to environmental stressors emanating from anthropogenic
activities [19,46–51]. In this review, we highlight the efforts being directed towards under-
standing the links between climate change and global phytoplankton communities while
also highlighting the existing regional biases in research.

2. Materials and Methods
Data Sources, Search Criteria, Analyses

Publications reporting primary research results spanning the years 2012–2022 were
considered. They were sampled from Web of Science (WoS), a database of credible academic
publications [52]. WoS is widely used as an authoritative data source for assessing trends
in global research activities [39,53–56]. The sampling approach in this report is therefore
consistent with the practice in the scientific community. Research papers were obtained
using the following search terms on WoS: “climate change”, “phytoplankton”, “chlorophyll-
a concentration”, “growth rate”, and “dry weight”. These search terms were selected
based on the authors’ own research interests and on the basis of their broad relevance to
phytoplankton biomass (chlorophyll-a concentration), species fitness (growth rate), and
carbon content (dry weight).

An initial search in Web of Science generated 2204 articles, which were reduced to
716 after omitting duplicates and papers beyond the scope of the search criteria. Merging
of the records and deletion of duplicates were carried out in the R console (Version 4.2.2).
The publications were thereafter categorised based on study location (countries), ecosystem
type (freshwater, brackish, or marine), and climate region (polar, temperate, subtropical,
or tropical). Information for each of these categories was gleaned from materials and
method sections of the sampled reports. In terms of climate regions, the categories were
defined based on the approach used in previous reviews [57–59]. Studies were classified as
a tropical region when research organisms were collected from areas between 23.4◦ north
and south of the Equator; research involving organisms from areas between 23.5◦ and
35◦ north and south of the Equator were placed in the subtropical region. Studies were
categorised as temperate when they involved organisms from regions between 36◦ and 60◦

north and south of the Equator. Polar studies involved organisms from regions between
latitudes 60◦ and 90◦ north and south of the Equator.

A two-way ANOVA comparison and a Chi-square analysis of publications inves-
tigating the impact of climate change on phytoplankton from different climate regions
and ecosystems (marine, fresh, and brackish water) were carried out in the R console.
The probability densities for the number of papers focused on ecosystems from different
climate zones were estimated using Bayesian modelling, following previous bibliometric
investigations [54]. A generalised linear mixed model that provides Bayesian estimates
via the Markov chain Monte Carlo (MCMC) method was used to analyse the data on the
number of papers [60]. Models for describing the number of papers (NP) on phytoplankton
from ecosystems (Eco) of different climate regions (CR) were selected based on the Akaike
Information Criterion, AIC (Supplementary Table S3A). The model included negative bino-
mial distribution of errors with prior probabilities at 1, assuming research opportunities
were the same for each climate zone and ecosystem type. The binomial model was verified
statistically by a significant, positive linear relationship between the variance and the mean
of the grouped data (slope = 1 at alpha = 0.05). The probability densities were estimated
using stan_glm, a package in the R software (version 4.1.2) for statistical modelling.

3. Results and Discussion
3.1. Under-Representation of Phytoplankton Research in the Tropics

The majority (53.2%) of the publications reported research conducted in the temperate
region; this was followed by work performed in polar areas (26.7%) (Figure 1). Tropical and
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subtropical regions were the least-researched areas; they contributed 11.6% and 8.5% to
the total publications, respectively. On average, the number of papers from the temperate,
polar, tropical, and subtropical regions was 35, 17, 8, and 6 per year, respectively. A Chi-
square analysis using a 4 × 3 design (four climate zones and three aquatic ecosystems)
at alpha = 0.05 suggested that the number of publications was contingent on the climate
region (X-squared = 258.33, df = 6, p-value < 2.2 × 10−16, range of expected values = 4–200).
The contribution of various countries (based on the study area and not authorship) to
phytoplankton research is summarised in Figure 2.
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Figure 2. Global distributions of scientific publications from 2012 to 2022 on phytoplankton. NB. This
was based on the study area (and not the country of publication).

