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Chlorophyll fluorescence is the most widely used set of techniques to probe photosynthesis and plant stress. Its great versatility has
given rise to different routine methods to study plants and algae. The three main technical platforms are pulse amplitude
modulation (PAM), fast rise of chlorophyll fluorescence, and fast repetition rate. Solar-induced fluorescence (SIF) has also
gained interest in the last few years. Works have compared their advantages and their underlying theory, with many arguments
advanced as to which method is the most accurate and useful. To date, no data has assessed the exact magnitude of popularity
and influence for each methodology. In this work, we have taken the bibliometrics of the past decade for each of the four
platforms, have evaluated the public scientific opinion toward each method, and possibly identified a geographical bias. We used
various metrics to assess influence and popularity for the four routine platforms compared in this study and found that, overall,
PAM currently has the highest values, although the more recent SIF has increased in popularity rapidly during the last decade.

This indicates that PAM is currently one of the fundamental tools in chlorophyll fluorescence.

1. Introduction

Chlorophyll fluorometry is one of the most popular sets of
techniques to probe photosynthesis worldwide [1] and has
become one of the fundamental tools in phenotype-driven
research in plant breeding (plant phenomics) [2]. This type
of fluorometry comprises a set of techniques that focus on
the light emitted by the fluorophore photosynthetic pigment
chlorophyll a [1, 3]. The theoretical basis for the use of chloro-
phyll fluorescence as a phenotyping technique depends on
quenching analysis that relates to the state of the photosyn-
thetic electron transport reactions [4, 5]. When the pool of
acceptors is saturated, an increase in the fluorescence intensity
is observed, and the opposite scenario occurs when the fluo-
rescence intensity decreases [4, 5]. Chlorophyll fluorometry
originated in the late 1930s with Kautsky—after whom the
effect of the rise of the fluorescence was named [6]. From the
1960s to the 1980s, efforts done by biophysicists worldwide
deconvoluted several properties of the signal [6, 7], which
became the basis for all routine methods used nowadays.

Chlorophyll fluorescence is an intense signal (with a yield
of around 2% of the absorbed light) and requires little sample
preparation [8], making it one of the most attractive tech-
niques in plant phenomics. Several methods explore different
properties of photosynthetic material via fluorescence, such
as structure (confocal and epifluorescence [9]), energy trans-
fer (time correlated to single-photon counting, fluorescence
lifetime microscopy, or just steady-state fluorescence [10,
11]), and charge recombination reactions (delayed fluores-
cence [12, 13]). There are, however, approaches that could
be considered routine methods and are key tools in contem-
porary phenomic research. According to Kalaji et al. [1],
three major classes of methods could be recognized regarding
the capacity to probe photosynthetic reactions: single turn-
over flashes (STF), the fast induction of chlorophyll fluores-
cence (prompt fluorescence), and photosynthetic steady-
state quenching analysis (henceforth quenching analysis)
[1]. STF uses strong flashes of light that reduce the acceptor
side of photosystem II (PSII), providing information primar-
ily on the electron transport inside PSII. Prompt fluorescence
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offers information on the redox state of the photosynthetic
electron transport [1]. Quenching analysis measures, overall,
several aspects of photosynthetic reactions, such as electron
transport rates, photoprotection, and the Calvin-Benson cycle
[1]. These three routine approaches can be implemented in
three main general types of instruments depending on the
way fluorescence is induced: short flash excitation, strong con-
tinuous excitation, and emission during stable photosynthetic
activity [1]. While these approaches could be combined, all
these types of methods and instruments are commonly imple-
mented in three popular technical platforms: pulse amplitude
modulation (PAM [14]), the fast polyphasic rise of the induc-
tion by continuous excitation (addressed here as OJIP [13, 15,
16]), and the fast repetition rate fluorometry (FRR [17, 18]).

PAM is a platform that uses modulated light allowing the
exclusion of other environmental lights [14]. The modulated
light has low intensity and has a negligible effect of photosyn-
thetic reactions [14]. In this way, PAM can be implemented
for quenching analysis in steady-state conditions by the
superimposition of other nonmodulated light to control
photosynthesis without affecting the emitted fluorescence
[14]. It is common, then, to refer the term PAM to quenching
analysis and the emission of nonmodulated light during
stable photosynthetic activity methods. In the case of OJIP,
the measurement is done by using direct continuous excita-
tion and the OJIP acronym refers to the inflection points of
the chlorophyll fluorescence induction curve (at the follow-
ing time points: 10 ps, 2 ms, 30 ms and peak value), which is
the most common measured feature. It is widely accepted
that these inflection points relate to the redox state of the
electron transport chain and occur during the first microsec-
onds to seconds of continuous illumination [15]. As most
authors and instruments that measure the OJIP curve use
strong continuous excitation, OJIP in this work will refer
only to such instruments and methods. It is important to
point out that the polyphasic curve could be measured using
PAM as well, but authors refer to the inflection points differ-
ently (O, I1, I2, and P) and in these works will not be consid-
ered as part of the OJIP technical platform [19, 20]. FRR uses
several consecutive fast flashlets as probing light that saturate
in discrete quantities the photosynthetic electron acceptors
[17]. FRR could be considered a hybrid platform since it
allows single and multiple turnover excitation and studies
stable photosynthetic activity. These three technical plat-
forms have become quite popular in several fields of plant
and algal research due to their ease in measuring [1, 3], the
availability of commercial instruments [2], and the portabil-
ity of these devices [21-23]. In addition to these three preva-
lent platforms, solar- (sun-) induced fluorometry (SIF) has
gained popularity over the last decade as a platform to ana-
lyse responses under “real-world conditions” in a remote
fashion, such as large areas of crops and forests [24, 25].
The principle of SIF involves detecting sunlight-induced
fluorescence by estimating the difference of intensity between
two wavelengths within the near infrared and correcting it
against the sunlight spectrum [25]. While methodological
aspects are well established for SIF [26], the why and how
of this signal correlation to photophysiological processes
remains under scrutiny [27].
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While these platforms are generally acknowledged as
complementary to each other, heated debates on the inter-
pretation of chlorophyll fluorescence signal are common in
the field of chlorophyll fluorescence [5, 6]. Which of these
four platforms is the most popular and influential world-
wide? Is there a particular platform of choice for each field
of research? Does the general plant scientific community
trust one platform over the rest? All these questions could
be studied by bibliographic metrics to assess popularity (here
understood as a general acceptance) and influence (citation
metrics) of the four given platforms. While answers to these
questions do not necessarily reveal which platform is objec-
tively best, they can describe the status quo in the field of
photosynthesis research during this decade. In order to study
this, we use metrics such as the h-index for each platform, the
number of published articles per platform, and the number of
citations per platform. In addition, we explore whether there
is a bias in country usage of each platform, type of journal,
and impact (via CiteScore). By integrating all this informa-
tion, we will discuss the popularity of each platform.

