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Abstract. Applications of planktonic foraminifera in Quaternary palaeoceanographic and palaeobiological
studies require consistency in species identification. Yet the degree of taxonomic consistency among the practi-
tioners and the effects of any potential deviations on community structure metrics have never been quantitatively
assessed. Here we present the results of an experiment in taxonomic consistency involving 21 researchers repre-
senting a range of experience and taxonomic schools from around the world. Participants were asked to identify
the same two sets of 300 specimens from a modern subtropical North Atlantic sample, one sieved at > 125 um
and one at > 150 um. The identification was carried out either on actual specimens (slide test) or their digital im-
ages (digital test). The specimens were fixed so the identifications could be directly compared. In all tests, only
between one-quarter and one-eighth of the specimens achieved absolute agreement. Therefore, the identifica-
tions across the participants were used to determine a consensus ID for each specimen. Since no strict consensus
(> 50 % agreement) could be achieved for 20-30 % of the specimens, we used a “soft consensus” based on the
most common identification. The average percentage agreement relative to the consensus of the slide test was
77 % in the > 150 ym and 69 % in the > 125 um test. These values were 7 % lower for the digital analyses. We
find that taxonomic consistency is enhanced when researchers have been trained within a taxonomic school and
when they regularly perform community analyses. There is an almost negligible effect of taxonomic inconsis-
tency on sea surface temperature estimates based on transfer function conversion of the census counts, indicating
the temperature signal in foraminiferal assemblages is correctly represented even if only two-thirds of the as-
semblage is consistently identified. The same does not apply to measures of diversity and community structure
within the assemblage, and here we advise caution in using compound datasets for such studies. The decrease
in the level of consistency when specimens are identified from digital images is significant and species-specific,
with implications for the development of training sets for automated identification systems.
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1 Introduction

Census counts of species abundances of planktonic
foraminifera assemblages are an important means to recon-
struct past sea surface temperatures (SSTs) (Kucera et al.,
2005) and global diversity patterns (Rutherford et al., 1999;
Niebler and Gersonde, 1998; Al-Sabouni et al., 2007). Given
their low diversity and the abundance of morphological fea-
tures on shells of planktonic foraminifera, it seems likely
that most taxonomists will identify foraminiferal (morpho)
species consistently. However, studies at a species level have
shown that ecologically important species may be confused
when discriminated visually (e.g. G. bulloides and G. falco-
nensis; Malmgren and Kennett, 1977). There has never been
a rigorous test of the degree of consistency among different
taxonomists and of the effect of the potential differences on
past environmental reconstructions and measures of commu-
nity structure, such as diversity.

In a study involving Cenozoic Mediterranean plank-
tonic foraminifera, Zachariasse et al. (1978) found that al-
though duplicate counts made by the same person on the
same samples are reproducible over shorter time periods
(e.g. a few months), reproducibility over longer time peri-
ods decreases. These results indicate that taxonomic con-
sistency could indeed be a significant source of noise in
foraminiferal census counts. This issue was first explicitly
highlighted by the El Kef blind test (Ginsburg, 1997a, b).
The original aim of this analysis was to determine whether
the Cretaceous/Palaeogene (K/Pg) extinction in planktonic
foraminifera was instantaneous (e.g. Luterbacher and Pre-
moli Silva, 1962, 1964), gradual (e.g. Herm, 1963) or step-
wise (e.g. Keller, 1989; Canudo et al., 1991). Four experi-
enced researchers were selected with profoundly different
opinions on the nature of this event (i.e. from different tax-
onomic schools) and were given six identical unprocessed
samples from above and below the K/Pg boundary, without
prior knowledge of their relative stratigraphic position. They
were asked to determine the nature of the extinction event.
The results showed an enormous divergence in the results
by the four participants (species richness varied between 45
and 59 in the Maastrichtian samples with only 16 species
names shared by all four participants). However, evaluating
the wider relevance of this result is hampered by differences
in sample-processing procedures among the participants and
the known controversy in the taxonomy of that time period.
Additionally participants were not working on the same spec-
imens, making it hard to determine which of these factors
was more important (Ginsburg, 1997a, b). Although no au-
thoritative conclusions could be reached, this experiment re-
vealed a pressing need to implement more rigorous quality
control mechanisms in planktonic foraminiferal studies, as is
increasingly the case in other fields of micropalaeontology
(e.g. Kelly et al., 2002; Weilhoefer and Pan, 2007).

The implications of taxonomic disagreements could be
especially relevant when analyses are performed on large
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datasets collected by multiple workers. In many cases, such
studies are based on compilations of counts conducted by
different researchers (e.g. CLIMAP, 1976; Kucera et al.,
2005; Rutherford et al., 1999). For example, census counts
of planktonic foraminifera are used in Quaternary palaeo-
ceanography as an input in transfer functions for quantita-
tive palaeotemperature estimates. The CLIMAP group went
to great lengths to standardise sampling practice in producing
counts of Quaternary planktonic foraminifera assemblages
(Imbrie and Kipp, 1971; CLIMAP, 1976). As a result, counts
of planktonic foraminifera for transfer function are typically
based on 300 specimens and fewer than 30 species, with
several of the counted categories including more than one
species. Despite this, there is no guarantee the taxonomic
concepts used by the different workers will be the same. Sim-
ilarly, there is evidence that diversity metrics are sensitive to
the sampling protocols used to collect the data (Al-Sabouni et
al., 2007), which may vary across these large datasets. They
are also likely to be influenced by the taxonomic concepts,
but this has yet to be studied. Therefore, it is imperative to
determine the extent of taxonomic discrepancies in the iden-
tification of Quaternary planktonic foraminifera and to assess
the impact such discrepancies may have on commonly used
palaeoceanography tools or diversity metrics.

