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Octocorals are problematic in their systematics, and the extent of their biodiversity is poorly understood. Integrative 
taxonomy (the use of two or more lines of evidence for the delimitation and description of taxa) is seen as a promising 
way to produce more robust species hypotheses and achieve taxonomic progress in this group. However, many octocoral 
descriptions continue to rely on morphological evidence alone, and the prevalence of integrative methods is unclear. 
Here, a literature survey was conducted to gain an overview of historical description rates and to examine trends in 
the publication of integrative descriptions between the years 2000 and 2020. We find that recent description rates 
are among the highest in the history of octocoral taxonomy, and although increasing, integrative taxon descriptions 
remain in the minority overall. We also find that integrative taxonomy has been applied unevenly across octocoral 
groups and geographical regions. Description rates show no signs of slowing, and no ceiling of total species richness 
has yet come into view. Coupled with a continued overreliance on morphological variation, particularly at the species 
level, this suggests that we might be adding to the workload of taxa requiring future revision faster than such 
instances can be resolved.

ADDITIONAL KEYWORDS: description rates – et al. effect – Linnean shortfall – marine invertebrates – octocorals 
– publication trends – soft corals – species richness – systematics – taxonomic expertise.

INTRODUCTION

The term ‘integrative taxonomy’ was formalized 
independently by two seminal papers in 2005 and 
was proposed primarily to reconcile the rift between 
morphology- and DNA-centric visions for the future of 
taxonomy that prevailed at the time (Dayrat, 2005; Will 
et al., 2005). At its simplest, the integrative approach 
is predicated on the notion that the delimitation and 
description of taxa should be based on two or more 
independent lines of evidence rather than selecting 

only one (Goulding & Dayrat, 2016). Taxonomic 
decisions derived from this approach might combine 
morphological characteristics with, for example, 
developmental, molecular, ecological or behavioural 
data. Since its inception, and despite some conceptual 
disagreements in its application, a formalized 
integrative approach has broadly been regarded as 
the most efficient and most objective way to produce 
robust species hypotheses (de Queiroz, 2007; Padial et 
al., 2010; Schlick-Steiner et al., 2010). Consequently, 
the integrative approach is seen as a promising way 
to overcome the taxonomic impediment (an incomplete 
knowledge of global biodiversity and a shortage of the 
expertise required to document it), especially in light *Corresponding author. E-mail: gustav.kessel@gmail.com
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of the modern biodiversity crisis, which threatens the 
extinction of species even before they can be described 
(Costello et al., 2013a; Sheth & Thaker, 2017; Vinarski, 
2020).

The application of integrative techniques is 
particularly urgent for taxa that are threatened by 
anthropogenic change and/or are poorly understood in 
terms of their diversity. Octocorals form ecologically 
significant and conspicuous components of benthic 
communities across most depths and latitudes 
worldwide (Fabricius & Alderslade, 2001), but now 
face increasing pressure from disturbances such as 
destructive fishing practices (Althaus et al., 2009), 
fossil fuel exploration (De Leo et al., 2015), ocean 
acidification (Gabay et al., 2013) and thermal stress 
owing to rising sea surface temperatures (Fabricius, 
1999; Bruno et al., 2001; Loya et al., 2001; Gambi et al., 
2010; Lõhelaid et al., 2015; Dias & Gondim, 2016). Long 
seen as problematic, octocoral taxonomy remains in 
flux, and the effective future management of octocorals 
will hinge on improved understanding of species 
boundaries. For the most part, taxonomic difficulties 
in this group are attributable to a limited range of 
morphological characters forming the traditional 
basis for octocoral systematics, further exacerbated by 
homoplasy, intraspecific plasticity and the enduring 
legacy of inadequate descriptions published during 
and before the early 20th century (Pérez et al., 2016). 
These factors have often led to incongruence between 
historical classifications and more recent molecular 
phylogenies (as is the case for many groups of marine 
invertebrates) and have highlighted the need for 
revisions throughout Octocorallia at all taxonomic 
levels (Daly et al., 2007).

Problems persist among genetic techniques when 
applied to questions of taxonomy, although their 
application has been instrumental in redressing 
confusion in octocoral taxonomy. Chiefly, many of the 
molecular markers chosen for phylogenetic analyses 
have shown limited variation at the species level 
(McFadden et al., 2010, 2011). This lack of fine-scale 
resolution among some taxa is further complicated 
by hybridization and reticulate evolution, which 
convolute the recent diversification of some genera 
(McFadden & Hutchinson, 2004; Quattrini et al., 2019). 
Additionally, progress in many groups is hampered 
by a dearth of material suitable for DNA extraction. 
Notwithstanding these challenges, recent advances, 
such as the use of ultraconserved elements (Erickson 
et al., 2020), are encouraging, and the integration of 
genetic and morphological data is now often cited as 
key to alleviating the problematic state of octocoral 
taxonomy (Pérez et al., 2016; Núñez-Flores et al., 2020; 
Poliseno et al., 2021).