2. Materials and Methods

2.1. Data Gathering. Publications per year, number of cita-
tions per year and per article, and name of the journal per
fluorometry platform were obtained for the decade 2009-
2019 via the citation tracker and database Scopus (Elsevier,
Amsterdam, NL). To find the highest possible number of
publications per platform during the last ten years, several
combinations of keywords were added until the number of
articles did not increase further. Table 1 indicates the combi-
nation of keywords used in all available fields of the Scopus
browser (such as article title and abstract). The search was
done from October 6th to 9th, 2019. The search was filtered
so that only research articles in peer-reviewed journals were
included. Articles published in languages other than English
were eliminated through a series of iterations. In this sam-
pling, we have not eliminated self-citations. No distinction
was made between research articles, opinions, reviews, etc.
The impact of the journal was obtained from CiteScore. To
obtain the number of articles per journal, the “CTOExport”
file obtained in Scopus was filtered and only the column of
“Journal name” was considered.

2.2. Filtration of Data. We compared the list of articles between
the four platforms and estimated the number of articles that
were repeated in more than one list. The number of articles
published per journal was estimated by frequency counts.

2.3. Parameters Used in This Work. We have defined the pop-
ularity of a platform as the general acceptance or approval of
a given platform. To assess this, we have used the following
criteria: first, the total number of published articles in a
decade that did not use more than one platform (Ay,,) was
assessed to estimate the popularity of the platform; second,
the publication rate in a decade (kp,), which was estimated
by linear regression or exponential fit obtained from the time
course of the number of published articles per year—for the
equations used, please refer to the legend of each figure. We



Plant Phenomics 3

TaBLE 1: Keywords used in Scopus to find relevant articles related to a fluorometric method. Exclusion of languages other than English had to
be done in addition to the instruction LIMIT-TO English in some cases, as the search yielded false-positive results in other languages.

Method Keyword instructions
((ALL(“Pulse Amplitude Modulation” OR “PAM”) AND ALL(chlorophyll)) AND PUBYEAR >2008 AND (EXCLUDE
PAM (PUBYEAR,2020)) AND (LIMIT-TO (LANGUAGE,“English”)) AND (LIMIT-TO (SRCTYPE,”)) AND (EXCLUDE

(LANGUAGE,“Spanish”) OR EXCLUDE (LANGUAGE,“Chinese”) OR EXCLUDE (LANGUAGE,“Hungarian”)))

(ALL(“OJIP” and “fluorescence”) AND PUBYEAR >2008 AND (LIMIT-TO (LANGUAGE,“English”)) AND (LIMIT-TO
OJIP (SRCTYPE,”)) AND (EXCLUDE (LANGUAGE,“Spanish”) OR EXCLUDE (LANGUAGE,“Chinese”) OR EXCLUDE
(LANGUAGE,“Hungarian”)))

FRR

(ALL(“fast repetition rate” and “fluorescence”) AND PUBYEAR >2008 AND (LIMIT-TO (LANGUAGE,“English”)) AND

(LIMIT-TO (SRCTYPE,j”)) AND (EXCLUDE (LANGUAGE,“Spanish”)))

(ALL(“Solar-induced fluorescence” and “chlorophyll”) AND (LIMIT-TO (LANGUAGE,“English”)) AND (LIMIT-TO
(SRCTYPE,”)) AND (LIMIT-TO (PUBYEAR,2019) OR LIMIT-TO (PUBYEAR,2018) OR LIMIT-TO (PUBYEAR,2017) OR
SIF LIMIT-TO (PUBYEAR,2016) OR LIMIT-TO (PUBYEAR,2015) OR LIMIT-TO (PUBYEAR,2014) OR LIMIT-TO
(PUBYEAR,2013) OR LIMIT-TO (PUBYEAR,2012) OR LIMIT-TO (PUBYEAR,2011) OR LIMIT-TO (PUBYEAR,2010) OR
LIMIT-TO (PUBYEAR,2009)))

estimated the relative popularity per country using the sum
of the number of articles published in a country (determined
by the location of the institution an author is ascribed to, P,).
To establish the economic context of each country, we
considered two types of countries: developed or developing,
based on the “World Economic Situation and Prospects
(WESP)” published by the United Nations [28]. Also, to
establish if there is a correlation between the popularity of
the platform in a country and scientific domain of the
country, we referred to the database published by SCImago
Journal & Country Rank of the Spanish National Research
Council. This information was checked on October 10th,
2019, and focuses on biology and plant sciences.