The number of publications on different ecosystems in different climate zones was
compared using a two-way analysis of variance (ANOVA at alpha < 0.05) for an unequal
sample size; the research year and the ecosystem type were the fixed factors in this analysis.
The results indicated significant differences in phytoplankton research across different
ecosystems, independent of the year (Figure 3; Supplemental Table S2). The bulk (≈65%)
of the research was carried out in marine systems; about 26% was conducted in freshwater
systems; only about 9% of the efforts were devoted to brackish ecosystems. This trend
occurred in all climate regions (Figure 3).
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Posterior probability density estimates for the number of papers generally reflected
the raw data on the distribution of research among different climate zones and ecosystems
(Figure 4). The probability densities were estimated using the Bayesian Monte Carlo
simulation with 1000 iterations, assuming research opportunities were the same for different
climate zones and aquatic ecosystems (Supplemental Table S3A,B). The present analysis
therefore spotlights the incontrovertible regional bias in phytoplankton research related to
global climate change in the last decade.
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Particularly in the tropics, almost half (47.1%) of the phytoplankton research was
from Asia, followed by South America (27.5%); Africa’s contribution was only about 12%
(Figure 5). Only four tropical countries—India, Brazil, Australia, and Saudi Arabia—were
dominant in phytoplankton research. Together, these countries provided six out of every
ten publications from the tropics, consistent with reports on the general state of research in
the tropics [61]. Approximately 22, 18, 12, and 10% of all the publications from the tropics
were from India, Brazil, Australia, and Saudi Arabia, respectively (Supplemental Table S1).
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Approximately 80% of the research effort was focused on temperate and polar regions
(Figures 1 and 2), which have large economies capable of supporting knowledge develop-
ment [62,63]. Europe, North America, and Antarctica alone maintain more than half (54%)
of all field stations and laboratories capable of supporting phytoplankton research in the
world [15,64]. In contrast, only about 12% of global spending on research and development
is undertaken in the tropics [65]. So, it is possible that the current state of phytoplankton
research reflects global economic/social structures. Researchers such as [39], who assessed
the trends in phytoplankton scientific literature, obtained similar trends, where significantly
higher proportions of research publications were undertaken in developed countries, i.e.,
the USA, Canada, Germany, and France.

The low count of phytoplankton research in the tropics may also be attributed to taxo-
nomic bias related to the choice of study organisms [54,66]. This bias arises when organisms
from a particular taxonomic group are disproportionately targeted for research [54]. It
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occurs in other research areas, for example, on invasive species [67], biodiversity conserva-
tion [68], and community assessment [69]. The bias is more prevalent in areas with limited
taxonomic expertise and funding opportunities [39,66,70]. Hence, it is possible that a lack of
expertise and funding opportunities compel tropical countries to prioritise research efforts
in areas such as fisheries, agriculture, and biomedical science, which are directly related to
socioeconomic development. Phytoplankton are mostly microscopic and indirectly related
to humans through complex trophic relationships and other indicators [71]; hence, they
may not attract much attention in countries with limited research opportunities.

The lack of investment in phytoplankton research across the tropics is worrying on
several levels. It is one of the major sources of uncertainty in Earth system models for
projecting global primary production under climate change [72]. Currently, the criteria
for assessing global primary production rely heavily on extrapolations from temperate
data [38,72,73]. This surrogate approach introduces significant (≈20%) uncertainty in model
predictions [72]; it underestimates the growth of pico-eukaryotic phytoplankton adapted to
oligotrophic waters in tropical and subtropical areas [38,73]. This problem exists because,
in terms of phytoplankton diversity and other essential variables, tropical communities
are largely undescribed [74]. Hence, efforts should be made to increase phytoplankton
research in the tropics to help improve future climate projections [73]. It is also likely
that the low level of phytoplankton research in the tropics limits our ability to identify
community- and ecosystem-level processes that mediate the risk of climate change and
other human-induced impacts. Sea surface warming and nutrient pollution, for example,
may enhance primary production, thus shifting algal communities toward bloom-forming,
toxin-producing species [75]. Particularly in the tropics, such blooms of phytoplankton,
even at moderate levels, lead to the redistribution of heat in surface waters, with potential
effects on weather conditions (drought, flooding, etc.) directly related to the health of many
communities [76]. Toxins from the bloom may also accumulate in the food web, resulting
in massive fish kills and other hazards [77]. Research on harmful algal blooms (HABs) is
dominated by Europe and North America [78]. Data from these regions alone may not
address the risk of HABs around the world. Hence, research to (i) establish how climate
change enhances toxin production by toxic HAB species, (ii) evaluate genetic controls on
toxin production among HAB species, and (iii) provide long-term (seasonal-to-decadal
scale) datasets to help evaluate the proliferation of HABs in all climate regions of the world
is needed [44]. Currently, the majority (76%) of the phytoplankton research effort is focused
on marine ecosystems. There is a need to extend this effort into freshwater and brackish
ecosystems, particularly as marine resources are becoming increasingly challenged by
environmental problems (effluent discharge and pollution) embedded in freshwater and
brackish ecosystems [79,80].

