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Abstract: Two new Kneria species, K. luansaensis sp. nov. and K. maxi sp. nov., are described from the
Luansa River, a left bank tributary of the lower Luapula in the Bangweulu-Mweru ecoregion, based
on an integrative approach using morphological and COI barcoding evidence. While K. luansaensis
sp. nov. occurs from the source of the Luansa further downstream to above the last of the three
Sanshifolo Falls, K. maxi sp. nov. only occurs downstream of all these three major falls. In Kneria,
males of about >33 mm Lg have an opercular and a postopercular organ. The number of lamellae
on the latter seems to contain some alpha-taxonomic information, although this requires further
study as allometric changes occur at about <45 mm Lg. Additional external morphological characters
differ between sexes, i.e., the (i) pectoral fin width (wider in males than females), (ii) dorsal fin height
(longer in males than females), and (iii) length of the longest ray of the lower caudal fin lobe (longer
in males than females). Agriculture, fishing with ichthyotoxines, and logging are the most pressing
threats on the Luansa and thus to both the new species. Their discovery in one of the rivers of
the Kundelungu Plateau and its surroundings located outside the present-day boundaries of the
Kundelungu National Park highlights the need for a refined and improved protection strategy for
this freshwater key biodiversity area.

Keywords: COI barcoding; Kneria luansaensis sp. nov.; K. maxi sp. nov.; kundelungu national park;
kundelungu plateau; morphological approach; opercular/postopercular organ; protection; sexual
dimorphism; waterfalls

1. Introduction

The Kneriidae are freshwater fishes endemic to Africa [1-4]. Based on their external
morphology, members of this family are characterised by having a subterminale mouth, a
protruding upper jaw, a lateral line, and cycloid scales present in some of its representatives
only [5-7]. To date, the family contains 31 valid species divided over the four present-day
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genera [8]. The genus Kneria Steindachner, 1866 (13 species) [Supplementary Materials (SM):
Table S1] is the second most species-rich genus after Parakneria Poll, 1965 (15 species), which
are both clearly more species-rich than the two remaining genera, Cromeria Boulenger,
1901 (two species), and Grasseichthys Géry, 1964 (monospecific at present; but, possibly
containing a second species) [9].

The genus Kneria was erected in the original description of Kneria angolensis Stein-
dachner, 1866 from Angola, and the species itself was designated type species of the genus
by monotypy [10], i.e., it being the only species attributed to this new genus. As the de-
scription of K. angolensis was based on a single female specimen, it lacks both the opercular
and postopercular organs [11]. Instead, based on the presence of both the opercular and
postopercular organs, Pellegrin [12] described the genus Xenopomichthys, with K. auriculata
from the Muza River, a left bank subtributary of the Buzi, the latter a coastal basin draining
to the Indian Ocean (Mozambique), as type species; this by monotypy as well. Both of
these organs were, based on observations made by Poll [13], identified as sexual dimorphic
and occurring in males only, thus rendering the genus Xenopomichthys a junior synonym of
the genus Kneria [14]. The opercular organ consists of a circular adhesive disc located on
the opercular bone and having a well-developed reinforcement in adult males [11]. The
postopercular organ, instead, is an oval, striated organ, formed by a dermal thickening
bearing differentiated scales constituting a series of lamellae [15]. Males apparently use
this apparatus to attach themselves to females, at least during prespawning behaviour.
However, its exact function, such as its possible use during the spawning act, remains
unknown [16].

Kneria have a slightly depressed body [17]. The dorsal fin is situated behind or above
the pelvic fins and the anal fin is closer to the pelvic fins than to the caudal [18,19] or
intermediate to both [20]. The head is depressed and wide, and the snout narrow and
pointed. The mouth is inferior with a cutaneous fold, forming a wide lower lip with a
keratinised sharp rim. The eyes are in a lateral position, being visible both from above
as well as from below the head [15]. The lateral line is curving downwards behind the
operculum at the pectoral level in species of the genus Kneria, a character distinguishing it
from the species of the genus Parakneria, whose lateral line is more or less straight [16,21].

To date, nine valid species [22] are known from the Congo Basin sensu lato (s.1.)
(SM: Table S1), i.e., including Lake Tanganyika and its tributary rivers as well as the Lake
Kivu Basin [23]. Only four of these species were originally described from the Congo
Basin s.l. (SM: Table S1), i.e., K. katangae Poll, 1976, K. paucisquamata Poll and Stewart,
1975, K. stappersii Boulenger, 1915, and K. wittei Poll, 1944. Further, four more species, i.e.,
K. angolensis, K. ansorgii, K. auriculata, and K. polli were reported from the Congo Basin.
However, in 1976, Poll [20] already reported that none of these four species are to be found
in the Congo Basin s.1., while in 1984, he stipulated that K. auriculata is [2]. Nevertheless,
later, Seegers [16] and Skelton [19] even questioned the presence of that last one in the
Congo Basin s.1.

Kneria wittei was described from the Lukuga Basin, the outlet of Lake Tanganyika,
at Makala Village [18]. It was also reported from some rivers draining the Kundelungu
Plateau (KP), including some of the Kundelungu National Park (KNP) and from the Biano and
Kibara plateaus in the Upemba National Park (UNP) [20]. However, in 1976, Malaisse [24-26]
and Poll [20] indicated that, all Kneria populations from the Luansa River above and below
the waterfalls are K. wittei. This makes K. wittei the only species reported from the lower
Luapula, i.e., from below the Mambilima Rapids [27].