Recently there have been a series of studies reporting on
attempts to develop automated image analysis and identifica-
tion tools from images of planktonic foraminifera (Hsiang
et al., 2016; Ranaweera et al., 2009a, b; MacLeod et al.,
2010; O’Neill and Denos, 2017; Zhong et al., 2017). Work
on other plankton groups has found that agreement varies
significantly, with averages of around 70 % (Simpson et al.,
1992; Culverhouse et al., 2003). It has been recognised that
images do not necessarily capture all the features that partici-
pants use in identification, so obtaining accurate species level
identifications from them could be more challenging (Culver-
house et al., 2003; Austen et al., 2016; Zhong et al., 2017).
Many of these systems rely on a training dataset produced
by one or more scientists using digital images. In the context
of developing these training datasets, it is therefore important
to determine how the taxonomic consistency of identification
of planktonic foraminifera compares between workers when
using actual specimens or digital images.

In this study, we present the results of an experiment which
(1) determines the taxonomic disparity amongst a set of re-
searchers with different level of experience and (2) investi-
gates the impact of the observed taxonomic inconsistencies
on temperature and community structure estimates. Further-
more, we (3) examine the effects on taxonomic consistency
when using digital images of specimens as opposed to the
actual specimens, thus simulating the potential information
loss in automated image analysis training datasets.
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Table 1. Participant details and background information for the slide (numbers) and digital (letters) tests. Participants 1 and 2 conducted
duplicate counts on the slide test, separated by 1 year (a and b). The digital test by participant 2 was conducted after 3 years (i.e. equivalent to
2b). In the school column, “~” indicates that the participant was the only member of the school represented in this analysis, but they were not
self-taught (for more details on the taxonomic schools, see Supplement Fig. S1). Experience is measured in years. All participants identified
all the specimens from both size fractions. The “Additional notes” column includes factors that may have affected the results, for example
where fewer than 90% of specimens were identified (IDd).

Slide ID  Digital ID  Country School  Experience Routine  Regional expertise Additional notes
la/1b Germany 5 0.25/1 Yes Atlantic
2a/2b A UK 1 2/3 Yes Atlantic
3 Switzerland  self 6 No Global, but focussed on two species
4 UK 4 6 No Atlantic (Golfo de Cadiz) Colour-blind
5 Germany 5 8 No South China Sea and Atlantic
6 F Germany 1 11 No Global
7 UK 4 12 Yes Mediterranean
8 Germany 3 12 No Global
9 G UK - 14 Yes Atlantic (Iberian margin) <90 % IDd in all
10 UK self 14 No Global
11 Germany 5 17 No Atlantic
12 Germany 5 18 Yes Global
13 UK 3 20 Yes Global < 90 % IDd in both
14 Netherlands — 22 Yes Global
15 Germany 3 (self) 39 No Global
B Japan 2 3 Yes Pacific
C Japan 2 6 Yes Pacific
D Portugal - 6 Yes Atlantic (Iberian margin)
E France - 7 Yes Mediterranean < 90 % IDd in both
H USA 5 16 Yes Atlantic
I Italy - 18 Yes Mediterranean
2 Materials and methods imens prevented participants from viewing them from mul-
tiple angles (unlike a normal census count), but it ensured
2.1 Selection of specimens the specimen order was not altered and no specimens were

lost during slide manipulation. Each specimen was then pho-
tographed, for use in the digital test, and the maximum diam-
eter was measured using ImageProPlus 6.0.

The specimens used in this analysis were collected using a
box corer at a depth of 1940 m, from the North Atlantic sub-
tropical core top sample GIK 10737 (30.2° N, 28.3° W). The
foraminifera exhibit no signs of dissolution. This site was
selected for its high diversity (following Al-Sabouni et al.,

) 2.2 The participants and test procedure
2007) to produce an assessment of the taxonomic concepts

of the majority of late Quaternary planktonic foraminiferal Two versions of the identifications were set up: (1) the slide
species. test using the actual (glued) specimens and (2) the digital test

The sample was initially split into two separate halves us- using the images of those same specimens; so, with the two
ing a microsplitter. One half was sieved to include all speci- size fractions for each, there were four sample sets. Each par-
mens > 125 um, which is more appropriate for diversity anal- ticipant was asked to identify all 300 specimens of both size
yses in Holocene planktonic foraminifera (Al-Sabouni et al., fractions for their chosen test type. The only criterion for se-
2007). The other half was sieved for specimens > 150 um lection in the analysis was that the participant had conducted
as this is the most commonly used sieve size for plank- counts on Holocene planktonic foraminifera at some stage in
tonic foraminifera studies (e.g. CLIMAP, 1976) and is re- their career. However, owing to the risk of specimens becom-
quired for estimating sea surface temperatures (SSTs) using ing dislodged, participants of the slide test were restricted
transfer functions (Kucera et al., 2005). Both of the sieved to western Europe. The slide test was completed by 15 tax-
aliquots were further split until ~ 300 specimens remained. onomists representing more than eight taxonomic schools,
From these, a representative 300 individuals were selected whose length of experience ranged from 3 months to 39 years
and fixed in place on slides. The taxonomically more in- (Table 1). Taxonomic schools were defined based on the par-
formative umbilical side was typically oriented upwards, al- ticipant’s main teacher of taxonomy and who the teacher, in
though this was not possible for all species. Fixing the spec- turn, was taught by (see Supplement Fig. S1). As far as it is
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possible to ascertain, there is little connection between the
taxonomic training of the main teachers in the schools. Nine
taxonomists participated in the digital test, representing three
additional taxonomic schools (Table 1; Supplement Fig. S1)
and a more global distribution. Three participants completed
both the slide test and the digital test. Two participants con-
ducted duplicate counts for the slide test separated by a year.