To date, the rate of taxonomic progress for 
Octocorallia has been reviewed only for certain 

groups, such as the sea pens (Williams, 2011), or 
specific areas, such as Asia (Ramvilas et al., 2019), 
but has not been surveyed for octocorals as a whole 
at the global scale. Neither has the use of integrative 
taxonomy been examined formally. This means that 
there is little by which to judge taxonomic progress 
in the octocoral literature or by which it might be 
compared with efforts in other groups. Accordingly, 
the rate of progress and the impact of integrative 
techniques in octocoral taxonomy are here assessed 
through a literature survey focusing on the last 
21  years. The aim is to elucidate how current 
description rates compare with historical rates and 
how the prevalence of the integrative approach in 
the literature varies across time, regions and taxa. 
It is anticipated that this will provide a useful 
comparative baseline for octocoral taxonomy in 
the coming decades, and it is hoped that this will 
encourage more researchers to practise integrative 
methodologies.

MATERIAL AND METHODS

Records of all currently accepted extant species, 
genera and families in the subclass Octocorallia 
(as of June 2021) were downloaded from the World 
Register of Marine Species database (WoRMS, 2021) 
using the advanced search function (search terms: 
status = ‘accepted’; rank = ‘is species’; belonging to 
‘Octocorallia’; flags = ‘extant’) and compiled in a 
spreadsheet to compare description rates between 
1755 (corresponding to the oldest octocoral species 
description listed in WoRMS) and 2020 (taxa 
described post-2020 were excluded). Note that 
synonymizations at any taxonomic level, although a 
key part in the taxonomy of octocorals, were omitted 
owing to the sheer number of their implementations 
in Octocorallia and the logistical difficulty of tracking 
synonymization histories accurately through 
WoRMS. The data presented here thus provide an 
approximation of the rates (per annum) at which 
species, genera and families of octocorals (going by 
currently accepted taxa) were described initially. This 
should be borne in mind for results and discussions 
relating to ‘description rates’.

Trends in the use of integrative taxonomic 
techniques were examined using original published 
descriptions, which were retrieved for all species, 
genera and families described between and including 
the years 2000–2020 based on taxonomic authorities 
listed in the WoRMS database. Although the concept 
of integrative taxonomy was formalized in 2005 
(Dayrat, 2005; Will et al., 2005), this timespan was 
chosen because genetic techniques were available, 
and studies might have incorporated several lines of 
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evidence in taxon descriptions before 2005. This also 
offers a summary of taxonomic research on octocorals 
throughout the 21st century. Efforts were made to find, 
as near as possible, all other publications from 2000–
2020 (which might not have been listed in WoRMS) 
featuring any of the following taxonomic actions 
pertaining to octocorals: new taxon descriptions at 
the species, genus or family level; resurrections of 
taxa at any of these levels; elevations (e.g. subfamily 
to family or subspecies to species); and transfers (e.g. 
species between genera or genera between families). 
This was done by searching the names of all octocoral 
taxa listed in the WoRMS database with the Web of 
Science research tool using the following fields and 
logical operators: Topic = ‘taxon name’ OR Title = 
‘taxon name’ AND Year Published = 2000–2020. The 
titles and abstracts of all publications in the search 
results were then viewed, and all judged potentially 
to include taxonomic actions on the searched-for 
taxa were retrieved. The relevant sections of all 
publications in the resulting list were then examined, 
and each individual occurrence of any of the above 
taxonomic actions, the types of data used to support 
them and the taxon to which they applied were tallied 
in a spreadsheet. This formed the main dataset. Note 
that for currently accepted taxa that were elevated or 
resurrected, it is the date of first description, not the 
date of elevation or resurrection, that was treated as 
a new taxon description. Geographical distribution 
can be considered implicitly to support taxonomic 
decisions, but it was excluded here (sensu Pante et al., 
2015).

Detailed statistical analyses are not feasible or 
appropriate because of the relative newness of the 
formalized integrative taxonomic approach, which 
meant that these data cover a range of only 21 years 

and resulted in variable and, on occasion, small annual 
count values. Instead, data were used directly to 
examine: general trends in the prevalence of integrative 
taxonomic techniques across time, regions and taxa; 
the total number of taxonomic publications per year; 
the proportion of publications adopting an integrative 
approach; and trends relating to authorship, including 
the proportions of publications by one, two and three 
or more authors and the total author pool per year 
(recorded as the number of different persons listed as 
authors for the whole year, with each person counted 
only once, regardless of how many publications they 
contributed to in that year).