Different recent expeditions (2012-2018) were organised to study the fish diversity of
the KNP (Figure 1). In 2014, 2016, and 2017, a total of six Kneria populations were sampled
in the Luansa River (Luansa is the phonetically correct spelling following its appellation in
Lamba, a Bantu language spoken by the autochthonous inhabitants of Kabyashya, although
referred to as Luanza by Malaisse [24]).
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Figure 1. The Bangweulu-Mweru (B-M) ecoregion (ECR) (dotted line) showing e, the Luansa River
[(eastern side of the Kundelungu Plateau (KP)] amongst its neighbouring basins in the ecoregion
such as , the Lofoi River (western side of the KP), and O the Lutshipuka River (eastern side of the
KP). (a) Mumbatuta Falls, (b) Mambilima Rapids, and (c) Kyubo Falls. KNP: Kundelungu National
Park, KP: Kundelungu Plateau, and UNP: Upemba National Park.

However, the different colour patterns of specimens originating from six different,
recently sampled, localities along the Luansa do not correspond to those described for
K. wittei [28]. Indeed, an integrative study, based on colour and colour pattern (qualitative),
meristic and measurement (quantitative), and genetic (COIl mtDNA) data, confirmed that
none of these populations can be assigned to K. wittei, nor to any other known Kneria
species from the Bangweulu-Mweru (B-M) and the Upper Lualaba (UL) ecoregions (ECR;
sensu Abell et al. [29]). Instead, all six sampled populations correspond to two new species
for science, with the specimens from the five most upstream populations here named
K. luansaensis sp. nov., and those from the most downstream populations only here named
K. maxi sp. nov. As a result, the need for improved aquatic conservation/protection in the
region is discussed as the Luansa River, draining part of the KP and its surroundings, is
affected by several anthropogenic impacts. These are worrying, as they not only threaten
both new species, but its aquatic fauna as a whole, mainly because the major part of the
Luansa Basin is located outside the KNP.
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2. Material and Methods
2.1. Sampling Methods

Specimens were collected during expeditions organised in 2014, 2016, and 2017. In-
ternational and national recommendations for fish handling and ethical standards were
considered [30]. Fish were caught using two fishing methods: (i) rotenone, as authorised
for scientific sampling based on article 20 of the Democratic Republic of the Congo (DRC) of
the nature conservation law of February 2014, while referring also to article 30 of the DRC
ordinance of 18 January 1958, and (ii) hand net fishing. All specimens were anaesthetised
using clove oil before identification, photography, and fixation in accordance to the Euro-
pean Directive 2010/63/EU following the guidelines from the Animal Ethics Committee of
the KU Leuven (Belgium). Fish were tagged and a fin clip of the pelvic, or, sometimes, of
the pectoral fin, was taken from the right side and kept in alcohol 96% for genetic analysis.
Thereafter, fish were fixed in 10% formaldehyde before being transferred to 70% ethanol for
long-term storage at the Royal Museum for Central Africa (RMCA) or the SNSB-Bavarian
State Collection of Zoology (ZSM).

2.2. Morphological Approach

A total of 167 specimens were examined in full detail. These include 131 newly
collected specimens from six populations along the Luansa River (Figures 1 and 2). From
up-to downstream, these are: 37 specimens [19 males (M) and 18 females (F)] from the
main channel, on the Kundelungu Plateau (KP), above Kasompola Falls; 30 (15 M and 15 F)
from the Milembwe River, a left bank tributary of the Luansa, on the KP, above Kasompola
Falls; 10 (5 M and 5 F) from the main channel above the first Sanshifolo Falls; 25 (12 M
and 13 F) from the main channel above the second Sanshifolo Falls; 10 (5 M and 5 F) from
the main channel above the third Sanshifolo Falls; and finally, 19 (10 M and 9 F) from
the main channel downstream of all falls. Further, these also include 27 specimens (11 M
and 16 F) of K. wittei collected from the rivers of the Lukuga Basin near Makala Village,
type locality of K. wittei (SM: Table S1), and include the holotype (F). Finally, these also
include 9 specimens (3 M and 6 F) of K. stappersii collected from the Lubumbashi River
and its tributaries. This species, originally described and known from the middle Luapula
(SM: Table S2), is morphologically highly similar to the species found downstream of all
the falls on the Luansa River but geographically separated by the Mambilima Rapids,
delimitating the middle from the lower Luapula [27]. For more details, see comparative
material studied and SM Table S2. All locality data were translated into English. Following
the current RMCA policy, collection numbers were renamed with former RMCA numbers
A0 up to A9 now being listed as RMCA 2000-2009 and B0 up to B6 as RMCA 2010-2016.

In addition, for 101 more males, the standard length (Ls), the tubercle/lamellar struc-
ture of the opercular organ, and the number of lamellae in the postopercular organ were
documented as to further critically evaluate the species specificity of the last two characters.
These specimens included: (i) 37 K. sp. ‘lua-upstream’ (=K. luansaensis sp. nov.), of which
five of K. sp. ‘lua-upstream’ IntP1, seven of K. sp. ‘lua-upstream’ IntP2, and 25 of K. sp.
‘lua-upstream’ IntP3; (ii) one of K. sp. ‘lua downstream’ (=K. maxi sp. nov.); (iii) 13 of
K. stappersii; and (iv) 50 of K. wittei.
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Figure 2. Longitudinal profile of the Luansa River, a right bank tributary of the Lwise, up to its
confluence with the latter. (i) The major falls, with their names (left side), and (ii) the six sampling
sections, with their acronym (right side) from up-to downstream, are indicated as follows: KP1L
(section i): first locality on the Kundelungu Plateau (KP), in the Luansa River (L) itself; KP2M: second
locality on the KP, in the Milembwe River (M), its left bank tributary; IntP1: intermediate plateau 1;
IntP2: intermediate plateau 2; IntP3: intermediate plateau 3; and ds: downstream of all falls.

For both new species, only specimens studied in full detail were selected as part of
the type series; all other specimens are listed as “additional non-type material examined”,
instead. Further, for the holotype of both new species, a male specimen was chosen, even
if the holotype of K. wittei is a female. The main reason for this is that both the opercular
and postopercular organs are present in males only, and bear additional meristic and
morphometric characters that are possibly diagnostic, i.e., potentially separating species.