Each participant was given instructions for the counting
procedure and described the length of their experience, the
source of their taxonomic training and their areas of exper-
tise (Table 1). Participants were asked to follow (morpholog-
ical) taxonomic concepts based on Hemleben et al. (1989),
although G. fenella and G. rubescens (white) were grouped.
(The only way to distinguish these is by the presence of a sec-
ondary aperture on the spiral side of the shell in G. fenella.
As this side was not visible in the mounted specimens, the
white specimens of both were grouped under G. rubescens
(white)). Participants were provided with a list of species
names (see Supplement, Sect. S1). The use of reference
books was permitted if participants so desired, but confer-
ring with another person was not. This was ensured either
by the experiment designer’s presence during the test or by
a contract signed by the participant agreeing to that point.
While the participants were encouraged to identify all speci-
mens, they could leave some unidentified. The choice of mi-
croscope and the magnification to study the slide specimens
was left to the discretion of the participants.

2.3 Analyses

Theoretically, the analysis of the individual identifications
should be carried out against an objective “known” identity
of the specimens. In reality, this cannot be achieved on empty
shells as they do not contain DNA for genetic analysis. In-
stead, we used the participants’ identifications to derive an
“authoritative” consensus identification for each specimen.
When there is 100 % agreement between all participants,
then the consensus is clear. The “strict consensus” is calcu-
lated based on more than 50 % of the participants agreeing on
an identification, with the remaining specimens being classi-
fied as having “no consensus”. However, the latter occurred
too often, so where fewer than 50 % of participants gave the
same answer, we determined a “soft consensus” based on the
most frequent identification. Where multiple names had the
same frequency, the alphabetically first species name (based
on the abbreviations) was used. A sensitivity analysis was
done to investigate the impact of alternatively classifying
these specimens as “no consensus attainable”. As the slide
and digital tests for a given size fraction were based on the
same specimens, for all of the analyses except the compari-
son between the slide and digital results, these three different
consensus identifications were obtained from the combined
results of both tests. Soft consensus identifications (hereafter
referred to as consensus IDs) defined in this way were ob-
tained for all specimens for each size fraction.
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In order to determine the disparity among the researchers
in these different tests, the percentage agreement was calcu-
lated as the fraction of identifications that agreed with this
consensus ID. To ensure differences in percentage agree-
ment between the slide tests and the digital tests were not
influenced by the number of participants, the slide-test re-
sults were subsampled to contain the same number of par-
ticipants as the digital test (i.e. nine). This subsampling was
repeated 1000 times, and the consensus estimates were then
recalculated with these subsampled datasets to obtain per-
centage agreements that could be compared. Confusion ma-
trices were calculated to visualise which species were most
frequently misidentified, using the R package “caret” (Kuhn,
2018). These show how the identifications given to a spec-
imen compare with its consensus ID. They highlight which
species concepts are most consistently applied. The influence
of size on the accuracy of the identifications at a specimen
level was also investigated.

To visualise the similarity in the identifications among the
participants, the ordination of pairwise distances was plotted
using non-metric multidimensional scaling (NMDS). This
multivariate method orders participants by the rank distance
between their pairwise identifications; participants that plot
closely together are more similar to each other in their iden-
tifications than those that plot further apart (Hammer and
Harper, 2008). Gower distances were calculated using the
function “daisy” in the R package “cluster” (Maechler et
al., 2015), which can calculate distances using nominal data.
Two NMDS analyses were created, one for each size frac-
tion. For both analyses, the participants’ identifications for
each specimen of both the slide tests and the digital tests, as
well as the consensus ID values were included. The NMDS
plots were run using the package “vegan” (Oksanen et al.,
2015). The number of dimensions was chosen as the minimal
number of dimensions with a stress less than 0.2 (following
Clarke, 1993). To test whether identifications were more sim-
ilar within taxonomic schools, the distances between partic-
ipants within each school were compared to those between
schools for both the slide and the digital tests.

To assess the impact of taxonomic inconsistency on trans-
fer functions, the census counts on the > 150 um fraction
were converted into annual mean SST estimates (10 m wa-
ter depth), using artificial neural networks (ANNS) trained
on the North Atlantic MARGO calibration dataset (Kucera
et al., 2005). (This method has been calibrated for the typi-
cal abundances observed in the > 150 pm size fraction.) The
transfer function analysis does not include all the species and
G. menardii is merged with G. fumida (for more details, see
Supplement, Sect. S1). These estimates were compared with
the modern annual mean SST at that site for 10 m water depth
taken from the World Ocean Atlas (Antonov et al., 2008). To
determine the influence of inconsistency on the community
structure estimated from a sample, three diversity measures
— species richness, Shannon—Wiener and dominance (mea-
sured as Simpson’s diversity, D) — were calculated for each
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Figure 1. A plot of the minimum number of participants that agreed on an identification for each specimen, split by each analysis. For
example, in the slide test all 300 of the specimens had at least three people agreeing on an identification. There were 17 participants in the
slide test (a), as two took the test twice, and 9 in the digital test (b), so those values in each represent the number of specimens that had
complete agreement in their IDs. The grey lines indicate where the strict consensus would be for the separate consensus estimates, with more
than half of the participants agreeing on the answer (although the strict consensus and the consensus ID used in most of the analyses were

calculated from the combined slide and digital datasets).

of the participant’s assemblage counts and compared to the
estimates based on the consensus IDs. These were addition-
ally compared to the range of values observed in the Atlantic
as a whole, using data from Siccha and Kucera (2017).

To investigate the differences between the slide and
digital-test results, the consensus values were recalculated
separately for these two types for each size fraction. The per-
centage agreements with these separate consensus identifica-
tions could then be compared to the estimates based on the
joint consensus. Sensitivity analyses were run to test whether
the number of specimens identified as “no consensus” was
influenced by the number of participants involved in the sep-
arate tests; the slide-test participants were subsampled 1000
times to contain the same number of participants as the dig-
ital test (i.e. nine), and the strict consensus was recalculated.
Confusion matrices were plotted using the strict consensus
values, to determine where confident identifications differed.
All analyses, with the exception of the calculation of the SST
estimates, were carried out using R version 3.2.3 (R Core
Team, 2015).