RESULTS

Description rates from 1755 to 2020

Overall, 3590 currently accepted octocoral species, 
399 genera and 56 families were described between 
1755 and 2020. For species, yearly description rates 
are highly variable, but peak markedly in the years 
1889, 1906 and 1908–1910 (Fig. 1). When plotted 
cumulatively, the first decade of the 20th century 
clearly stands out as a period of exceptionally high 
description rates, followed by a long period of steady 
progress and slight acceleration in the late 1990s (Fig. 
2A). Accordingly, when broken into 20-year intervals, 
the mean number of species descriptions per year 
is highest for the period 1901–1920, and 2001–2020 
shows the highest rates of species description since the 
turn of the 20th century (Fig. 3). For genera, description 
rates increase dramatically in the 1990s, reaching their 
highest ever rate (Fig. 2A), whereas family description 
rates spike post-2005 to levels not seen since the mid-
1800s (Fig. 2B).

Figure 1.  Number of new octocoral species descriptions per year, 1755–2020.
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Species descriptions in 2000–2020

Between 2000 and 2020, 596 currently accepted species 
were described, 135 (23%) of which were described 
using an integrative taxonomic approach. Almost all 
integrative descriptions (134 of 135) include genetic 
evidence in addition to morphological data. Only two 

species descriptions include other forms of data, in 
this case reproductive traits (López-González & Gili, 
2000; Richards et al., 2018), one of which does include a 
genetic component.

The proportion of species described using an 
integrative approach (morphomolecular comparisons 
in almost all cases) fluctuates from year to year (Fig. 
4). Pre-2007, this proportion is uniformly close to zero. 
Post-2007, integrative descriptions are most often in the 
minority in comparison to morphology-only descriptions, 
but they do constitute a majority in 2014 and 2017, 
noticeably trending up overall (Fig. 4). This is confirmed 
when viewed in 5-year intervals, as the proportion of 
integrative species descriptions rises steadily: 2001–
2005 = 117 new species, 2% integrative; 2006–2010 = 138 
new species, 20% integrative; 2011–2015 = 126 new 
species, 29% integrative; 2016–2020 = 185 new species, 
36% integrative. Between 2000 and 2020, there were 
also eight elevations to the species level from subspecies 
(one with an integrative approach) and seven species 
resurrections (two with an integrative approach).

Figure 2.  Cumulative number of octocoral species, genus and family descriptions per year (1755–2020): A, species and 
genera; B, families. Note different axis scales for species (primary y-axis in A), genera (secondary y-axis in A) and families 
(B).

Figure 3.  Mean number (±95%) of octocoral descriptions 
per 20-year interval (1755–2020).
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Taxonomic actions at genus and family levels 
in 2000–2020

At the genus level, there were 105 new descriptions 
from 2000 to 2020 (Fig. 2A), with 77 of these (73%) 
using an integrative approach. Two genera described 
as new in this period were subsequently subsumed into 
other genera, and both of these were initially described 
based only on morphological data. There were also 
seven genus resurrections, five with an integrative 
approach, and 359 instances of existing species being 
transferred to a different genus, with 54 of these (15%) 
using an integrative approach (note that some species 
were transferred between genera multiple times). 
Nine new families were described (Fig. 2B), eight 
(89%) with an integrative approach, and 36 species 
were transferred to a different family, with 12 of these 
transfers (33%) based on integrative evidence (note 
that a family-level change for a given species may or 
may not have coincided with a genus-level change). In 
terms of genera, 13 were transferred from one family 
to another, with 11 of these (85%) based on integrative 
evidence.

Trends by taxonomic group in 2000–2020

Integrative techniques are not evenly applied in 
species descriptions across octocoral groups (Table 
1). The use of integrative taxonomy is low among sea 
pens (Pennatulacea) and in the suborder Holaxonia, 
but high in Stolonifera and Helioporacea (blue corals), 
although the latter is composed of only two new 
descriptions between 2000 and 2020 (Table 1). The 
families Primnoidae, Alcyoniidae and Nephtheidae 
show the highest numbers of new species descriptions, 
but Alcyoniidae has by far the most, with 32 integrative 

descriptions (Table 1). Chrysogorgiidae is notable for 
having both relatively high description numbers (31) 
and percentages of integrative descriptions (39%). 
Most families with higher percentages of integrative 
descriptions are represented by few descriptions 
(Table 1).