Ten meristic counts were taken following Poll [20]. Among these, nine were taken
from both sexes, except for the number of lamellae in the postopercular organ, as only
males have this organ.

Thirty-four measurements were also taken, 31 from both sexes, and three additional
ones related to the presence of the opercular organ, from males only. The last ones, as
described by Abwe [28], are: (i) the outer diameter of the opercular organ; (ii) the inner
diameter of the opercular organ; and (iii) the postopercular organ length (SM: Figure S1).
For the remaining measurements, eight or ten were taken on the head of female and male
specimens, respectively; and 23 and 24, respectively, from the body (SM: Figure S1). Sixteen
of these measurements were taken as described by Poll [20] (SM: Figure Sla: n°4, 6, 8,
and 21; SM: Figure S1b: n°13, and 23-26; and SM Figure Slc: n°1-3, 5,7, 9, 20, and 25),
and three as by Seegers [16] (SM: Figure Slc: n°17, 18, and 22). Finally, the 15 remaining
measurements were taken as described by Abwe [28] (SM: Figure S1b: n°10, 11, 12, 14, 16;
SM: Figure Slc: n°19, 27, 28, 29, 31, 32, 30, 33, and 34). All measurements were taken with
digital callipers to the nearest 0.01 mm on the left side of the specimens, except if this side
was damaged. Counts and measurements were carried out under a stereomicroscope.

Data were explored and analysed using principal component analyses (PCAs). Meris-
tics and measurements were analysed separately, with the correlation matrix used for the
PCA on the raw meristics and the covariance matrix for the PCA on the log-transformed
measurements [31,32]. Statistical analyses were executed using Past Software (Paleon-
tological statistics) 3.10 [33] and Statistica 8.0, for PCA as a multivariate approach, and
Mann-Whitney U (MWU) tests as a univariate approach, respectively. Being invariable,
the numbers of simple and branched dorsal fin rays, simple and branched caudal fin rays,
and simple anal fin rays, were not included in the PCAs. For the PCAs of meristics, the
scores on the first (PCI) and the second axis (PCII) were considered. For the PCAs of the
log-transformed measurements, however, the first axis (PCI) of the PCA can be interpreted
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as a proxy for size, and therefore, the second (PCII) and third axes (PCIII) were used to
explore presumably size-independent variation [32].

Further, non-parametric MWU-tests were used for the univariate comparison of raw
meristics and relative measurements (percentages) [34-36], with sequential Bonferroni
corrections applied to correct for multiple comparisons [37]. MWU-tests were only per-
formed on sample sizes of n > 4 specimens. Further, only specimens of a similar length class
(Ls: p value > 0.5) were used to minimise allometric effects [38]. Finally, the diagnostic value
of the studied characters was inferred by using simple scatterplots of the measurements,
in percentage, against head length (L), for measurements taken on the head, or against
standard length (Lg), for measurements taken on the body:.

To explore for possible sexual dimorphism, meristics and measurements were first
analysed separately for females and males, and only subsequently for both sexes together.
As such, females were first compared among each other, because the holotype of K. wittei is
a female, and so far, K. wittei is the only Kneria species reported from the lower Luapula
Basin to which the Luansa belongs. Thus, in a first PCA, sexes were analysed separately to
search for species-specific differences, and in the second PCA, counts and measurements
were analysed for both sexes together to identify patterns of secondary sexual dimorphism
beyond the presence/absence of the (post)opercular organ. To enable direct comparison
between sexes, only nine counts and 31 measurements were used in the second PCA
approach on the meristics and the measurements, respectively.

To explore the possible influence of seasonality on the development of the lamellae in
the opercular and the postopercular organ, sampling dates were partitioned according to five
different seasons originally defined based on phenological observations of the vegetation [39]:
cold dry season (C-DS: May-July), hot dry season (H-DS: August-September), early rainy
season (October-November), peak of the rainy season (P-RS: December—February), and
late rainy season (L-RS: March—April).

2.3. Genetic Approach
2.3.1. Taxonomic and Nucleotide Sampling

The genetic analyses conducted in this study are based on complete mitochondrial
cytochrome c oxidase I (COI) sequences extracted from partial mitochondrial genomes
(SM: Table S3).

In total, 94 COI sequences were obtained; these from 83 Kneria specimens (10 from
the Luansa River) and 11 additional ones representing the three more extant genera of the
family Kneriidae sensu stricto (s.s.) (see [40]), and two other Gonorhynchiformes genera as
out-groups (SM: Table S3). Phractolemus and Chanos were chosen as out-group taxa based
on previous studies, as the former is the sister group of Kneriidae s.s. and the latter is the
sister group of Kneriidae s.1., e.g., [3,7,41] (for details see: SM: Table S3).

The newly sequenced Kneria specimens include three valid species, i.e., K. stappersii
(n =5) and K. wittei (n = 2), both from the Congo Basin and from their type localities, and
K. uluguru (n = 2) from its type basin in eastern Africa. The two valid Congo Basin species
included are those (i) that are morphologically most similar to the Luansa populations, and
(ii) that are also the ones for which genetic samples were readily available.