We have defined the influence of a platform as the capacity
of a platform to make an effect on published works by means
of total citations and acceptance of its articles in high Cite-
Score journals (CiteScore bias). To assess citations, two met-
rics were used. The first is h-index (h), which is calculated by
counting the number of publications in which a platform has
been cited by other works at least the same number of times.
We also use a parameter that we name “th”, which stands
for the total number of citations of an article weighed by its
age (c,) and divided by the number of articles to correct
against the corpus size or “v” (see Equation (1)). For example,
the ¢, of an article with 950 citations published in 2015 would
be calculated as 950 citations per 4 years = 237.5 citations/year
. If a platform has a sum of ¢, equal to 230 citations per year
but the corpus size is 30 articles, then X equals 7.6 citations
per year per article. To estimate the impact score (CiteScore
or C), we calculated the weighted average impact score of the
journals in which at least ten articles have been published dur-
ing the last decade—we will term this parameter J,,. The
weight is done by:

n a,
o= ). Cux (1)
y=1

a0

where g, is the number of articles in a journal and a,, is the
total number of articles in journals with at least ten articles

of a given platform. The benchmark of at least ten articles is
based on Callaway [29], who showed that the articles with at
least ten citations are the ones that contribute to the citations
of a journal.

To condense all measurements, we proposed an “Influ-
ence Index per Article” calculated as follows:

i= ((th) * h) * Apo, (2)

The reason behind using two citation-based metrics, such
as X, and the h-index, is that both platforms explain different
aspects of the citations dynamics. The first component of the
equation allows us to normalize citations to correct citation
bias and h-index. However, h-index is highly dependent on
the corpus size, and comparing two platforms with different
corpora would induce bias. Therefore, the product of these
two citation parameters is normalized to the weighted
CiteScore bias. This would correct the effect that authors
may prefer to cite works accepted in higher CiteScore jour-
nals than those with lower impacts.

2.4. Processing of the Data. The data were processed statistically
and graphically with the following software and packages:
Microsoft Excel (Microsoft Excel (Internet) 2018, Microsoft
Corporation; available from https://office.microsoft.com/excel),
Origin(Pro) (version 2018b; OriginLab Corporation, North-
ampton, MA, USA), SPSS 25 (IBM SPSS Statistics for Windows,
version 25.0, released in 2017; IBM Corp., Armonk, NY), and
Python 2.7 and R libraries such as NumPy and Matplotlib.

3. Results

3.1. The Most Popular Platform for Chlorophyll Fluorescence
of the Last Decade Is PAM. The publication count for PAM,
OJIP, FRR, and SIF shows that, during the last ten years
(2009-2019), there have been a total of 4,490 articles for our
sample for all the four platforms. In Figure 1(a), a Venn
diagram displays the number of articles per platform. PAM
counts 2,459 exclusive publications (55%), OJIP counts
1,073 exclusive publications (24% of the total publications),
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F1GURE 1: Popularity of different fluorometric methods based on publication count of the last ten years. (a) Venn diagram of the total number of
exclusive publications (Ar,,). (b) Trends of publications per year for each method. Linear equations were used for PAM and OJIP (y = kx + b,
where y is the number of publications per year, x is the year, b is the offset based on the previous decade, and k is the rate constant) while
exponential fitting was used for SIF (y = ekx, where y is the number of publications per year, x is the year, and k is the rate constant).

FRR counts 421 exclusive publications (9%), and SIF counts
176 exclusive publications (4% of the total publications).
Publications that mention more than one platform account
for nearly 8%. Based on this metric, PAM would be the most
popular, doubling OJIP in popularity. Based on publications
per year (Figure 1(b)), PAM publications have increased
linearly over a decade at a rate of 18.9 + 2.5 (R* = 0.84) pub-
lications per year. OJIP increased linearly at a rate of 12.1 + 1
publications per year (R* = 0.94). Although FRR increased its
popularity between 2009 and 2013, the platform has
remained on a steady publication number around 80 publica-
tions per year with no significant increase since then—we
could not find a model that fits adequately. It was surprising
to realise that SIF has increased its popularity exponentially
with a doubling time of 3.1 + 0.001 per year (R* = 0.99) since
2013. If the trend were to continue in this manner, SIF would
be the most popular platform of chlorophyll fluorescence by
2025 (projected data in Figure S1).

3.2. PAM, FRR, and SIF Are More Popular in Developed
Countries, While OJIP Is Popular in Developing Countries.
To verify whether there was a trend related to geographical
regions, we use the P parameter. For PAM entries, we have
identified 4,266 entries from 72 countries. Half of them come
from eight countries: China—495, Australia—334, United
States—332, Germany—308, France—208, Spain—187,
Canada—157, United Kingdom—155, Japan—151, and
Brazil—128. In total, for PAM users, 66% come from devel-
oped countries, which shows that PAM fluorometry is much
more popular in developed countries (Figure 2(a)).
Amongst the OJIP entries, we have identified authors
from 77 countries. Half of them come from seven countries:

China—364, India—128, United States—116, Poland—90,
Italy—85, Brazil—74, and Russia—72 (Figure 2(b)). OJIP is
more popular in developing countries as 60% of the authors’
institutions are localized in these countries. In fact, the top
three most cited articles dealing with OJIP during the last
ten years come from authors based in developing countries.