3.2. Addressing the Under-Representation of Phytoplankton Research in the Tropics

The results presented in this report call for a fundamental reassessment of the frame-
work for phytoplankton research in the tropics. Currently, only about 12% of the global
research on phytoplankton is focused on species in tropical ecosystems (Figure 1). Yet,
there are many compelling reasons for increased phytoplankton research in the tropics.
The common one is that tropical areas are biodiversity powerhouses populated by species
with limited tolerance to the impacts of global climate change (warming, acidification,
altered nutrient concentrations, etc.) [9,81–84]. Another reason is that, in terms of organic
matter production and carbon cycling, tropical aquatic ecosystems are generally more
productive than those in other climate zones [85–87]. So, in order to better understand
the magnitude of the ongoing global climate change problem, deliberate efforts to drive
investment in aquatic tropical ecosystems and organisms are needed. The United Nations
and other authorities have identified manpower development, technical infrastructure, and
funding support as key areas that require sustained investment in global ocean science. We
focus on these areas and suggest practical strategies to enhance phytoplankton research in
the tropics.
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Manpower development: This strategy should aim at developing skilled phycologists
and research support groups through formal education and training. It should involve
graduate-level programmes to produce professional phycologists as well as the specialised
vocational training of plankton research technicians and citizen scientists [88]. These can
include funding programmes aimed at providing scholarships for Ph.D./M.S. degree pro-
grams in phytoplankton research as well as targeted short-term capacity-building training.
International development aid agencies can be tapped to provide the financial resources
that will increase the capacities of developing countries to undertake research. For instance,
in the last decade, the World Bank has invested more than USD 500 million in increasing
the capacity of regional centres of excellence in Africa to undertake specialised research,
particularly in science-related disciplines such as plant breeding, infectious diseases, and
coastal resilience [89]. Collectively, the initiative has trained thousands of graduate stu-
dents, equipping them with the skills to transform the continent. However, critics of
the programme worry that the continued intervention from such programmes may be
harmful in the long run, especially when governments do not make substantive national
investments in research [89]. Another challenge associated with these interventions is the
possibility of brain drain that may occur when local institutions do not have the capacity
to retain the highly skilled researchers that these centres produce [90]. In this case, these
countries stand to lose out even further because momentary paybacks cannot be compared
with service paybacks. One way to remedy the situation is for governments within the
tropics to increase their capacities to develop world-class institutions that can accommodate
and retain the skilled workforce after their respective training.

The majority of the countries located in tropical climates have economic challenges,
with limited funding for education [65]. Hence, it may be difficult for such countries to
provide students with field-based experience in phytoplankton biology. Hence, help from
Western centres of excellence will be needed for the training of phytoplankton ecologists
in the tropics. This can be achieved, for example, through international partnership pro-
grammes such as those offered by the Nippon Foundation Partnerships for Observation of
the Global Ocean (NF-POGO) shipboard training programmes; https://pogo-ocean.org/
capacity-development/shipboard-training/ (accessed on 27 October 2023).

Technical infrastructure: Physical facilities for phytoplankton surveys, fieldwork, and
experimental studies are similar to those needed in other areas of plankton research. They
include research vessels for fieldwork, wet laboratories for culture experiments, chemical
laboratories for sample analysis, and facilities for the acquisition and analysis of remote
sensing data. Research vessels are expensive and costly to maintain. So, for sampling in
deep, oceanic waters, tropical countries may rely on international assistance and industry
collaboration to access field stations. One successful model of international assistance is
provided by the Norwegian Agency for Development Cooperation (NORAD) through the
UN’s Food and Agriculture Organisation (FAO) and the Institute of Marine Research of
Bergen, Norway; https://www.fao.org/in-action/eaf-nansen/en (accessed on 15 February
2023). Shipping and offshore oil and gas industries may also support transport to offshore
sampling stations along their route of operation. For example, British Petroleum has funded
plankton research across the Great Australian Bight in southern Australia, a region of
developing oil and gas interests; Nexen, an oil and gas exploration company, also provides
travel support for plankton research on routes passing close to their drilling platforms
in the North Atlantic [91]. In contrast, phytoplankton experiments and sampling from
nearshore, coastal areas, and inland waters could be carried out using small vessels and
canoes provided by local fishers, in academia–industry collaborations. Such collaborations
have proven useful in plankton studies in Africa, e.g., [13,92]. They can be utilised to
increase phytoplankton fieldwork and experimental studies in resource-limited countries
that do not have research vessels.