In addition to specimens from the Luansa River, specimens from (i) neighbouring
rivers on the KP, such as the Lofoi and the Lutshipuka (see Figure 1), as well as the Masansa
and Musipasi, both tributaries of the latter; and (ii) a large number of populations from
the rivers of the upper Congo (UC) Basin [42], were also sequenced. All newly gener-
ated sequences were deposited in GenBank (GenBank accession numbers MN594176 to
MN594258; SM Table S3). Paragenetype sequences were labelled following the definition of
Chakrabarty [43]. Finally, eleven COI sequences extracted from full mitogenome sequences
were downloaded from GenBank (see SM Table S3). These include sequences from six
different genera, i.e., Kneria (n = 5), Cromeria (n = 2), Chanos (n = 1), Grasseichthys (n = 1),
Parakneria (n = 1), and Phractolemus (n = 1).
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2.3.2. Molecular Methods

The DNA extractions were conducted at the molecular laboratory of the SNSB-Bavarian
State Collection of Zoology (ZSM) in Germany. These were carried out using the standard
cetyl-trimethyl-ammonium-bromid (CTAB) extraction protocol including an RNAase treat-
ment step [44]. DNA concentrations of the resulting extraction products were measured
using a spectrophotometer (NanoDrop ND-1000; Thermo Scientific, Waltham, MA, USA)
and subsequently adjusted to a total volume of 25 ng/uL. The following pair of long-range
PCR primers: KneriaA1985F: 5-GGC AAA CAC CTA AAG CCT CTG TTT ACC AAA
AAC-3' (front primer) and GeneralBLR-30R: 5'-CCT TCG ATC TCC GGT TTA CAA GAC
TGG TGC-3' (back primer) were used for amplification of a large fraction [~13,000 base
pairs (bp)] of the mitochondrial genome. These primers were designed in the Geneious
v.10.2.2 program [45] based on the aforementioned mitochondrial genome sequences ob-
tained from GenBank. The COI sequences used in this study were extracted from the
large ~13,000 bp mitochondrial fragment. Long-range PCR, purification of amplification
products, preparation of the Illumina MiSeq libraries, individual library assembly, and
sequence editing (quality control, and cutting and assembly of the adapters) followed [46].
Assembled sequences (average sequence length: 13,000 bp) were annotated in Geneious
v.7.05 [46], using one annotated reference sequence of Kneria with a minimum reference
similarity of 75%.

2.3.3. DNA-Sequence Edition and Phylogenetic Analysis

Since only the COI gene was used for downstream phylogenetic analysis because of its
widespread application and comparative DNA-sequence availability in fish DNA-barcoding
studies, this gene was extracted from the full set of 13 protein coding genes of the mito-
chondrial genome prior to the in-silico extraction of COI, and the mitogenomic data were
processed following different steps explained below.

The total length of the COI alignment, of 94 specimens, was 1551 bp. The COlI-alignment
was exported in (i) relaxed Phylip format and (ii) Nexus format for downstream phyloge-
netic analysis.

A maximum likelihood (ML) analysis was performed on the COI alignment using the
RAXML v.8.0.24 program [47] on the CIPRES V.3.3 science platform [48] and the GTR + 1+ T
model as implemented on CIPRES. Prior to the analyses, the surrogate model that best
matched the data was estimated using the jModeltest v.2.1.5 + program [49] using the
Akaike Information Criterion (AIC). Bootstrap replications were stopped automatically
after 500 RAXML replications (using the majority rule criterion). In addition, the dataset was
partitioned into first, second, and third codon position. Chanos chanos, Phractolemus ansorgii,
Cromeria nilotica, Cromeria occidentalis, Grasseichthys gabonensis, and Parakneria cameronensis
were defined as out-group taxa based on previous studies e.g., [3,7,41].

Genetic distances were calculated in MEGA 7.0.26 [50] as Kimura-2-parameter (K2P)
distances [51] and as uncorrected p-distances [52], and are in %. The use of K2P- and
uncorrected p-distances were necessary as K2P-distances tend to exaggerate species de-
limitation based on closely related sequences, whereas the p-distance does not account
for multiple mutation hits in strongly divergent sequences (see [52]). Nevertheless, since
both distance values are routinely reported in DNA-barcoding studies, both are presented
to enable direct comparison with other studies (see also [53,54]). The number of base
substitutions per site averaged over all sequence pairs within each population and between
sequences is shown. This analysis involved 61 sequences. Codon positions included were
1st + 2nd + 3rd. All ambiguous positions were removed for each sequence pair (pairwise
deletion option). There are a total of 1551 bp in the final dataset.



Diversity 2023, 15, 1044

8 of 52

2.4. Nomenclatural Acts

According to the International Code of Zoological Nomenclature (ICZN) as currently
amended, the names of the two new species herein described are available under this code
from the electronic edition of this article. The published work and its nomenclatural acts
were therefore registered in the ICZN online registration system: ZooBank. The ZooBank
Life Science Identifier (LSID) is available and the associated information can be accessed
through any standard web browser by appending the LSID to the prefix http:/ /zoobank.org/,
accessed on 16 March 2023. Therefore, the LSID of the present publication is: urn: lsid:
zoobank.org: pub: D4E41B0B-FF46-4B94-A2C8-COA58E9B6C19.

3. Results

3.1. Morphological Explorations

3.1.1. Variation in the Lamellar Structure of the Opercular (OP) and Postopercular (POP)
Organ in Males

The tubercles or lamellae of the opercular (T/LOP) organ occur as three different types
(SM: Figure S2): (1) without tubercles or lamellae; (2) with tubercles towards its outer edge;
and (3) with lamellae towards its outer edge. Visualisations of their occurrence in the six
studied populations from the Luansa and for two comparative species are given from about
32.0 mm Lg onwards, which is the first size at which both the opercular and postopercular
organs appear, in males only (Figure 3; and SM Table 54).

Two observations are noteworthy with regard to presence/absence of tubercles or
lamellae in the opercular organ (Figure 3a—g; and SM Table S4). First, tubercles or lamellae
presence/absence apparently reflects seasonal variation: there are none during the peak
and late rainy season (P- and L-RS) (Figure 3g), but they rather appear during the hot dry
season (H-DS) (Figure 3a,f). Thus, it is likely that the hot dry season is the reproduction
one (see discussion below). Second, if these structures are present, there is nevertheless an
overall large variation in the development of these structures detectable, even in specimens
of similar size (e.g., Figure 3a,d,f,g: H-DS).