Trends by geographical region in 2000–2020

Likewise, both the number of species described and 
the proportionate use of integrative techniques in 
their descriptions varies widely between geographical 
regions (Table 2). Palau, South Africa and Western 
Pacific seamounts are the only regions from which a 
clear majority of the collected material was described 
using an integrative approach. In the regions of the 
Mediterranean, Papua New Guinea and Pacific South 
America, the proportion is around half, and that for 
most other regions is 10–30% (Table 2). In contrast, at 
the scale of whole oceanic regions, the use of integrative 
taxonomy is relatively even, with ~20–25% of species 
descriptions adopting this approach for material from 
the Atlantic, Indian, Pacific and Southern oceans 
(Table 2). However, oceans vary substantially in 
their number of species descriptions, with far more 
descriptions based on Pacific than Atlantic material, 
for example (Table 2).

Publication and authorship trends in 2000–2020

In total, 255 octocoral publications are recorded as 
making taxonomic decisions between 2000 and 2020, of 
which 79 (30%) adopt an integrative approach. The 596 
species descriptions published in this timespan appear 
in 231 of these publications, of which 66 (29%) include 

Figure 4.  Number of new octocoral species descriptions per year (2000–2020) that used either an integrative approach or 
morphological data only.
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Table 1.  Octocoral species descriptions (2000–2020) by taxonomic groups

Order Number of 
new species 
descriptions 

Number of genera  
containing the  
new species 

Number of new 
species described 
using integrative 
approach 

Percentage of new 
species described 
using integrative 
approach 

  Suborder

    Family

Alcyonacea
 �Alcyoniina

  �Acrophytidae 4 2 1 25.0
  �Alcyoniidae 98 22 32 32.7
  �Aquaumbridae 1 1 1 100.0

  �  Leptophytidae 2 2 2 100.0
  �  Nephtheidae 72 5 4 5.6
  �  Nidaliidae 4 2 3 75.0
  �  Paralcyoniidae 6 2 0 0.0
  �  Xeniidae 13 10 1 7.7
      �Total 200 46 44 22
 � Calcaxonia
  �  Chrysogorgiidae 31 8 12 38.7
  �  Ellisellidae 9 2 0 0.0
  �  Huziogorgiidae 1 1 0 0.0
  �  Isididae 16 8 11 68.8
  �  Primnoidae 127 27 14 11.0
      �Total 184 46 37 20.1
 � Holaxonia

  �Acanthogorgiidae 11 4 0 0.0
  �  Dendrobrachiidae 2 1 0 0.0
  �  Gorgoniidae 43 6 5 11.6
  �  Keroeididae 1 1 0 0.0
  �  Plexauridae 47 23 3 6.4
      �Total 104 35 8 7.7

 �Protoalcyonaria
  �  Haimeidae 1 1 0 0.0
 � Scleraxonia

  �Anthothelidae 3 2 2 66.7
  �  Briareidae 2 2 0 0.0
  �  Coralliidae 12 2 6 50.0
  �  Melithaeidae 14 2 3 21.4
  �  Paragorgiidae 14 2 3 21.4
  �  Spongiodermidae 1 1 1 100.0

  �Victorgorgiidae 6 1 5 83.3
      �Total 52 12 20 38.5

 �Stolonifera
  �Arulidae 5 4 5 100.0

  �  Clavulariidae 20 13 15 75.0
  �  Cornulariidae 1 1 0 0.0
  �  Incertae sedis 1 1 0 0.0
      �Total 27 19 20 74.1
 � Incertae sedis

  �Acanthoaxiidae 1 1 0 0.0
  �  Parasphaerascleridae 3 1 1 33.3
  �  Incertae sedis 1 1 0 0.0
      �Total 5 3 1 20.0
Helioporacea 2 2 2 100.0
Pennatulacea 21 15 3 14.3
      �Combined total 596 179 135 22.7
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integrative taxonomic techniques. The remaining 24 
publications include other decisions, such as genus 
transfers or species resurrections, and of these, 16 
(67%) are integrative. Only two of these publications 
combined morphological data with non-genetic 
evidence, including ecological niche differences (Bayer 
et al., 2014) and polyp pulsation behaviour (Halász 
et al., 2013). Overall, the total number of taxonomic 
publications on octocorals, the total author pool and 

the percentage of taxonomic publications taking an 
integrative approach are all trending upwards over 
the last 21 years (Figs 5, 6). In the case of the latter 
two, this is especially clear since 2011, because post-
2011 the lowest yearly author pool and the percentage 
of integrative publications are similar to, or higher 
than, the highest of these values pre-2011. For the 
total number of publications per year, increases are 
comparatively slight and obscured particularly by a 

Table 2.  Octocoral species descriptions (2000–2020) by geographical origin of collected specimens

Region Number of 
new species 
descriptions 

Percentage of 
total number 
of species 
descriptions 

Number of 
new species 
described 
using integra
tive approach 

Percentage of 
new species 
described using 
integrative 
approach 

Atlantic Ocean
 �Northern Atlantic coasts and seamounts 29 4.9 9 31.0
 �Caribbean 19 3.2 1 5.3
 �Coast of South America 13 2.2 2 15.4
 �Mediterranean 2 0.3 1 50.0
 �Other western Atlantic 12 2.0 2 16.7
 �Mid-Atlantic ridge and seamounts 5 0.8 0 0.0
 �West coast of Africa 9 1.5 1 11.1