In the case of FRR, the 701 entries were published by
1,232 authors from 59 countries. Half of them come from
five countries: the US—269, UK—109, Australia—97,
Canada—90, and Germany—75. For FRR, 82% of the entries
of ascribed institutions come from developed countries,
which means that FRR is popular almost exclusively in devel-
oped countries.

Finally, 611 entries were found for SIF works. SIF is less
spread worldwide, with only 43 countries represented, and
half of them come from four countries: the US—131,
China—81, Germany—>59, and Italy—36. For SIF, 77% of
publications come from developed countries.

We then summed the total number of entries for each
platform together to estimate the scientific output using chlo-
rophyll fluorescence per country. This output was ranked in a
top-ten list and compared to the SCImago ranking in the
field of biology and plant sciences (Figure 3). We found that
the country with most authors using chlorophyll fluores-
cence is China, which ranks second in scientific domain per
publications on both biology and plant sciences. The USA
was the second user of chlorophyll fluorescence and first in
the SCImago ranking of both fields. Germany ranked third
in chlorophyll fluorescence, which correlates to being the
third producer in plant science publications. Australia was,
remarkably, the fourth main user, while it ranks 9th in
biology and 8th in plant science publications. Similarly,
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FIGURE 2: Relative popularity of different fluorometric methods based on publication count during the last ten years by country. (a) PAM,
(b) OJIP, (c) FRR, and (d) SIF. Total ascribed institutions per country were normalized to the total institutions worldwide for each method.
Developed countries with less than 3% of publications were summed together and are listed as “Dev”. Developing countries with less than

3% of publications were summed together and are listed as “InD”.

Canada was the 5th main user of fluorometry but the 7th and
10th producer of biological and plant science papers. The rest
of the countries did not correlate well with the SCImago
ranking. Finally, it seems remarkable that Japan, which is
the fourth producer of plant science papers, ranked last in
the top-ten users of chlorophyll fluorescence.

3.3. Influence Based on Weighted Citations Shows That PAM
Is the Most Influential, but SIF Articles Are the Most Cited per
Article. Besides popularity, the influence of each fluorometric
platform can be assessed via citation scores. To do so, we
compared the weighted total citations by time, X
(Figure 4(a)). Coinciding with the popularity assessment,
X, was the highest for PAM with 8,595 citations, followed

by 4,246 citations for OJIP, 2,242 citations for FRR, and
1,764 citations for SIF. The observed X pattern also coin-
cides with the absolute citations per platform as shown in
Figure S2. Interestingly, if adjusted to the corpus size (v),
SIF has the highest score of 8.1 citations per article,

followed by FRR with 3.7 citations per article, OJIP with 3.4
citations per article, and PAM with 3.1 citations per article.
This calculation shows that SIF has gained relevance both
about popularity and citations per published article. Please
note that here we have used the absolute corpus size and
not just the exclusive articles as done in Figure 1(a).

3.4. The h-Index Shows That PAM Is the Most Influential and
OJIP the Second Most Influential. When the h-index is used
instead to assess influence (Figure 4(b)), we observe that
PAM is the highest with a value of 70, followed by OJIP with
a value of 56, then a value of 46 for FRR, and 34 for SIF. This
pattern coincides with the one observed for z, (Figure 4(a)).

3.5. The CiteScore Factor Bias per Platform Is Nearly the Same
for Each of the Four Platforms. We used the J,, —which
reflects the weighted average CiteScore for each platform.
Note that we considered journals that have published at least
ten articles on a single platform during the last decade. We
observed that the J,, for PAM was 3.4 (absolute min 2.1
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Ficure 3: Comparison of the top-ten ranking of chlorophyll
fluorescence by country versus SCImago rankings for biology and
plant sciences. The heading of every column shows the ranking
type: “Chl fluorescence” is estimated from data in Figure 2 and
corresponds to chlorophyll fluorescence overall; “Biology” and
“Plant sciences” refer to the SCImago ranking calculated on
absolute publication count. The colour code is indicative of the
country, and the country abbreviations used are as follows:
Australia, AUS (yellow); Brazil, BRA (green); Canada, CAN (light
green); China, CHI (red); France, FRA (light blue); Germany, GER
(orange); Japan, JAP (grey); Spain, SPA (cyan); United Kingdom,
UK (pink); and the United States of America, USA (blue).

and max 3.5 CiteScore factor), OJIP 3.2 (absolute min 1.9 and
max 2.9 CiteScore factor), FRR 3 (absolute min 1.5 and max
7.3 CiteScore factor), and SIF 2.9 (absolute min 1.6 and max
4.1 CiteScore factor).

For PAM, we found 63 journals that published ten or more
articles, which equals 1,655 (59%) of the PAM publications
during the last decade. The two specialized journals in photo-
synthesis (Photosynthesis Research and Photosynthetica) have
the highest publications related to PAM with a total of 174
between the two (see Figure S3). The Journal of Applied
Phycology also reached a close number of publications
with 71 publications. PAM fluorometry seemed popular in
a broad range of topics, such as general plant biology, algae
research, and marine biology (Figure S3).

For OJIP fluorometry, 22 journals have published ten or
more OJIP-related articles. This comprises 639 publica-
tions—51% of the total. In the same fashion as PAM, two
of the most popular journals for OJIP fluorometry, Photosyn-
thesis Research and Photosynthetica, have published 158
between the two. The rest of the publications have mostly
appeared on general plant biology journals (Figure S4).