Further, three additional major observations can be made regarding the number of
lamellae of the postopercular organ (Figure 4a—h; and SM Table S4). First, lamellae are
always present in the postopercular organ from a certain size onwards, i.e., from 37.5 mm
Ls in K. stappersii (Figure 4g), from 32.2 mm Lg in K. wittei (Figure 4h), and from 35.7 mm Lg
in the populations of the Luansa (Figure 4). Thus, their presence/absence does not depend
upon the season, but rather upon the size (age) of the studied specimens (Figure 4a-h).
Second, the number of lamellae in the postopercular organ increases with size (positive
allometric) in some populations, this within a restricted size range only. From a certain
size on, the numbers seem to be stable (see Figure 4a,fh). Third, in some populations,
this positive allometry seems absent. This might be an artefact of the limited size class of
individuals available for study (Figure 4c). However, this does not seem to be the case for
two of the six studied Luansa populations either (IntP2 and 3: Figure 4d,e), which have
sufficiently large size classes.
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Figure 3. Scatterplot of the coded presence of tubercles or lamellae in the opercular organ (1: opercu-
lar organ smooth, 2: with tubercles, and 3: with lamellae, see SM Figure S2 and SM Table S4), against
standard length (in mm), and this for six populations from the Luansa (a—f): up-to downstream)
and both comparative species, K. stappersii and K. wittei (g-h), and according to collecting season.
Kneria population of the Luansa River sections (a) K. sp. ‘lua-upstream” KP1L (=K. luansaensis sp.
nov.): M (H-DS: 19 September 2014), A (H-DS: 20 August 2016), and Vv (H-DS: 21 September 2017);
(b) K. sp. ‘lua-upstream’ KP2M (=K. luansaensis sp. nov.): A (H-DS: 20August 2016), and ¥
(H-DS: 21 September 2017); (c) K. sp. ‘lua-upstream’ IntP1 (=K. luansaensis sp. nov.): V (H-DS:
20 September 2017); (d) K. sp. ‘lua-upstream’ IntP2 (=K. luansaensis sp. nov.): A (H-DS: 23 Au-
gust 2016), and V¥ (H-DS: 20 September 2017); (e) K. sp. ‘lua-upstream’ IntP3 (=K. luansaensis sp.
nov.): ¥ (H-DS: 20 September 2017); (f) K. sp. ‘lua-downstream’ (=K. maxi sp. nov.): A (H-DS:
22 August 2016), and Vv (H-DS: 19 and 21 September 2017). Of the two comparative species (g)
K. stappersii: 9 (H-DS: August 1935), A (P-RS: 2 January 2016), and @ (L-RS: 4 March 2020); and
(h) K. wittei: M (C-DS: 07 June and 30 June 2015). Luansa populations studied (up-to downstream)
(see also Figure 2): KP1L = Luansa River on KP 1; KP2M = Milembwe tributary river on KP 2;
IntP1 = intermediate plateau 1; IntP2 = intermediate plateau 2; and IntP3 = intermediate plateau 3.
Seasonality: ds = dry season; and rs = rainy season; ¢ = cold ds (orange symbols); h = hot ds (red);
1 = late rs (light blue); and P = peak rs (dark blue).
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Figure 4. Scatterplot of the number of lamellae on the post opercular (POP) organ against standard length
(in mm), and this for the six populations of the Luansa (a—f: up-to downstream) and both comparative
species, K. stappersii and K. wittei, and according to collecting season. The Kneria population of the Luansa
River sections (a) K. sp. ‘lua-upstream’ KP1L (=K. luansaensis sp. nov.): Bl (H-DS: 19 September 2014), A
(H-DS: 20 August 2016), and ¥ (H-DS: 21 September 2017); (b) K. sp. ‘lua-upstream’ KP2M (=K. uansaensis
sp. nov.): A (H-DS: 20 August 2016), and ¥ (H-DS: 21 September 2017); (c) K. sp. ‘lua-upstream’ IntP1
(=K. luansaensis sp. nov.): ¥ (H-DS: 20 September 2017); (d) K. sp. ‘lua-upstream’ IntP2 (=K. luansaensis sp.
nov.): A (H-DS: 23 August 2016), and ¥ (H-DS: 20 September 2017); (e) K. sp. ‘lua-upstream’ IntP3 (=K.
Iuansaensis sp. nov.): ¥ (H-DS: 20 September /2017); (f) K. sp. ‘lua-downstream’ (=K. maxi sp. nov.): A (H-DS:
22 August 2016), and ¥ (H-DS: 19 and 21 September 2017); and of the two comparative species (g) K.
stappersii: 4 (H-DS: August 1935), A (P-RS: 02/01/2016), and « (L-RS: 04 March 2020); and (h) K. wittei:

(C-DS: 7/ June and 30 June 2015). Luansa populations studied (up-to downstream) (see also Figure 2):
KP1L = Luansa River on KP 1; KP2M = Milembwe tributary river on KP 2; IntP1 = intermediate plateau 1;
IntP2 = intermediate plateau 2; and IntP3 = intermediate plateau 3. Seasonality: ds= dry season; and
rs = rainy season; c¢= cold ds (orange symbols); h = hot ds (red); 1 = late rs (light blue); and P = peak rs
(dark blue).
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3.1.2. Qualitative Observations

The colour pattern of the Luansa populations and of the two comparative species was
studied, in particular with regard to: (i) variation/differences in colour pattern within the
same population/species, i.e., between sexes and stages of sexual maturity, and (ii) differ-
ences in colour pattern between the different (potential) species studied.