    �Total 89 14.9 16 18.0
South Africa 19 3.2 13 68.4
Indo-West Pacific

 �Southeast Asia 33 5.5 10 30.3
 �South China Sea 5 0.8 1 20.0
 �Papua New Guinea and New Caledonia 11 1.8 5 45.5
 �Palau 16 2.7 15 93.8
 �Broad distribution and other 35 5.9 0 0.0

    �Total 152 25.5 39 25.7
Indian Ocean

 �East coast of Africa 15 2.5 5 33.3
 �Red Sea 24 4.0 4 16.7
 �Arabian Sea and Persian Gulf 11 1.8 1 9.1

    �Total 50 8.4 10 20.0
Pacific Ocean

 �Japan, Ryukyu Archipelago and Taiwan 43 7.2 10 23.3
 �Far northern Pacific 29 4.9 8 27.6
 �Western Pacific seamounts 10 1.7 10 100.0
 �Hawaii 16 2.7 2 12.5
 �Other Pacific Islands 21 3.5 0 0.0
 �Tasmania 7 1.2 2 28.6
 �New Zealand 40 6.7 4 10.0
 �North-eastern Pacific 28 4.7 3 10.7
 �Coast of Central America 40 6.7 6 15.0
 �Galapagos 10 1.7 0 0.0
 �Coast of South America 11 1.8 5 45.5

    �Total 255 42.8 50 19.6
Southern Ocean and Tierra del Fuego 30 5.0 7 23.3
Undetermined 1 0.2 0 0.0
    �Combined total 596 100.0 135 22.7
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dip in 2014 (Fig. 6). All data fluctuate from year to year, 
particularly the percentage of integrative publications 
(Fig. 5), which is zero in 2001, 2002 and 2009, but 
spikes in 2014 (but note low total publications), 2017 
and 2020. Of the 79 total integrative papers, four are 
by single authors, 32 by two authors and 43 by three 
or more. Of the 176 total non-integrative papers, 61 
are by one author, 95 by two authors and 20 by three 
or more.

DISCUSSION

Description rates and the use of integrative 
taxonomy

The exceptional pace of octocoral species descriptions 
around the turn of the 20th century is unsurprising, 
because the same phenomenon has been identified 
for description rates concerning all life (Costello et 
al., 2012). For octocorals, this was driven by a number 
of major scientific expeditions operating around this 
time and the release of their reports (see Bayer, 2001), 
which coincide precisely with the peaks in Figure 1. 
This includes species collected, for example, during 
the HMS Challenger (Wright & Studer, 1889), RIMS 
Investigator (Thomson & Henderson, 1906; Thomson 
& Simpson, 1909), Valdivia (e.g. Kükenthal, 1906) and 
Siboga voyages (e.g. Versluys, 1906; Nutting, 1910). In 
part, the apparent rapidity of species accumulation 
during this period might also be attributable to many 
descriptions from this era still requiring revisions 
(Pérez et al., 2016), and thus the steepness of the 
curve in Figure 2A might be somewhat softened in the 
future. Conversely, had descriptions been plotted for 
species that were later synonymized or are currently 
not accepted for other reasons, the steepness of 
cumulative species descriptions would probably have 
been more exaggerated in the early 1900s. Although 
beyond the scope of the present study, the high number 
of synonymizations in Octocorallia might warrant 

further investigation regarding temporal, regional 
and taxonomic patterns of their implementation. By 
the measure of currently accepted taxa only, the last 
21 years have seen higher species description rates 
than at any other point since the early 1900s. This 
might not hold true for all groups, but rates in sea 
pens (Pennatulacea), for example, showed a decline 
(Williams, 2011).

Crucially, the general acceleration in descriptions 
pre-dates the formalization of integrative taxonomy 
in the taxonomic literature (Dayrat, 2005; Will et 
al., 2005). Taxonomy has integrated multiple lines 
of evidence for most of its long history (Valdecasas et 
al., 2008), but the coining of ‘integrative taxonomy’ 
marked the most explicit call for the transformation 
of taxonomy and systematics into a multidisciplinary 
field and was widely expected to trigger a surge 
in new taxon descriptions over the following years 
(see Vinarski, 2020). Yet for octocorals, species 
description rates began to rise before this, in the 
late 1990s (see inflection in Fig. 2A). The inception of 
genetic applications in octocoral taxonomy coincides 
with this date (e.g. Lasker et al., 1996; McFadden, 
1999), but considering that morphomolecular 
integration was rare before ~2007, this cannot 
account for the start of elevated description rates 
alone. Neither can the integration of other forms 
of data, because integrative taxonomy in octocorals 
is centred overwhelmingly on the combination of 
morphological and molecular data, with other forms 
being numerically negligible.