3 Results

3.1 Participant agreement

The number of specimens in each of the four tests with
complete agreement in their identification ranged from 38
(12.7 %) for the > 125 um digital test to 77 (25.7 %) for
> 150 um slide test (Fig. 1). In the majority of analy-
ses in this paper (i.e. excluding the slide/digital compar-
isons), the consensus estimates were calculated on the com-
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bined slide/digital results; there, 100 % agreement was only
reached for 24 specimens (8 %) in the > 125 pm size fraction
and 46 specimens (15.3 %) in the > 150 um split. When the
strict consensus of 50 % agreement was used, this increased
to 209 (69.7 %; > 125 um) and 237 (79 %; > 150 um). How-
ever, that still left a significant fraction of the 300 specimens
without a consensus. To provide a soft consensus ID for ev-
ery specimen, the level of agreement was sometimes as low
as 19 %. The number of specimens where multiple names
were equally common (so the consensus was chosen alpha-
betically) was only five for the > 150 um dataset and six for
the > 125 um size fraction. Examples of the digital images of
each species for specimens with high and low agreement lev-
els are shown in Supplement Sect. S4. The full image collec-
tion is available in the supplementary data provided in Fenton
(2018).

Specimen size has an unexpectedly weak influence on the
level of agreement (Fig. 2), although larger specimens in
both analyses are generally more likely to be identified con-
sistently. Even though agreement is higher for specimens
larger than 300—400 um, with most such specimens getting
a strict consensus identification, it is still possible for speci-
mens as small as 140 um to obtain 100 % agreement values.
(Most of the specimens in the > 125 pm analysis are less than
300 pm.)

Using the consensus ID, the percentage agreement by a
participant with that ID can then be investigated (Fig. 3; Ta-
ble S1). This ranges from 40.0 % to 86.3 %, with the lowest
agreement being found in the > 125 pm digital test and the
highest in the > 125 um slide test. The mean values were ap-

J. Micropalaeontology, 37, 519-534, 2018
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Figure 2. The influence of size (maximum diameter) on the maximum agreement of the identification of a specimen, split by slide/digital
test. Agreement of 100 % implies all participants in that test agreed with the consensus ID. The maximum size for each level of agreement
is indicated by the line. For comparison, Supplement Table S3 has the maximum observed diameter of the specimens for the species in this

analysis.

proximately 8 % lower in the > 125 um fraction compared
to the > 150 um fraction in both tests (68.3 % vs. 76.8 %
for the slide test and 61.4 % vs. 69.4 % for the digital one;
Fig. 3). Similarly, the level of agreement among the par-
ticipants in the digital test was 7 % lower compared to the
slide test (Fig. 3). The higher number of participants in the
slide test did not qualitatively alter these results (see the sub-
sampled comparisons in Supplement Fig. S2). The standard
deviation in an individual’s percentage accuracy with these
subsampled consensus values was 1% at the maximum. If
specimens with ties were designated “no consensus attain-
able”, then the mean values were very slightly lower, and
there are only small changes in the individual participants’
scores. There appears to be no strong signal of length of ex-
perience on accuracy (higher numbers/later letters indicate
participants with more experience; Table 1; Fig. 3). Routine
counting slightly raises the percentage agreement of the par-
ticipants for the slide test (there is insufficient data for the
digital test as only one worker was classified as not a routine
counter; Table 1).

The confusion matrices highlight the species concepts
which are least prone to disagreement (see Fig. 4 for the slide
test; the digital results, in Supplement Fig. S3, are broadly
similar). There were clearly large and systematic differences
among species. Nearly everyone agreed upon the identifica-
tion of some species (e.g. G. truncatulinoides, P. obliquiloc-
ulata, O. universa). For other species the disagreement was
very high (e.g. N. pachyderma). Some of the disagreements
indicate “pairwise” differences between two closely related
species or species concepts (e.g. T. sacculifer and T. trilobus,
or G. siphonifera and G. calida), whereas in other cases

J. Micropalaeontology, 37, 519-534, 2018

(e.g. G. falconensis) the alternative identifications cover a
wide range of species. It is important to note that these re-
sults are most robust for frequently occurring species (in-
dicated by the column of numbers on the right of Fig. 4).
Using the alphabetically first species to split ties in the con-
sensus determination makes the agreement for a couple of
species, e.g. G. bulloides, appear slightly worse than if spec-
imens with ties are designated as “no consensus attainable”
(Supplement Fig. S4), but there are few other changes.

We determined that 2 dimensions were sufficient for an
NMDS to describe the complexity of the data, based on a
stress value of < 0.2 (Clarke, 1993); the NMDS plots are
shown in Fig. 5. Two NMDS analyses were run for the
> 150 um size fraction, as the more extreme points reduce
the accuracy of the placement of the central points; Fig. 5Sb
is the full dataset, and Fig. 5c has the four most extreme
participants (3, C, E, G) removed. Participants who identi-
fied fewer than 90 % of the specimens (9, 13, E, G; Table 1,
Table S1) tend to plot further from the consensus. The du-
plicate analyses on the slide test (1a/1b, 2a/2b, indicated by
outlined circles) tend to plot close together, although this is
more pronounced in the > 150 ym size fraction (Fig. 5c).
The slide vs. digital analyses of 2b/A and 6/F are close in
the > 150 um analysis but more disparate in the > 125 um
analysis. 9/G are separated in both. Analysis of the pairwise
distances between points indicates that generally identifica-
tions by people within the same school plot closer together
than those between schools. Identifications based on slides
tend to be more similar than those based on digital tests both
within and between schools, although this effect is more pro-
nounced for the smaller size fraction (Supplement Fig. S5).

www.j-micropalaeontol.net//37/519/2018/
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Figure 3. The percentage agreement in the taxonomic identification
between each participant and the consensus ID, shown separately
for the different size fractions. Exact agreement with the consen-
sus would be implied by 100 %. Participants are ordered by slide
(numbers, black)/digital (letters, red) and then by experience, so the
left side shows the least experienced participants. The three partic-
ipants that performed both the slide and the digital tests are plotted
together for comparison. The paired results for the participants who
repeated the analysis after additional training are joined by an ar-
row. The solid line is the mean, and the dashed lines show 1 SD.
Note the two graphs have the same scale.