Colouration and Colour Pattern Variation within a Single Population

The case of the Kneria population of K. sp. ‘lua-upstream’ IntP2, one of the two
most upstream populations, is presented here because (i) specimens are available for
two consecutive years (2016-2017), and (ii) some intra-population colouration and colour
pattern variation were observed for the specimens collected in September 2017 (end of the
dry season just before the onset of the first rains of the rainy season: 1-ds), at least (Figure 5).
However, (i) no important colouration and colour pattern differences were observed among
specimens collected in August 2016 (mid dry season, well before the first rains of the rainy
season: m—ds). Rather, all are characterised, in life, by a light sandy-brown background
colour and mainly two to five horizontal dark brown or even black bands, one being a
broad medio-dorsal one, and two lateral ones at the level of the lateral line and below this
level; this in specimens of both sexes (Figure 5: al, male, and a2, female). In contrast, (ii) a
more yellowish background colour characterises one male and two females collected in
September 2017 (Figure 5: bl vs. b2-b3). Only the gravid female had horizontal dark brown
or even black bands (Figure 5: b2). As a result, the gravid female appears much darker in
overall colour as compared to the two other specimens (Figure 5 b1 vs. b3). It is to be noted
that these lighter versus darker (for gravid females only) colour patterns were observed
on both live and preserved specimens. Gravid females also feature two prominent, dark
brown, oblique bands each one at the base of the two caudal fin lobes, as is also the case
with non-gravid females.

The specimens of the five upstream populations of the Luansa, i.e., from upstream of
the third Sanshifolo Falls and equally caught in September 2017, all feature a similar colour
pattern variation (see SM Figure S3 for preserved specimens of the K. sp. ‘lua-upstream’
KP1L). The other populations/species studied, i.e., the downstream population of the
Luansa, and those of K. wittei and K. stappersii, do not present this intra-populational colour
pattern variation. However, this might be due to the fact that no gravid females were
collected from those.
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b1 s 10 mm

Figure 5. Life colour pattern variation in the Kneria population of K. sp. ‘lua-upstream’ IntP2
(=K. luansaensis IntP2 for males (al,b1) and females (a2,b2,b3) of two consecutive years (2016-2017).
(a1) & (RMCA 2016-038-P-0218; DNA tag 088, 45.0 mm Lg), (M-DS: 23 August 2016); (a2) @
(RMCA 2016-038-P-0201-0203; DNA tag 083, 52.8 mm Lg), (M-DS: 23 August 2016); (b1) &' (RMCA
2018,020,P,0021-0026; DNA tag 40, 45.6 mm Lg), (L-DS: 20 September 2017); (b2) @ (gravid), (RMCA
2018,020,P,0016-0020; DNA tag 36, 65.8 mm Lg), (L-DS: 20 September 2017); and (b3) ¢ (RMCA
2018,020,P,0016-0020; DNA tag 39, 48.8 mm Lg), (L-DS: 20 September 2017). The red/orange colour of
the pectoral fins (a1,b2,b3) is an artefact of a human hand keeping the specimen in place.
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Colouration and Colour Pattern Differences between (Potential) Species

Colouration and colour pattern similarities and differences, independent of sex and
reproductive state, were studied and documented: (i) between the two putative Luansa
species, thus pooling the Luansa specimens of the different populations considered to
be (potentially) conspecific (SM: Figure S3), and (ii) between the two putative Luansa
species and K. wittei and K. stappersii. As no important colouration differences were
observed between all five most upstream Kneria populations, these are treated together [i.e.,
populations PK1L, PK2M (Figure 6: al male, vs. a2 female), PInt1, PInt2 (Figure 5: al and
b1 males, vs. a2 and b2-b3 females), and PInt3] (see also SM Figure S3).

Figure 6. Cont.
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Figure 6. Life photographs of the two putative Luansa species and both comparative species,
i.e., K. stappersii and K. wittei: (al) K. sp. ‘lua-upstream’” KP2M (=K. luansaensis KP2M) & (RMCA
2018-020-P-0072-0076; DNA tag 79, 47.4 mm Lg), (H-DS: 21 September 2017); (a2) K. sp. ‘lua-upstream’
KP2M (=K. luansaensis sp. nov.) ? (gravid), (RMCA 2018-020-P-0067-0071; DNA tag 75, 49.1 mm Lg),
(H-DS: 21 September 2017); (b1) K. sp. ‘lua-downstream’ (=K. maxi sp. nov.) & (RMCA 2016-038-P-0310;
DNA tag 056, 55.7 mm Lg), (H-DS: 22 August 2016); and (b2) K. sp. ‘lua-downstream’ (=K. maxi sp.
nov.) @ (non-gravid) (RMCA 2016-038-P-0311-0314; DNA tag 051, 62.0 mm Lg), (H-DS: 22 August 2016).
The red/orange colour of the fins [pectoral (b1,b2), dorsal (al,b2) anal, and pelvic (b1)] is an artefact
of a human hand keeping the specimen in place. (c1) K. wittei &' (RMCA 2015-07-P-uncat; DNA tag
MK13, 48.7 mm Lg), (C-DS: 07 June 2015); and (c2) K. wittei @ (RMCA 2015-07-P-uncat; DNA tag MK11,
50.2 mm Lg), (C-DS: 07 June 2015); (d1) K. stappersii & (RMCA 2021-021-P-0005-0010; Stap02, No DNA
tag, 49.8 mm Lg), (L-RS: 04 March 2020); and (d2) K. stappersii @ (RMCA 2021-021-P-00011-0014; Stap0,
No DNA tag, 50.1 mm Lg), (L-RS: 4 March 2020). The red/orange colour of fins [pectoral (c1,c2,d2),
dorsal (c1,c2,d1,d2), pelvic (c1), anal (c1,¢2,d1), and caudal (c1,c2,d1)] is an artefact of a human hand
keeping the specimen in place.
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Specimens from the five upstream Luansa River populations can be distinguished
from those from the most downstream population by generally having, (i) a light sandy
background in non-breeding and a yellowish sandy colouration in breeding specimens;
(ii) a yellowish-grey-white caudal fin often with two oblique, well-demarcated, dark brown
bands at the base of both lobes in gravid females, but less visible in non-gravid females
and all males; and (iii) pinkish pectoral fins. This contrasts with the downstream pop-
ulation, which has (i) a more brownish sandy background colouration, (ii) a light grey
caudal fin without well-differentiated, dark brown bands at the base of both lobes, and
(iii) yellowish grey (proximal half) to light grey (distal half) pectoral fins. Finally, the
up-and downstream populations can be distinguished from the two most similar species,
K. stappersii and K. wittei, as follows: K. wittei specimens have (i) an overall light brown
background colouration with a broad greyish horizontal band located mainly just below
the lateral line in its predorsal part, followed by a series of discrete postdorsal brown spots
along the lateral line, (ii) a dark brown caudal fin base without two well-differentiated
oblique bands at the base of both lobes in all specimens; and (iii) dorsal, pectoral, pelvic,
and anal fins (proximal part), dark brown and light brown (distal part) (Figure 6(c1,c2));
K. stappersii specimens have (i) a more greyish background colouration, often with a hor-
izontal black band or a series of well or only weakly pronounced black spots along the
lateral line, or an unspotted lateral band in small-sized unsexed specimens < 37 mm Lg; (ii) a
light grey caudal fin without two well-demarcated oblique bands at the base of both lobes
in all specimens; and (iii) unpaired fins grey, and pectoral and pelvic-fins greyish-brown
(proximal part) and light grey (distal part) (Figure 6(d1,d2)).