Integrative taxonomy, more or less exclusively in the 
form of morphomolecular comparisons, continued to 
increase in prominence, reaching 36% of publications 
over the years 2016–2020. The integrative approach 
might thus have contributed to maintaining historically 
high species description rates among octocorals during 
this time, for example by uncovering cryptic species 
(McFadden & Van Ofwegen, 2013), but it seems not 
directly to have caused the initial 1990s acceleration 

Figure 5.  Percentage of all taxonomic publications 
on octocorals using an integrative approach per year 
(2000–2020).

Figure 6.  Total author pool and number of taxonomic 
publications on octocorals per year (2000–2020).
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itself. Therefore, since 2005, the impact of integrative 
taxonomy on octocoral taxonomy at the species level is, 
for now, better characterized as adjuvant rather than 
revolutionary. This is not entirely surprising, because 
it mirrors findings concerning all Animalia by Pante et 
al. (2015) and suggests that for octocorals other factors 
improved description rates late in the 20th century. This 
might include increases in revisions, sampling and the 
number of active researchers, or changes relating to 
the difficulty of publication. Additionally, by the early 
2000s, the publication of the first ever comprehensive 
soft coral identification guide by Fabricius & Alderslade 
(2001) introduced a far larger audience to octocoral 
taxonomic procedure and is likely to have facilitated 
the discovery of new species.

At the genus level, description rates also began 
to increase in the late 1990s, unlike at the species 
level, but a further acceleration is discernible post-
2005, and descriptions then continue at their highest 
ever rates since the mid-1800s. The high proportion of 
integrative generic descriptions since 2000 (73%), also 
contrasts with the comparatively low prevalence of 
this approach at the species level (23%) and indicates 
that integrative morphomolecular techniques were 
key in maintaining high genus description rates 
over the last 21 years. Furthermore, the integrative 
approach has been applied almost universally at the 
family level since the year 2000. The impacts of this, 
in addition to improved genetic techniques, are clearly 
visible and are manifested as the steepest increase 
in description rates since the mid-1800s by around 
the year 2010. In summary, genus- and family-level 
taxonomic descriptions are made using an integrative 
approach more frequently than at the species level. 
This is most probably attributable to the difficulty 
of finding suitable species-level genetic markers in 
octocorals, meaning that higher taxa are more readily 
discernible by comparison (McFadden et al., 2011).

Trends by taxonomic group

The application of integrative species descriptions is 
uneven across octocoral groups. No single overarching 
explanation can account for the observed patterns, 
which are probably caused by factors particular 
to each taxon. For example, in groups such as the 
family Clavulariidae, species tend to be small and 
inconspicuous, with similar morphologies that 
might necessitate data integration for robust species 
delimitation (e.g. McFadden & Van Ofwegen, 2012a; Lau 
& Reimer, 2019). This would lead to a high proportion 
of integrative descriptions relative to other taxa, which 
might have more diagnostic morphological features. 
Equally, patterns might reflect the opportunistic 
nature by which octocoral sampling is often carried 
out. In some groups, fresh specimens permitting an 

integrative approach might be more readily available, 
particularly for those inhabiting easily accessible 
depths and environments, whereas others might be 
limited by the age and the state of preservation of 
archived material or the relative inaccessibility of their 
habitat. Likewise, patterns might reflect the personal 
preferences or expertise of the authors specializing 
in or focusing on different groups. For example, 70 of 
the 127 species added to Primnoidae since the year 
2000 were described (without the use of genetic data) 
by Cairns (2006, 2007a, b, 2009, 2010, 2011, 2012a, b, 
2015, 2018a, b).

Historically, taxa that are easily discernible as new 
might simply have been described earlier than more 
difficult ones. In other words, little ‘low-hanging fruit’ 
remains to be picked, leaving mostly cryptic taxa that 
require genetic data to be recognized and discriminated, 
particularly at genus and family levels. Accordingly, all 
groups associated with high proportions of integrative 
species descriptions (80–100%) are made up of families 
or composed of genera that were described recently 
and for which genetic evidence was crucial, including 
Aquaumbridae (Breedy et al., 2012), Arulidae 
(McFadden & Van Ofwegen, 2012b), Leptophytidae 
(McFadden & Van Ofwegen, 2017) and Victorgorgiidae 
(Moore et al., 2017).