However, as there are only two schools in the digital tests that
have more than one participant, these results are only indica-
tive. Some schools (e.g. School 1, School 4) show more con-
sistent clustering than others. Self-taught individuals (those
without filled circles in Fig. 5) are more likely to have dis-
tinct taxonomic IDs, rarely plotting close to the consensus
values.

3.2 Effects on temperature and diversity estimates

The slide-test and the digital-test mean SST estimates are
similar (22.4 and 22.6 °C; Fig. 6a, Table S2), although the
digital-test results are more variable. The WOA (World
Ocean Atlas; Antonov et al., 2008) annual SST for the loca-
tion of the analysed sample, 21.76 °C, is ~ 0.5 °C lower than
the consensus (22.3 °C) and the mean estimates and thus well
within the ~ 1 °C prediction error of the method (Kucera et
al., 2005). Eight participants plot outside this 1 °C range, but
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only two (G and H) do not overlap with their (1 SD) error
bars. These two have lower counts of cold-water taxa (in-
cluding G. bulloides and G. falconensis) and higher counts
of warm-water species (e.g. Globigerinoides ruber (pink)).
Additionally G has the highest count of unidentified speci-
mens.

The community structure metrics show a larger amount
of variation around the consensus values (Fig. 6b—d, Ta-
ble S2). The richness of the > 150 um is typically lower and
abundances are more even with fewer rare species than the
> 125 um fraction. Slide analyses tend to have lower rich-
ness (Fig. 6b), although the three workers who performed
both the slide test and the digital test mostly show the oppo-
site trend, with a less diverse digital dataset. For the richness
analysis, the digital estimates are closer to the consensus val-
ues for both size fractions although there is a lot of spread; for
the abundance-based Shannon—Wiener and dominance met-
rics (Fig. 6c, d), the slide estimates are closer. As the ac-
tual diversity in each sample (i.e. for each size fraction) is
the same, these diversity indices highlight the different taxo-
nomic concepts of the participants. The comparisons for each
metric with the Atlantic data from the ForCenS dataset (Sic-
cha and Kucera, 2017) are shown in Fig. 7. The consensus
values tend to be in the middle of the range expected at that
latitude, but the participants’ individual results show a broad
spread, covering much of the range of variation observed for
the given latitude in the ForCenS dataset. This spread is most
pronounced for the richness.

3.3 Slide vs. digital

When the consensus values are recalculated separately for
identifications in the slide and digital tests using the strict
consensus, then those specimens that are given names in
both the slide and the digital tests have very high agree-
ment (96 %-97 %). However, these specimens only consti-
tute 58 % of specimens at > 125 pm and 69 % of specimens
at > 150 um. When the unidentified specimens are included
in the comparison (as “no consensus”) the agreement drops
to 75 % for both size fractions. The digital tests have roughly
twice as many specimens that are unidentified in the strict
consensus but are identified in the slide tests (> 125 ym: 43
in digital, 25 in slide; > 150 um: 48 in digital, 20 in slide).
(These results hold when a subsample of the slide data is
used so that both analyses have equal numbers of partic-
ipants; Supplement Fig. S7.) With separate soft consensus
IDs, 78 % of the identifications are the same between the
slide tests and the digital-test results for the > 125 um size
fraction and 83 % in the > 150 um size fraction. This use of
separate consensus IDs also makes the mean agreement of
the digital tests appear only > 5 % worse than the slide tests
rather than 7 % seen with the combined consensus.

The confusion matrices comparing these two sets of strict
consensus values indicate which specimens are identified
confidently in the slide and digital tests (Fig. 8). These show
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Figure 4. Confusion matrices for taxonomic identifications in the two slide tests. The y axis shows the consensus ID, and the x axis shows
the names given by the participants to the individual specimens. Where a specimen was always identified correctly, only one square in
that row would be filled, indicating the fraction of specimens correctly identified is 1. The numbers along the top indicate the number of
specimens given that name in the analysis. The numbers at the right indicate the number of specimens of each species in the consensus ID.
The digital results are shown in Supplement Fig. S3; the versions with the ties classified as “no consensus attainable” are in Supplement
Fig. S4. Numerical versions are available in the supplementary dataset (Fenton, 2018).
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Figure 5. Visualisation of the taxonomic agreement among the participants using non-metric multidimensional scaling (NMDS) plots for
the different size fractions. Panel (a) shows the > 125 um size fraction. The more extreme outliers in the > 150 um plot (b) makes the
placement of the main cluster of points less robust. To overcome that problem, the > 150 um NMDS was rerun with the most extreme points
removed (c). As elsewhere, numbers indicate the slide test; letters indicate the digital test. Colours indicate attribution to a taxonomic school;
“other” indicates schools with only one individual. Unfilled points are self-taught individuals. (For more details on the taxonomic schools,
see Supplement Fig. S1.) Outlined circles highlight paired analyses. Also shown is the position of the consensus ID (CID).

that there is relatively little disagreement for specimens that
are identified by a majority of participants in both the slide
and the digital tests. However, the digital test has more spec-
imens that do not have a majority, particularly for those iden-
tified as G. bulloides, G. falconensis and G. rubescens in the
slide tests. Supplement Fig. S8 shows these matrices for other
methods of estimating the consensus.

Three participants (A/2b, 6/F, 9/G) conducted compara-
tive counts of the slide and digital tests (Table 1). Agreement
between their slide and digital identifications ranged be-
tween 57 % (A/2b > 125 um) and 77 % (A/2b > 150 um and
G/9 > 125 um). For two of these comparisons the > 150 um
size fraction was more similar, although for G/9, it was 6 %
less similar. In five of the six cases the agreement of the slide

www.j-micropalaeontol.net//37/519/2018/

tests with the consensus ID was higher than their comparable
digital tests (Fig. 3).