For FFR fluorometry, we found that 16 journals have
published ten or more articles. This comprises 279 publica-
tions—40% of the total. PLoS One, a nonspecialized mega-
journal, has the highest number of articles with 36 and
Photosynthesis Research was second with 31. In the case of
FRR, there is a tendency to publish in marine biology jour-
nals—13 out of the 16 journals fall within this category
(Figure S5).
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In the case of SIF fluorometry, we found that only three
journals have published ten or more articles. This comprises
91 publications—44% of the total in this decade. It is clear
here that the tendency of SIF is to be used in journals focused
on remote sensing—the top two journals were Remote
Sensing of Environment and Remote Sensing.

When all the metrics were condensed to calculate the
parameter i (see equation (2)), we observed that SIF had the
higher value with 81, followed by PAM with 63, OJIP with
56, and FRR with 50.

4. Discussion

In this work, PAM, OJIP, FRR, and SIF were analysed based
on their popularity (number of publications, rates of publica-
tion, and articles per country) and influence (citation num-
bers, h-factor, and CiteScore factor) within the last decade
(2009 to 2019). We selected this period as it represents the
current state of the field about chlorophyll fluorescence.

Popularity based on the number of published articles
indicates that PAM is the most popular platform, followed
by OJIP, FRR, and then SIF. This could be explained by the
notion that PAM signals are simpler to interpret because this
platform employs modulated light to detect the photosyn-
thetic signals [1, 3, 14]. As PAM instruments only detect
modulated light, all other lights, such as ambient light, do
not interfere with the detection of the platform. On the other
hand, OJIP and FRR are platforms that remain controversial
[1, 3, 14, 30], as several theoretical frameworks have been
postulated to explain the measured signals. For example,
OJIP has four main theoretical frameworks to analyse the
OJIP curve [5, 6, 15, 31-34] and the use of differing mathe-
matical models may have an impact on the number of users
of this platform [6, 32, 33]. Discrepancies in the photosyn-
thetic quantum yield obtained through FRR and PAM (the
most popular platform) could cause an impact on the impres-
sion that users may have about the platform [17, 18, 30]. FRR
has been used primarily in oceanographic works [35], as we
have observed in this work, so it is somewhat of a niche
platform. Finally, there is no surprise that SIF is the last in
popularity, as this is the most recently developed of the four
technical platforms [24].

Nevertheless, popularity based solely on publication
counts may not represent the actual popularity of each
platform. The publication rate per year shows that, while
SIF is the newest development, interest on it is growing quite
fast and it is likely that, if the trend continues, by 2025 it will
become the most popular platform of fluorometry. One
should bear in mind that this trend may be an effect of the
initial interest in the field, so it may change in the future.
However, the elevated necessity of studying crops and forests
remotely [26], in part due to the impact of climate change
[36], make us hypothesize that the trend will continue. On
the other hand, the trends also show that the corpus of
PAM is likely to keep growing at a steady rate during the next
decade. Neither OJIP nor FRR are likely to become the most
popular platform unless breakthroughs on these technologies
appear in the next decade.
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FIGURE 4: Relative influence of different fluorometric methods based on citation metrics during the last ten years and on CiteScore.
(a) Adjusted citations per article per year (Z), (b) h-index, (c) average weighted CiteScore (J;5) with error bar denoting absolute

maximum and minimum impact factor, and (d) influence index (i).

A regional analysis of the popularity of fluorometry also
showed interesting data on the use of each platform by
country. OJIP fluorometry, for example, is mostly popular
in developing countries. There could be two possible expla-
nations for this phenomenon. First, due to the simplicity of
OJIP fluorometers (which only consist of a detector, LED,
and data acquisition devices) [37], their cost has been histor-
ically lower than PAM fluorometers. PAM fluorometers
originally required lock-in amplifiers (used to filter the
modulated fluorescence) [38, 39], the cost of which ranges
from hundreds to thousands of USD [40], what would
increase their retail price, while OJIP fluorometers are assem-
bled for as low as 100 USD [37]. A second explanation for the
popularity of OJIP fluorometers in developing countries is
the well-known educational campaigns of Prof. Strasser [41,
42] and Prof. Govindjee [43-45] (main developers of the
popular JIP test) in developing countries (particularly China
and India) during the last 30 years. However, this tendency
may change due to low-cost commercial PAM instruments
(such as Photon Systems Instruments’ FluorPen [46] or the
multisensor device PhotosynQ [47]). Another interesting
observation about regional popularity is that FRR is primar-
ily used in developed countries. This may also be explained
due to instrument costs, as with PAM, but this situation
could change also thanks to the development of open-
source FRR instrumentation [48], which should make this

technology more accessible in developing countries. Further-
more, China is likely the main user of most fluorometric
platforms, except for FRR. In the case of FRR, the USA [18],
UK [49], and Canada [50, 51] sum up nearly 40% of the total
users worldwide, which correlates to the fact that most of the
instrumentation is manufactured in these countries.

PAM seems to be the most influential platform when the
total number of citations, citations weighted by the age of its
articles, and h-index are considered. All this makes us hypoth-
esize that the global scientific community is more inclined
toward PAM. This platform is followed by OJIP and FRR in
influence according to the aforementioned metrics. However,
when this data is corrected against the corpus size, we can
see that SIF is used in articles that hold a higher influence over-
all, followed by PAM, OJIP, and FRR. SIF has been heavily
promoted for use in agriculture, which may account for its
high influence [52]. The analysis based on the CiteScore
indicated that the four platforms are rather similar.