Trends by geographical region

Patterns relating to integrative taxonomy are difficult 
to discern at the regional or national scale and, again, 
are likely to stem from idiosyncrasies of each area, 
such as its size, accessibility, underlying octocoral 
diversity and resident expertise, in addition to biases 
in which established institutions and experts choose 
to (or are able to) focus their efforts. The notably high 
usage of this approach in South Africa, for example, 
is likely to result from strong research interest owing 
to its status as an important centre of endemism 
for octocorals (McFadden & Van Ofwegen, 2017). 
In contrast, when whole oceans are considered, the 
worldwide application of integrative taxonomy to 
species descriptions is roughly even at ~20% for each 
ocean, despite the variability in absolute numbers 
of descriptions between oceans. Indeed, in terms of 
total species descriptions, the taxonomic literature is 
as scattered in geographical coverage now as it was 
when this was recognized by Bayer (1981), and many 
of the same trends continue; namely, regions with a 
long history of research, such as the Mediterranean, 
are considered more or less complete in their species 
inventories, whereas the octocoral diversity of the 
vast and species-rich Pacific and Indian oceans is, by 
comparison, poorly known and continues to provide 
rich grounds for species discovery (see overview by 
Pérez et al., 2016).
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Authorship and other trends in the literature

Overall, the uptake of integrative taxonomy 
in octocorals was delayed following its formal 
introduction in the literature as a modern paradigm 
and lags behind its usage in numerous other taxa (e.g. 
see Pante et al., 2015; Vinarski, 2020). Principally, this 
is likely to be because the years ~2000–2010 acted as 
a genetic discovery period for octocorals, during which 
markers were developed, explored and, eventually, 
adopted as being systematically informative (France 
& Hoover, 2001; McFadden et al., 2004, 2006, 2011). 
This is supported by the percentage of integrative 
taxonomic papers on octocorals increasing only 
since ~2011. Given that most integrative taxonomic 
publications featured multiple authors, this, in turn, 
is likely to have contributed greatly to the roughly 
concomitant increase in the total author pool. 
Together, these factors highlight the multidisciplinary 
nature of the approach and explain why yearly author 
pools have risen more sharply than the total number 
of taxonomic publications. The growing number of 
authors is thus an example of the ‘et al. effect’ (an 
increase in authors per species named; sensu Costello 
et al., 2013b) and illustrates a departure from the 
lone taxonomist stereotype in favour of modern 
collaborative approaches between specialists with a 
range of skill sets.

One step forward, two steps back?

The reasons why many taxonomic researchers tend 
not to use genetic techniques are unclear, because 
these are almost never stated. This might represent an 
enduring generational effect related to the preferences 
and expertise of long-established researchers (as 
noted above). Available material might simply not be 
suitable for DNA extraction in many cases, or access to 
the technology might be limited by high cost, resource 
requirements and the existing collaborative networks 
of individual researchers. Alternatively, reluctance 
might stem from a reputation that even when 
attempted, genetic resolution is often insufficient to 
delimit octocoral species or might be incongruent with 
other data (e.g. Sánchez et al., 2003; Cairns & Bayer, 
2005; Wirshing et al., 2005; Cairns & Baco, 2007; 
McFadden et al., 2006, 2009).

Where it is applied, the integrative approach 
revolves almost exclusively around morphomolecular 
comparisons. In contrast, all other forms of data 
(e.g. reproductive traits, Richards et al., 2018; López-
González & Gili, 2000; polyp pulsation behaviour, 
Halász et al., 2013; ecological information, Bayer et 
al., 2014) constitute a small minority in the taxonomic 
literature (2000–2020) but might, nonetheless, prove 
highly useful in adjudicating cases of morphological 

and molecular incongruence in the future. The rarity 
of other data sources is probably a symptom of the 
fact that taxonomic research in this group (as in many 
others) tends to rely heavily on preserved specimens. 
In addition to possessing potentially degraded DNA, 
it can be difficult or impossible to glean ecological, 
reproductive or behavioural data from such material, 
which can also be accompanied by little or no 
distributional or habitat context. It could then be said 
that octocorals are inherently difficult subjects for the 
integrative taxonomic approach, as indeed are many 
marine invertebrates (e.g. Wandeler et al., 2007; Zeng 
et al., 2019). This is problematic because descriptions 
based solely on morphology are less robust and thus 
more likely to be erroneous. Therefore, considering 
the scope of taxonomic problems in Octocorallia, the 
high rate of contemporary species descriptions and the 
still gradual uptake of integrative taxonomy (as seen 
through proportions of integrative species descriptions 
and publications), we might currently be adding to the 
workload of instances requiring future revision faster 
than these are being resolved.