4 Discussion

4.1 Sources of taxonomic inconsistency among

researchers

When specimens from a representative > 150 um split of a
tropical sample are fixed in place, the participants in this
analysis on average only obtained 75 % agreement with a
consensus estimate; for > 125 um this value drops to 68 %.
The highest agreement of any individual with the consensus
is only 86 % of specimens, although that does not necessarily
mean that only 86 % of the specimens were identified “cor-
rectly”. The method used to obtain the consensus identifica-
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Figure 7. A comparison of the three diversity metrics (a, richness; b, Shannon—Wiener diversity; ¢, dominance) with the range of values
observed in the Atlantic Ocean. The blue points indicate the consensus estimate. Black/red points indicate the participant data from the slide
and digital tests (respectively) of the > 150 um size fraction in this analysis; they are offset slightly from the true latitude for clarity. Grey
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tions in this analysis do not necessarily produce the “true”
identification (in terms of genetic species) although it is the
most objective answer that can be obtained from this anal-
ysis. If participants were able to communicate and explain
their identifications, then it is likely that some of these con-
sensus estimates would be considered incorrect, especially
those that only have a low majority agreement. That might
raise an individual’s accuracy, although it would not have a
large effect on the mean value because a change in the con-
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sensus ID always leads to a trade-off between higher consis-
tency for some participants and lower for others.

Based on the associated metadata that were collected as
part of this analysis, we can identify a set of correlates of
lower agreement. Unsurprisingly, those participants who left
many specimens unidentified tended to have a lower agree-
ment with the consensus. Similarly, those who do not regu-
larly perform community counts tend to differ more. Gener-
ally, self-trained taxonomists were more likely to disagree
with the community consensus, producing estimates that
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Figure 8. Confusion matrices showing the comparison between the slide and the digital strict consensus values, if they are calculated
separately, for the two size fractions. The y axis shows the slide consensus ID, and the x axis shows the digital consensus ID. Where both
agree on all the specimens of a species, only one square in that row/column would be filled. NB: the colouring on these indicates the number
of specimens rather than the fraction correct. The values indicate the number of specimens of each species in each consensus. Supplement
Fig. S8 has the versions of this figure for the soft consensus and for where ties are designated “no consensus attainable” rather than based on
alphabetical order. Numerical versions of these confusion matrices are available in the supplementary dataset in Fenton (2018).
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were more marginal in NMDS space (Fig. 5). There is some
evidence that identifications are more similar within taxo-
nomic schools, for both the slide and digital tests (Fig. 5;
Supplement Fig. S5). The results of Fenton et al. (2018)
tend to support this conclusion, with the four more experi-
enced workers achieving median agreements of 79 % for an
analysis of the > 125 um size fraction, which is relatively
high compared to the results in this analysis. These four
all came from the same taxonomic school, and the consen-
sus IDs were obtained from the main teacher of that school.
However, larger samples from multiple taxonomic schools
would be required to test this conclusion explicitly, particu-
larly for the digital tests where only two schools have more
than one member. If this result is true, it indicates that in-
dividual teachers can influence the taxonomic concepts used
in an analysis, which would contribute to the differences ob-
served across the planktonic foraminiferal community as a
whole. Community taxonomic projects like the Palaeogene
atlases (Olsson et al., 1999; Pearson et al., 2006; Wade et al.,
2018), where members of multiple taxonomic schools come
together to discuss concepts, are likely to be a useful way
of overcoming these differences. These results suggest that
taxonomic training and revision of species concepts before
performing community counts are likely to be important for
taxonomic consistency.

Length of experience does not correlate with a higher
agreement (Fig. 3 — higher numbers/letters indicate more
experience). Even those participants who had been work-
ing with planktonic foraminifera for less than 5 years (I,
2) obtained accuracies that were similar to the others. The
two participants who repeated the identification after addi-
tional experience showed an improvement with time in the
> 125 um size fraction, although there was little change in
the > 150 um size fraction (Fig. 3). The participant with
more experience (2) showed greater similarity between their
two counts (80 % in the > 125 um fraction and 96 % in the
> 150 um fraction, compared with participant 1’s results of
61 % in the > 125 um fraction and 68 % in the > 150 um
fraction). This individual reproducibility, at least for partici-
pant 2, is similar to that found by Zachariasse et al. (1978). In
the > 150 um fraction, participant 1 identified the same num-
ber of specimens in agreement with the consensus (~ 74 %)
each time but traded the consistency in species identifications
of some species, including G. falconensis and G. siphonifera,
in the first count for a consistency in the classification of
others, e.g. G. bulloides, G. rubescens and G. ruber, in the
second count. These results suggest that during the initial
stages of taxonomic training, accuracy may increase rapidly,
but other than that there is no obvious relationship of accu-
racy with length of experience. The improvement is likely
to be a result of further taxonomic experience/training ob-
tained by these participants during this time period. Analysis
by Fenton et al. (2018) supports the conclusion that with less
than 1 year of training, high accuracies can be obtained, al-
though they find there is still a signal of experience on accu-
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racy for foraminiferal workers with up to at least 4 years of
experience. Their results also highlight that regular revisions
of taxonomic concepts for participants who are performing
community counts, irrespective of how long they have been
working, are likely to be beneficial.