This study is intended to help newcomers in the field
understand the relative popularity and influence of each of
these platforms, which may guide them in their decision-
making. This report can help instrument manufacturers to
decide on which markets to focus, to cover unattended geo-
graphical areas, and to take advantage of the current trends
in the use of chlorophyll fluorescence. We acknowledge that
some limitations may exist in our study: while we investigated



a comprehensive sample of articles for each of the platforms,
the search algorithms used in searching the Scopus database
do not differentiate to which degree a platform was used
within each article and it would be impossible to manually
assess the more than 4,900 papers that comprise our sample.

5. Conclusions

In this work, we have examined the popularity and influence of
four of the most common platforms of chlorophyll a fluorom-
etry. Our analysis showed that while PAM is the most popular
and influential platform, SIF is gaining relevance and it is likely
to surpass PAM fluorometry regarding both popularity and
influence within the next decade. OJIP is currently the second
most popular platform, but it is primarily used in developing
countries. Finally, the observed trends for FRR indicate that
this platform may remain a niche research platform.

Abbreviations

PAM: Pulse amplitude modulation
FRR: Fast repetition rate
SIF:  Solar-induced fluorescence.

Disclosure

Alonso Zavafer declares this is his author name as it is the
same person as Alonso Zavaleta Fernandez de Cordova.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors are grateful for the insightful discussions with
Dr. Milan Szabé. This work was supported by funding from
the Climate Change Cluster (C3) of the University of Tech-
nology Sydney (UTS, Australia).

Supplementary Materials

Figure S1: projections of the increase of three fluorometric
methods based on the trends observed in the decade 2009-
2019. Figure S2: comparison of the absolute citations per
method. Figure S3: scientific journals with at least 10 pub-
lished PAM articles. Figure S4: scientific journals with at least
10 published OJIP articles. Figure S5: scientific journals with
at least 10 published FRR articles. (Supplementary Materials)

References

[1] H.M. Kalaji, G. Schansker, R. J. Ladle et al., “Frequently asked
questions about in vivo chlorophyll fluorescence: practical
issues,” Photosynthesis Research, vol. 122, no. 2, pp. 121-158,
2014.

Plant Phenomics

[2] R. T. Furbank and M. Tester, “Phenomics—technologies to
relieve the phenotyping bottleneck,” Trends in Plant Science,
vol. 16, no. 12, pp. 635-644, 2011.

[3] H. M. Kalaji, G. Schansker, M. Brestic et al., “Frequently asked
questions about chlorophyll fluorescence, the sequel,” Photo-
synthesis Research, vol. 132, no. 1, pp. 13-66, 2017.

J. Cosgrove and M. A. Borowitzka, “Chapter 1 - chlorophyll
fluorescence terminology: an introduction,” in Chlorophyll a
Fluorescence in Aquatic Sciences: Methods and Applications,
D.J. Suggett, O. Prasil, and M. A. Borowitzka, Eds., pp. 1-17,
Springer, Dordrecht, 2010.

G. Schansker, S. Z. Toth, A. R. Holzwarth, and G. Garab, “Chlo-
rophyll a fluorescence: beyond the limits of the Q(A) model,”
Photosynthesis research, vol. 120, no. 1-2, pp. 43-58, 2014.

A. Stirbet and G. Govindjee, “On the relation between the
Kautsky effect (chlorophyll a fluorescence induction) and pho-
tosystem II: basics and applications of the OJIP fluorescence
transient,” Journal of Photochemistry and Photobiology B: Biol-
0g), vol. 104, no. 1-2, pp- 236-257, 2011.

[7] G. C. Papageorgiou, M. Tsimilli-Michael, and K. Stamatakis,
“The fast and slow kinetics of chlorophyll a fluorescence
induction in plants, algae and cyanobacteria: a viewpoint,”
Photosynthesis research, vol. 94, no. 2-3, pp. 275-290, 2007.

(8] J. F. Moreno, G. P. Asner, H. Bach, T. Belenguer,
M. Kneubiihler, and M. E. Schaepman, “FLuorescence
EXplorer (FLEX): an optimised payload to map vegetation
photosynthesis from space,” Zurich Open Repository and
Archive, University of Zurich, 2006.

I. Termak, M. Szabo, and A. Zavafer, “Special issue in honour of
Prof. Reto J. Strasser. Analysis of OJIP transients during
photoinactivation of photosystem II indicates the presence of
multiple photosensitizers in vivo and in vitro,” Photosynthe-
tica, vol. 58, no. SPECIAL ISSUE, pp. 497-506, 2020.

[10] I Iermak, J. Vink, A. N. Bader, E. Wientjes, and H. van Amer-
ongen, “Visualizing heterogeneity of photosynthetic properties
of plant leaves with two-photon fluorescence lifetime imaging
microscopy,” Biochimica et Biophysica Acta, vol. 1857, no. 9,
pp. 1473-1478, 2016.

[11] A. Zavafer, I. Iermak, M. H. Cheah, and W. S. Chow, “Two
quenchers formed during photodamage of phostosystem II
and the role of one quencher in preemptive photoprotection,”
Scientific Reports, vol. 9, no. 1, p. 17275, 2019.

[12] V. Istvanovics, M. Honti, A. Osztoics et al., “Continuous
monitoring of phytoplankton dynamics in Lake Balaton
(Hungary) using on-line delayed fluorescence excitation spec-
troscopy,” Freshwater Biology, vol. 50, no. 12, pp. 1950-1970,
2005.