Limitations and future research

Ultimately, ‘the integrative future of taxonomy’ (Padial 
et al., 2010) is only beginning to dawn for octocorals, but 
a new phase of discovery is well underway. Description 
rates at species, genus and family levels show no signs 
of slowing and might be indicative of a large number 
of taxa still to be found. Bayer (1981) estimated a total 
fauna of ~4000 species globally. This seems certain to 
be exceeded, especially considering that many genera 
have never been taxonomically revised, most of the 
world has never been systematically sampled (Pérez 
et al., 2016), and a vast amount of material already 
collected remains to be examined. This, in turn, poses 
the question, how many species of octocoral are there? 
As a horizon of total species richness has not yet come 
into view, this will be difficult to answer. It might be 
useful to try to estimate this using species discovery 
curves (e.g. De Clerck et al., 2013; Edie et al., 2017). 
However, across a broad range of plant and animal 
taxa, predictions of species richness are associated 
with high margins of error in groups with highly 
incomplete inventories (Bebber et al., 2007). This 
means that until octocoral description rates begin to 
level off, it might be inappropriate or even impossible 
to calculate discovery curves and attempt to predict a 
ceiling for the number of taxa in this group.

Examining how often evidence of unidentified 
species (or species suspected of being undescribed) 
is published might contribute to future estimates 
of diversity. Likewise, ascertaining how the use of 
integrative techniques in Octocorallia compares 
with other taxa might inform realistic timeframes 
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for taxonomic progress, but this will require similar 
focused literature surveys to be conducted for a range 
of taxa (beyond those by Pante et al., 2015; Vinarski, 
2020 generalizing for all Animalia), and detailed direct 
comparisons have not yet been made. Answers to 
these questions will be essential in shaping research 
priorities in octocoral taxonomy throughout the rest 
of the 21st century. Fundamentally, this accumulation 
of biodiversity knowledge will require a substantial 
increase in the use of integrative taxonomic practices 
to add to our understanding of octocoral phylogeny 
and systematics, rather than adding to the burden 
of lingering taxonomic confusion through the risk of 
erroneous descriptions based solely on morphological 
data.

Albeit speculative and in stark opposition to the 
perceived importance of integrative taxonomy, a 
future without the need for such an approach might 
be possible. Although the universal animal COI 
barcode does not distinguish reliably between species 
of anthozoan cnidarians (McFadden et al., 2011), new 
methods can do so with increasing, unprecedented 
eff iciency. Modern phylogenomics and RAD-
sequencing, in particular, are proving revolutionary 
for species delimitation purposes (Herrera & Shank, 
2016; Erickson et al., 2020). Even species with no 
evident distinguishing morphological, ecological or 
distributional characters can now be discriminated 
using only genetic data (McFadden et al., 2017). To 
inform this progress, it might be useful to quantify 
how the success of DNA at species delimitation and 
the emphasis of morphological or genetic evidence in 
cases of incongruence has changed over time through 
further examinations and analyses of the literature. 
We could then be well placed to ask: what will be the 
role of integrative taxonomy, let alone morphological 
methods, in a future where genomic capability is easily 
available to octocoral researchers? DNA sequences 
might soon serve as defining diagnostic characters in 
formal descriptions of octocorals, as they already do in 
various other plant, animal and fungal taxa (reviewed 
by Renner, 2016). Perhaps integrative taxonomy is a 
transitional step between a discipline dominated by 
morphology in the past and genetics in the future. 
Without doubt, this carries profound philosophical 
implications for how we interpret different forms 
of data and choose from among many competing 
species concepts in the systematic delineation of 
species and what data we incorporate into taxonomic 
descriptions and diagnoses. This will require collective 
introspection by the taxonomic community that is far 
beyond the scope of the present study. Regardless, 
134 species, 77 genera and eight families were newly 
described using morphomolecular comparisons over 
the last two decades, some of which would probably 
not have been brought to light through morphological 

study alone. For now, the contribution of integrative 
taxonomy to our understanding of octocoral diversity 
and systematics is clear, and the use of this approach 
is only set to grow.

Conclusion

Currently, octocoral species, genera and families are 
being described at exceptionally high rates, not seen 
since the late 19th and early 20th centuries, and the 
implementation of integrative taxonomy in octocorals 
has seen a marked increase in recent years. However, 
since the year 2000, the integrative approach has 
been applied unevenly across taxonomic levels, 
taxonomic groups and geographical regions and, 
crucially, the majority of taxonomic decisions overall 
continue to be made solely based on morphological 
data. Descriptions based only on morphological 
data are problematic, because they are less robust 
than integrative descriptions and more likely to be 
erroneous. Many taxonomic problems persist within 
Octocorallia, and because description rates show no 
signs of slowing, we might currently be adding to the 
workload of instances requiring future revision faster 
than these can be resolved. With no ceiling of total 
species richness yet apparent, the early 21st century 
represents an exceptional period of discovery in the 
history of octocoral taxonomy and, encouragingly, this 
momentum is being carried forwards by a growing 
field of authors using rapidly advancing molecular 
methods.
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