4.2 Ambiguous species and common misclassifications

The results of our experiment reveal that in the case of plank-
tonic foraminifera, taxonomic misidentifications have some
predictable features. Some species (e.g. Globorotalia trun-
catulinoides, Orbulina universa) are consistently identified
the majority of the time; other species concepts (e.g. Glo-
bigerina bulloides, Neogloboquadrina pachyderma) have
more disagreements (Fig. 4). The disagreements shown in
the confusion matrices (Fig. 4; Supplement Fig. S3) highlight
the species concepts that would particularly benefit from im-
proved references and future taxonomic efforts. Often con-
fusion occurred between morphologically similar species
(Hemleben et al., 1989). This raises the possibility that,
were the participants able to see the specimens from mul-
tiple perspectives, then the taxonomic consistency might be
higher than what is observed in this experiment. There is
a suggestion of this in Fenton et al. (2018), where, for ex-
ample, G. conglobatus (which has a distinctive spiral side)
has higher accuracy, although this is not explicitly tested. In
many cases species confusions even occurred between differ-
ent genera (Fig. 4), suggesting that attempting to solve this
problem by grouping phylogenetically related species/forms
(e.g. T. trilobus and T. sacculifer) will only remove a sub-
set of the disagreements. Additionally, unless foraminiferal
workers have kept up to date with the latest taxonomic pa-
pers, then their taxonomic concepts will not match current
thinking. In planktonic foraminifera, this is exacerbated by
the lack of a modern authoritative taxonomy. The main ref-
erence has been for many years Hemleben et al. (1989),
the focus of which was not taxonomy, and alternative refer-
ences, such as Kennett and Srinivasan (1983), do not agree
on all taxonomic concepts, which adds to the complexity.
This issue has been only partly remedied in the re-edition
of Schiebel and Hemleben (2017). The mikrotax website
(http://www.mikrotax.org/pforams/, last access: 21 Novem-
ber 2018) aims to provide a reference that combines these
multiple sources, providing an easily accessible up-to-date
taxonomy, with associated images. However, it does not pro-
vide a system for arbitrating on taxonomic decisions. For
that, community projects such as the Palacogene taxonomic
atlases are essential.

With these results it is possible to quantify some of the
concerns associated with identifying smaller specimens (Im-
brie and Kipp, 1971), which led the community to adopt
the larger (> 150 um) sieve size for standard palaeoceano-
graphic assemblage counts (Kellogg, 1984). In this analy-
sis, size is shown to be a relatively weak predictor of accu-
racy, although specimens > 300 um are more likely be identi-
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fied consistently (Fig. 2). The > 125 um size fraction mostly
consists of specimens that are < 300 um, and the percent-
age agreement is approximately 8 % lower than for the more
standard > 150 um size (Fig. 3), where larger specimens
are much more common. For individual specimens, size is
seen to have some influence on agreement (Fig. 2); however,
there is a lot of scatter in this relationship. Species that were
classified with > 70 % agreement (Fig. 4) could be either
large (e.g. P. obliquiloculata, G. truncatulinoides, O. uni-
versa and T. sacculifer) or small (e.g. T. humilis, T. quin-
queloba, G. rubescens and G. scitula), indicating that accu-
racy may be linked to morphological distinctiveness rather
than purely size (see Supplement Table S3, for the maxi-
mum size of the species in this analysis). The observed in-
crease in taxonomic consistency in the > 150 um size frac-
tion may reflect the slightly higher proportion of distinc-
tive species which are restricted to large sizes. Alternatively,
larger specimens of the same species could be relatively eas-
ier to identify. Work by Fenton et al. (2018) investigates this
relationship more fully. Their results support the conclusion
that larger specimens are more often identified accurately, al-
though they find that not all species follow this relationship,
and morphological distinctiveness by itself is not a good pre-
dictor of accuracy (Fenton et al., 2018).

4.3 The effect of taxonomic inconsistency on SST and
diversity estimates

Considering the potentially large degree of disagreement in
identification among the participants and between each par-
ticipant and the consensus, the effect of this discrepancy on
the ecological interpretation of the resulting census count is
not necessarily large. Thus, our analysis indicates that for
the specific assemblage of the analysed sample, differences
in identifications do not propagate into large differences in
transfer-function SST estimates (Fig. 6a). For example, par-
ticipant E deviated greatly from the consensus ID in the
> 150 um size fraction (Fig. 3b), but the SST estimate based
on “their” count is close to the consensus value (Fig. 6a). Dif-
ferences in SST estimates in the slide test mostly deviated by
less than the estimated prediction error (1 °C) of the tech-
nique from the observed temperature (Kucera et al., 2005),
suggesting that a significant portion of the temperature sig-
nal has been captured by the participants, despite an average
agreement with the consensus of only 77 %. This is likely
to be because the participants largely “traded” identifications
between species with similar thermal niches or between those
that had low weight or were absent in the ANN method. The
digital-test results are higher on average, with four of the nine
estimating a temperature outside the 1 °C prediction error.

It is not clear whether this consistency holds for all com-
munities or whether it is a consequence of this particular as-
semblage representing diverse subtropical fauna. However,
the observed similarity in SST estimates based on the dif-
ferent identifications could reflect the fact that the data used
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to train the transfer functions had a similar level of incon-
sistency. If this were true, then the calibration error of the
transfer function could potentially be reduced if taxonomic
consistency was higher. In a similar way, studies have shown
that incorporating information on cryptic species of plank-
tonic foraminifera increases the accuracy of the transfer func-
tions (Kucera and Darling, 2002; Morard et al., 2013). On the
other hand, the convergence of the SST estimates indicate the
error is currently relatively small, so the benefit of investing
significantly in taxonomic standardisation of fossil counts for
palaeotemperature estimates is likely to be limited.

The effect of the taxonomic inconsistency on the diver-
sity estimates among the participants is more pronounced
(Figs. 6b—d, 7). The large spread of species richness esti-
mates among the participants underlines the differences in
their taxonomies. Even where participants identified every
specimen the richness varied by up to 9. Clearly the partic-
ipants were using different taxonomic concepts, with some
more likely to lump species together and others more likely
to split. The overall range of the richness based on the dif-
ferent identifications spans virtually the entire range of val-
ues observed in surface sediment datasets from the subtrop-
ical realm (Fig. 7). This suggests that some of the variation
at a given latitude, observed in studies based on compound
datasets (e.g. Rutherford et al., 1999; Fenton et al., 2016),
could be the result of taxonomic inconsistencies between
workers. Diversity metrics considering abundance, such as
Shannon—Wiener or dominance, appear slightly less sensi-
tive to this type of inconsistency, at least at this latitude, as
they give less weight to rare species. Although the metrics
clearly correctly represent the main global community struc-
ture patterns, the observed variability due to taxonomic in-
consistency is large and could overprint community struc-
ture patterns on a regional scale. This possibility should be
accounted for in analyses of compound datasets.