[13] R.]J. Strasser, M. Tsimilli-Michael, S. Qiang, and V. Goltsev,
“Simultaneous in vivo recording of prompt and delayed fluo-
rescence and 820-nm reflection changes during drying and
after rehydration of the resurrection plant Haberlea rhodopen-
sis,” Biochimica et Biophysica Acta, vol. 1797, no. 6-7,
pp. 1313-1326, 2010.

[14] U. Schreiber, Chlorophyll a Fluorescence, G. C. Papageorgiou
and G. Govindjee, Eds., vol. 19, Springer, Dordrecht, 2004.

[15] R.]J. Strasser, M. Tsimilli-Michael, and A. Srivastava, Chloro-
phyll a Fluorescence, G. C. Papageorgiou and G. Govindjee,
Eds., vol. 12, Springer, Dordrecht, 2004.

[16] M. Tsimilli-Michael and R. J. Strasser, Photosynthesis. Energy
from the Sun, J. F. Allen, E. Gantt, J. H. Golbeck, and B.
Osmond, Eds., Springer, Dordrecht, 2008.

=

‘@
o

=
)

o
X


http://downloads.spj.sciencemag.org/plantphenomics/2020/6293145.f1.pdf

Plant Phenomics

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

M. Y. Gorbunov, Z. S. Kolber, and P. G. Falkowski, “Measuring
photosynthetic parameters in individual algal cells by fast rep-
etition rate fluorometry,” Photosynthesis Research, vol. 62,
no. 2/3, pp. 141-153, 1999.

M. Szab6, A. W. Larkum, D. J. Suggett et al., “Non-intrusive
assessment of photosystem IT and photosystem I in whole coral
tissues,” Frontiers in Marine Science, vol. 4, p. 269, 2017.

C. Neubauer and U. Schreiber, “The polyphasic rise of chloro-
phyll fluorescence upon onset of strong continuous illumina-
tion: I. Saturation characteristics and partial control by the
photosystem II acceptor side,” Zeitschrift fiir Naturforschung
C, vol. 42, pp. 1246-1254, 1987.

U. Schreiber, T. Endo, H. Mi, and K. Asada, “Quenching anal-
ysis of chlorophyll fluorescence by the saturation pulse
method: particular aspects relating to the study of eukaryotic
algae and cyanobacteria,” Plant and Cell Physiology, vol. 36,
no. 5, pp. 873-882, 1995.

U. Schreiber, L. Groberman, and W. Vidaver, “Portable, solid-
state fluorometer for the measurement of chlorophyll fluores-
cence induction in plants,” Review of Scientific Instruments,
vol. 46, no. 5, pp. 538-542, 1975.

A. Bardcsi, L. Kocsanyi, S. Varkonyi, P. Richter, Z. Csintalan,
and K. Szente, “Two-wavelength, multipurpose, truly portable
chlorophyll fluorometer and its application in field monitoring
of phytoremediation,” Measurement Science and Technology,
vol. 11, no. 6, pp. 717-729, 2000.

U. Rascher, M. Liebig, and U. Liittge, “Evaluation of instant
light-response curves of chlorophyll fluorescence parameters
obtained with a portable chlorophyll fluorometer on site in
the field,” Plant, Cell ¢ Environment, vol. 23, no. 12,
pp. 1397-1405, 2000.

S. W. Maier, K. P. Giinther, and M. Stellmes, “Sun-induced
fluorescence: a new tool for precision farming.,” Digital Imag-
ing and Spectral Techniques: Applications to Precision Agricul-
ture and Crop Physiology, vol. 66, pp. 207-222, 2004.

M. Meroni, M. Rossini, L. Guanter et al., “Remote sensing of
solar-induced chlorophyll fluorescence: review of methods
and applications,” Remote Sensing of Environment, vol. 113,
no. 10, pp. 2037-2051, 2009.

L. Guanter, Y. Zhang, M. Jung et al., “Global and time-resolved
monitoring of crop photosynthesis with chlorophyll fluores-
cence,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 111, no. 14, pp. E1327-
E1333, 2014.

I. Moya and Z. G. Cerovic, Chlorophyll a Fluorescence, G. C.
Papageorgiou and G. Govindjee, Eds., vol. 19, Springer,
Dordrecht, 2004.
C. Drysdale, World Economic Situation and Prospects 2018,
United Nations Department of Economic and Social Affairs,
New York, 2018.

E. Callaway, “Beat it, impact factor! Publishing elite turns against
controversial metric,” Nature, vol. 535, pp. 210-211, 2016.

B. Osmond, W. S. Chow, R. Wyber et al., “Relative functional
and optical absorption cross-sections of PSII and other photo-
synthetic parameters monitored in situ, at a distance with a
time resolution of a few seconds, using a prototype light
induced fluorescence transient (LIFT) device,” Functional
Plant Biology, vol. 44, no. 10, pp. 985-1006, 2017.

D. Lazér and J. Naus§, “Statistical properties of chlorophyll
fluorescence induction parameters,” Photosynthetica, vol. 35,
pp- 121-127, 1998.

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]
(45]

[46]

(47]

(48]

D. Lazar, “Chlorophyll a fluorescence rise induced by high
light illumination of dark-adapted plant tissue studied by
means of a model of photosystem II and considering photosys-
tem II heterogeneity,” Journal of Theoretical Biology, vol. 220,
no. 4, pp. 469-503, 2003.

W. J. Vredenberg, Chlorophyll a Fluorescence, G. C. Papageor-
giou and G. Govindjee, Eds., Springer, Dordrecht, 2004.

D. Lazar and G. Schansker, Photosynthesis In Silico, A. Laisk, L.
Nedbal, and G. Govindjee, Eds., vol. 29, Springer, Dordrecht,
2009.