3.1.3. Meristic Variation

Considering the occurrence of morphological sexual dimorphism beyond the presence
of opercular and a postopercular organs in males (see below), and to enable assessment of
morphometric differences between species and not only between sexes, analyses were first
performed on single—sex datasets. Results are first presented for the females because the
holotype of K. wittei, the only species reported from the lower Luapula to date, is a female.

Finally, for the six Luansa River populations studied (Figure 2), MW U-test results
consistently reveal (i) no or almost no significant differences between same-sex specimens of
the five upstream populations, i.e., the K. sp. ‘lua-upstream’ populations, but (ii) significant
differences between those and the sixth most downstream, i.e., the K. sp. ‘lua-downstream’,
population. Therefore, results are only briefly mentioned in the text itself and reference is
made to the Supplementary Materials (SM): Table S5-59 and Table SM text material SM1-3,
as well, for more details. Thus, the MWU-test results discussed in the text are only those
between the two (putative) species identified and the two most similar ones.

Meristic Variation in Females

A first PCA was performed on the only four variable meristics of all examined females
(n = 87) (Figure 7). The highest loading on PCI is for the number of lateral line scales. The
highest loading on PCII is for the total number of pectoral fin rays (SM: Table S9a).

A scatterplot of PCI against PCII shows two distinct and non-overlapping groups
(Figure 7). A first group is situated predominantly on the negative side of PCI and comprises
specimens of K. wittei and the five most upstream populations of the Luansa (see Figure 2),
collectively referred to as K. sp. ‘lua-upstream’. The second group is situated entirely on the
positive side of PCI and comprises specimens of both K. stappersii and the most downstream
population of the Luansa (see Figure 2), referred to as K. sp. ‘lua-downstream’.
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Figure 7. Scatterplot of PCI against PCII for a principal component analysis on four counts including
all examined females of Kneria spp. (n = 87). Kneria sp. ‘lua-upstream’ (=K. luansaensis), populations
from up-to downstream: A, KP1L; /A, KP2M; V, IntP1; V¥, IntP2; and "/, IntP3. Kneria sp. ‘lua-
downstream’ (=K. maxi): O, below the last Sanshifolo Falls. Kneria wittei: 1, holotype; <, no type
specimens. Kneria stappersii: <, no type specimens. All Luansa populations, from up-to downstream:
KP1L: Luansa River on the Kundelungu Plateau (KP), loc 1; KP2M: Milembwe River on the KP, loc 2;
IntP1: intermediate plateau 1; IntP2: intermediate plateau 2; and IntP3: intermediate plateau 3.
Symbols: triangle (upstream Kasompola Falls); inverse triangle (downstream Kasompola Falls); circle
(downstream of all falls); and primary types (square).

Two subsequent PCAs were then performed on the counts. The first restricted to K.
wittei and K. sp. ‘lua-upstream’ (n = 72), and the second to K. stappersii and K. sp. ‘lua-
downstream’ (n = 15), solely. However, neither of both these PCAs provided any further
insight into the data (not illustrated).

The results of the MWU-tests between each of the six studied Luansa River populations
reveal that all five upstream populations are highly similar to each other and well distinct
from the downstream population [see SM Tables S6 and S7 and associated text (see Text
SM1: MWU-tests meristic variation in female populations)].

Further, MWU-test for the meristic character variation between all four (putative)
species, i.e., for all meristic characters included in the first PCA (SM: Table S9c), were
also studied. They showed that K. sp. ‘lua-upstream’, composed of the five most up-
stream populations of the Luansa, is significantly different (p < 0.05) from (i) K. wittei
for the total pelvic fin ray counts; from (ii) K. stappersii for the lateral line scales and total
pectoral fin rays counts, the last being highly significantly different; and from (iii) K. sp.
‘lua-downstream’ for the lateral line scales count, which is also highly significantly differ-
ent. Further, these tests also showed that K. sp. ‘lua-downstream’, the most downstream
population of the Luansa, is highly significantly different from (i) K. wittei for the lateral
line scale count, but (ii) no count was found to significantly differentiate between K. sp.
‘lua-downstream’ and K. stappersii (SM: Table S9c¢).