The differences in community structure estimates for the
> 125 ym and the > 150 um follow what is already known as
a result of changes in species abundance at the smaller end
of the size spectrum (Al-Sabouni et al., 2007). Although the
larger size fraction produces slightly more consistent results,
it is not advisable to exclude the smaller specimens if the
aim is to produce a complete census for community analy-
ses. The difference between the slide and the digital tests of
the diversity metrics is less clear (Fig. 6). The digital tests are
closer to the best guess at the richness (the consensus value;
Fig. 6b), but they are less accurate for abundance-based dom-
inance and Shannon—Wiener diversity (Fig. 6¢/d). However,
given the spread among participants, it seems unwise to as-
sume that a set of identifications done based on digital images
would always give a more accurate richness estimate.
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4.4 Implications for the development of automated
classification systems

Automated classification systems need to be calibrated
against a dataset, with species identifications performed by
a taxonomist. Our experiment suggests, given the variation
between participants, that the training of such automated sys-
tems should not rely on identifications made by a single re-
searcher. Additionally, training sets based on actual speci-
mens rather than digital images such as those used in this
study may be more accurate. The agreement for the digital
tests was 63 %—69 %, which is in a similar range to previous
work on other groups of plankton (Simpson et al., 1992; Cul-
verhouse et al., 2003). However, obtaining those taxonomic
names using only on a consensus based on digital images
is problematic. When the sets of consensus values were esti-
mated separately for the digital and the slide tests, the level of
agreement was high for those specimens where the majority
of participants in each analysis agreed on an identification
(96 %—-97%). However, the number of specimens that ob-
tained such a majority agreement among participants (i.e. had
a strict consensus identification) was lower by 6 %-9 % in
the digital tests (Figs. 1, 8), and not just because there were
fewer participants in that analysis (Supplement Fig. S7). All
these specimens were photographed at the same resolution,
making the details of some of the smaller specimens harder
to study. Potentially, using higher-resolution images, partic-
ularly of the smaller specimens, may raise the level of identi-
fication to more like the slide tests. The decrease in accuracy
with smaller sizes for the slide tests (where resolution is not
an issue) as well as the digital tests suggests, however, that
this may not fully resolve the problem.

The digital results were obtained from a more global set
of participants, which could be hypothesised to explain why
the consensus results were more disparate. However, that is
not a problem for the three participants who performed both
tests. In their case, the digital agreement was lower than the
slide agreement in five of the six comparisons. Consistency
between the slide and digital tests conducted by the same per-
son was as low as 57 % in the > 125 pym fraction and 71 % in
the > 150 pm fraction. Additionally, the NMDS distances be-
tween individuals in the same school appear shorter for slide-
based than digital identifications at least for the > 125 pm
fraction (Supplement Fig. S5), suggesting that even when
workers are using similar taxonomic concepts, the digital re-
sults are more disparate. The small number of schools with
multiple individuals in the digital tests makes this compar-
ison only indicative, but if it holds, it is further evidence
that slide tests are more consistent than digital tests. This
implies that the lower agreement in the digital results may
be at least partially driven by the challenge of identifying
three-dimensional objects such as planktonic foraminifera to
species level using flat images. Until we are able to over-
come these problems, automated identification systems that
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use training sets of digital images identified by scientists are
likely to be of limited use for taxonomic studies.

5 Conclusions

We present the results of an experiment, in which a group
of planktonic foraminiferal workers were asked to identify
two sets of 300 specimens, corresponding to representative
collections of specimens from > 150 um and > 125 ym size
fractions of the same sample. The length of time that the par-
ticipants had been working with foraminifera ranged from
3 months to nearly 40 years, and the intensity with which
they perform community counts of planktonic foraminifera
in their research also varied. Some had been trained in identi-
fications, whereas others were self-taught. As such, we con-
sider this group a representative sample of typical workers,
not solely comprised of experts. The specimens were fixed
allowing analysis in only one view. For these reasons, we be-
lieve the observed level of taxonomic disagreement is likely
to be at the more extreme end of the spectrum.

Our experiment revealed that less than one-quarter of the
specimens were identified with 100 % agreement and only
70 %—80 % could be identified with a strict consensus (more
than 50 % of participants agreed). Compared to the con-
sensus, the highest agreement among participants occurred
in larger size fractions (8 % higher for > 150 ym than >
125 um) and in the slide, rather than the digital analysis (7 %
higher in the slide rather than the digital test). We find some
evidence that taxonomic consistency among the community
is enhanced when researchers have been trained by the same
taxonomist (i.e. within a taxonomic school) and when they
regularly identify foraminifera, but length of experience is
not strongly correlated with consistency.

When the resulting IDs were used to calculate transfer-
function SST estimates, the consensus values and the ma-
jority of the participants were correct within error compared
with the actual temperature at the studied site. However, the
spread for community structure (richness, diversity and dom-
inance) estimates was more significant, with species rich-
ness varying by nine. This observation highlights the need to
consider the effect of taxonomic inconsistency among work-
ers when using compound datasets for community structure
analyses.

Our analyses also confirm the additional challenge of us-
ing digital images of foraminifera for training sets in auto-
mated identification analyses. Generally, the agreement for
identifications of digital images was lower than the slide
agreement, with 6 %-9 % fewer specimens obtaining a ma-
jority (i.e. strict consensus) identification. This result sug-
gests that even if there is agreement between participants’ re-
sults on digital images, the resultant identifications are likely
to differ from those based on actual specimens. Considering
these observations, attempts to develop training sets for au-
tomated identification based on digital images identified by
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scientists will have to tackle the issue of information loss due
to two-dimensional rendering of the objects, the difficulty of
obtaining an objective benchmark (correctly identified im-
ages) and the difference in the taxonomic approach taken by
taxonomists in the identification of specimens and their im-
ages.
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