D. J. Suggett, C. M. Moore, A. E. Hickman, and R. J. Geider,
“Interpretation of fast repetition rate (FRR) fluorescence: sig-
natures of phytoplankton community structure versus physio-
logical state,” Marine Ecology Progress Series, vol. 376, pp. 1-
19, 2009.

P. S. Thenkabail, M. A. Hanjra, V. Dheeravath, and
M. Gumma, “A holistic view of global croplands and their
water use for ensuring global food security in the 21st century
through advanced remote sensing and non-remote sensing
approaches,” Remote Sensing, vol. 2, no. 1, pp. 211-261, 2010.
H. Bates, A. Zavafer, M. Szabo, and P. J. Ralph, “A guide to
Open-JIP, a low-cost open-source chlorophyll fluorometer,”
Photosynthesis Research, vol. 142, no. 3, pp. 361-368, 2019.
U. Schreiber, U. Schliwa, and W. Bilger, “Continuous record-
ing of photochemical and non-photochemical chlorophyll
fluorescence quenching with a new type of modulation fluo-
rometer,” Photosynthesis Research, vol. 10, no. 1-2, pp. 51-
62, 1986.

U. Schreiber, Current Topics in Photosynthesis, Springer, Dor-
drecht, 1986.

P. J. Ralph, “Introduction to PAM fluorometry,” in Under-
standing the Stress Response of Corals and Symbiodinium in a
Rapidly Changing Environment, Unidad Académica Puerto
Morelos, Instituto de Ciencias del Mar y Limnologia, pp. 8-9,
UNAM, Puerto Morelos, Mexico, 2005.

A. Srivastava, A. Stirbet, V. Soni, and N. B. Sarin, “Reto Jorg
Strasser: an innovator, a wonderful friend and “Professor of
the World”,” Journal of Plant Science Research, vol. 35,
pp. 147-158, 2019.

S. Z. TOth, A. Oukarroum, and G. Schansker, “Special issue in
honour of Prof. Reto J. Strasser. Probing the photosynthetic
apparatus noninvasively in the laboratory of Reto Strasser in
the countryside of Geneva between 2001 and 2009,” Photo-
synthetica, vol. 58, pp. 560-572, 2020.

J. J. Eaton-Rye, “Snapshots of the Govindjee lab from the late
1960s to the late 1990s, and beyond,” Photosynthesis Research,
vol. 94, pp. 153-178, 2007.

R. M. Clegg, Photosynthesis, vol. 33, Springer, Dordrecht, 2012.

J. J. Eaton-Rye, “Govindjee at 80: more than 50 years of free
energy for photosynthesis,” Photosynthesis Research, vol. 116,
no. 2-3, pp. 111-144, 2013.

J. Zabkiewicz and D. Horgan, “Fluorpen a simple hand held
chlorophyll fluorescence measuring instrument,” New Zealand
Plant Protection, vol. 61, pp. 395-395, 2008.

S. Kuhlgert, G. Austic, R. Zegarac et al., “MultispeQ Beta: a tool
for large-scale plant phenotyping connected to the open
PhotosynQ network,” Royal Society Open Science, vol. 3,
no. 10, p. 160592, 2016.

K. D. Hoadley and M. E. Warner, “Use of open source hard-
ware and software platforms to quantify spectrally dependent
differences in photochemical efficiency and functional



10

[49]

(50]

(51]

(52]

absorption cross section within the dinoflagellate Symbiodi-
nium spp.,” Frontiers in Marine Science, vol. 4, p. 365, 2017.

S. Laney, “Assessing the error in photosynthetic properties
determined by fast repetition rate fluorometry,” Limnology
and Oceanography, vol. 48, no. 6, pp. 2234-2242, 2003.

G. Johnsen and E. Sakshaug, “Biooptical characteristics of PSII
and PSI in 33 species (13 pigment groups) of marine phyto-
plankton, and the relevance for pulse-amplitude-modulated
and fast-repetition-rate fluorometry 1,” Journal of Phycology,
vol. 43, no. 6, pp. 1236-1251, 2007.

Y. Wu, D. A. Campbell, and K. Gao, “Faster recovery of a dia-
tom from UV damage under ocean acidification,” Journal of
Photochemistry and Photobiology. B, vol. 140, pp. 249-254,
2014.

P. Yang, C. van der Tol, W. Verhoef et al., “Using reflectance to
explain vegetation biochemical and structural effects on sun-
induced chlorophyll fluorescence,” Remote Sensing of Environ-
ment, vol. 231, p- 110996, 2019.

Plant Phenomics



	Global Trends of Usage of Chlorophyll Fluorescence and Projections for the Next Decade
	1. Introduction
	2. Materials and Methods
	2.1. Data Gathering
	2.2. Filtration of Data
	2.3. Parameters Used in This Work
	2.4. Processing of the Data

	3. Results
	3.1. The Most Popular Platform for Chlorophyll Fluorescence of the Last Decade Is PAM
	3.2. PAM, FRR, and SIF Are More Popular in Developed Countries, While OJIP Is Popular in Developing Countries
	3.3. Influence Based on Weighted Citations Shows That PAM Is the Most Influential, but SIF Articles Are the Most Cited per Article
	3.4. The h-Index Shows That PAM Is the Most Influential and OJIP the Second Most Influential
	3.5. The CiteScore Factor Bias per Platform Is Nearly the Same for Each of the Four Platforms

	4. Discussion
	5. Conclusions
	Abbreviations
	Disclosure
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