Another strategy that can be used to increase phytoplankton field studies in tropical
countries is citizen science, i.e., science undertaken by volunteers from the general public
under the direction of professional scientists [88]. Such volunteers are useful for studies

https://pogo-ocean.org/capacity-development/shipboard-training/
https://pogo-ocean.org/capacity-development/shipboard-training/
https://www.fao.org/in-action/eaf-nansen/en
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aiming to understand processes occurring at broad geographic scales and on private
properties (e.g., aquaculture farms), which are impossible to sample extensively with
traditional field research models. They can be trained, for example, to collect and preserve
samples to help expand the reach of long-term monitoring programmes in marine and
freshwater systems [93,94].

The cost of importing scientific equipment is another factor limiting scientific research
in low-income countries [95]. Due to a lack of funds, equipment is imported without
essential follow-up procedures to maintain and repair it. As a consequence, research
facilities in low-income countries have become “graveyards” of equipment that require
minimal repairs [96]. So, for research equipment, developing countries may need a model
slightly different from the approach used by Western research institutions. For fieldwork, a
good number of the needed equipment—including plankton net and water samplers such
as Nansen bottles—is designed to be simple to use and make. So, countries can rely on local
manufacturing and science workshops to construct such low-technology equipment whilst
respecting patent and trademark arrangements on the equipment. High-tech equipment,
on the other hand, uses advanced features that may be difficult to reproduce without
compromising the quality of research outcomes. For such equipment, two strategies are
advised. One is that countries can use alternative, low-cost methods to achieve results
comparable to those produced by high-tech equipment. For example, an ultraviolet light-
emitting diode can be used in place of an autoclave machine for sterilising culture media
and other laboratory supplies [97] and manual microscopy methods (Sedgewick–Rafter
counting chamber) can be used to count phytoplankton cells in the absence of a flow
cytometer [98]. The second strategy is that countries can rely on international partners
for high-tech laboratory supplies and consumables. It is advised that such collaborations
should be arranged carefully to ensure equal publishing opportunities for all participating
institutions and persons [61,99].

Financial support—The majority of the funding for research and development in most
tropical countries is currently provided by international organisations such as the UN and
the World Bank [89]. Such funding arrangements are provided based on the country’s
development agenda and the interests of donor institutions. Therefore, funding may be
secured for such programmes if phytoplankton research is included in national policy
priorities, for example, on fisheries management and nature conservation. This may require
educating governments and citizens to appreciate the importance of phytoplankton because
the general public has limited knowledge of aquatic ecosystems and communities [100].
Funding by national governments and international donors should be supplemented
by international competitive grants, which mostly fund centres of excellence [101]. For
phytoplankton research, the present analysis suggests that the majority of the centres of
excellence are likely found in Europe and North America (Figure 2). So tropical countries
are likely to secure grants for phytoplankton research if they co-develop proposals with
research centres in Europe and North America.

The challenges derailing research within the tropics, particularly in Africa, are com-
plex and multifaceted and require concerted global efforts to remedy them. The under-
representation of the tropics is not limited to only phytoplankton research; it occurs in
nearly all fields of research in the tropics [54,66,102–105]. There is therefore an urgent
need for collaborative efforts at national, regional, and international levels to increase
high-quality research production within the tropics. We suggest a strategy that seeks to im-
prove phytoplankton research in the tropics through targeted training of talented scientists,
international collaboration, and funding mechanisms specifically engineered to promote
phytoplankton fieldwork and experiments in the tropics [104]. This calls for the strength-
ening of legal frameworks within the tropics to strengthen their institutions to undertake
research and protect their intellectual properties. Lastly, the formulation of sound policy
and institutional frameworks will enable countries in the tropics to set research priorities
that will drive their developmental agendas, thereby transforming their societies.
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(CR) and sampling year (Yr) on the number of publications (NP) on phytoplankton from different
ecosystem, Table S3B: Parameter coefficient estimates from the Bayesian model on the number of
publications by ecosystem.
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