The total number of lateral line scales fully separates K. sp. ‘lua-upstream’ from
K. stappersii (65-80 vs. 85-91) and K. sp. ‘lua-downstream’ from K. wittei (80-90 vs. 64-78)
(see SM Figure S4 for females only; see also below under heading: meristic variation in
both and for all populations/species). The same holds true, to a lesser degree, to separate
K. sp. ‘lua-upstream’ from K. sp. ‘lua-downstream’ (65-80 vs. 80-90), as there is a slight
overlap, of one scale only, between those two.



Diversity 2023, 15, 1044

17 of 52

Meristic Variation in Males

A second PCA was performed on the four variable meristics for all examined males
only, including the number of lamellae on the POP organ and excluding six invariable
counts (n = 80) (Figure 8a). The highest loading on PCI is for the number of lateral
line scales. The highest loading on PCII is for the number of lamellae in the POP organ
(SM: Table S9b).

. PCll
- 0O = N W A U OO N ©

32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66
Standard length (in mm)

Figure 8. Scatterplot of (a) PCI against PCII for a principal component analysis on four counts includ-
ing all examined males of Kneria spp. (n = 80), and (b) the number of lamellae in the postopercular
(POP) organ against the standard length (Lg) (in mm). Kneria sp. ‘lua-upstream’ (=K. luansaensis),
populations from up-to downstream: M, holotype, A, specimens from KP1L; +, KP2M; V¥, IntP1;
V, IntP2; and v, IntP3. Kneria sp. ‘lua-downstream’ (=K. maxi): M, holotype; ®, specimens from below
the last Sanshifolo falls. Kneria wittei: <>, specimens. Kneria stappersii: 9, specimens. All Luansa
populations, from up-to downstream: KP1L: Luansa River on the KP, loc 1; KP2M: Milembwe River
on the KP, loc 2; IntP1: intermediate plateau 1; IntP2: intermediate plateau 2; and IntP3: intermediate
plateau 3. Symbols: triangle (upstream Kasompola Falls); inverse triangle (downstream Kasompola
Falls); and primary types (square).
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A scatterplot of PCI against PCII shows two main groups (Figure 8a). A first group
is entirely situated on the positive side of PCI and contains the specimens of K. stappersii,
superimposing those of the most downstream population from the Luansa River, K. sp.
‘lua-downstream’. The second group is mainly situated on the negative side of the PCI and
contains the specimens of K. wittei and those of the five upstream populations on the Luansa
River, K. sp. ‘lua-upstream’, with only a very limited overlap with K. sp. ‘lua-downstream’;
this with the most upstream population of K. sp. ‘lua-upstream” KP1L only.

Two subsequent PCAs were then performed on the counts. The first restricted to
K. wittei and K. sp. ‘lua-upstream’ (n = 69), and the second to K. stappersii and K. sp. ‘lua-
downstream’ (n = 11), solely. However, neither of both these PCAs provided any further
insight into the data (not illustrated).

The results of the MWU-tests between each of the six studied Luansa River populations
reveal the five upstream populations to be highly similar among themselves, but well
distinct from the downstream population [see SM Tables S6 and S8 and associated text (see
Text SM2: MWU-tests meristic variation in male populations)].

Further, MWU-tests, between the two putative species and the two most similar
ones, were also performed on all four meristic characters included in the second PCA
(SM: Table S9d). They revealed only one single significantly different count, i.e., the total
number of lamellae on the POP organ between K. sp. ‘lua-upstream’ and K. wittei. However,
high intra-population and intra-specific variation in the total number of lamellae on the
POP was found between one of the most upstream populations of K. sp. ‘lua-upstream’
and the other populations. Based on the results obtained with our yet limited data set, an
allometric transition towards more lamellae takes place already at a size of ~33.0-39.0 mm
Lg for K. wittei, but at more than ~42.0 mm Lg in K. sp. ‘lua-downstream’, or slightly above
~39.0-46.0 mm Lg in K. sp. ‘lua-upstream’ (Figure 8b; see also SM: Table S9c). Further, K. sp.
‘lua-upstream’ is significantly different (p < 0.05) from (i) K. wittei in the lamellae count of
the POP organ and for the total pelvic fin ray count; and from (ii) K. sp. ‘lua-downstream’
in the lamellae count of the POP organ also and for the lateral line scale count, the last being
highly significantly different (SM: Table S9b), as well. Second, K. sp. ‘lua-downstream’,
the most downstream population of the Luansa, is significantly different from K. wittei for
the lateral line scale count, but this remains undocumented for K. stappersii because of the
small sample size (SM: Table S6).

The total number of lateral line scales fully separates K. sp. ‘lua-upstream’ from
K. stappersii (66-80 vs. 84-87) (SM: Figure S5 for males only; see also Figure 9b for both
females and males). The same holds true to a lesser degree for K. sp. ‘lua-downstream’
vs. K. wittei (78-89 vs. 61-78), and for K. sp. ‘lua-upstream’ vs. K. sp. ‘lua-downstream’
(66-80 vs. 78-89), as there is only a slight overlap of one up to three scales between the
(tentative) species compared.

Meristic Variation in Both Sexes and for All Populations/Species

A third PCA was performed on four meristics, i.e., excluding five invariable ones, for
all examined specimens (n = 167, 87 females and 80 males; Figure 9a). The highest loading
on PCl is for the number of lateral line scales. The highest loading on PCII is for the total
number of pectoral fin rays (SM: Table S5a).
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Figure 9. Scatterplot of (a) PCI against PCII for a principal component analysis on four counts
including all examined specimens of Kneria spp. (n = 167: 87 females and 80 males) and (b) the
total number of lateral line scales against standard length (Lg) (in mm). Kneria sp. ‘lua-upstream’
(=K. luansaensis sp. nov.) populations from up-to downstream: M, holotype (male), A, males and
A\, females from KP1L; +, males and /", females from KP2M; ¥, males and v/, females from IntP1;
Vv, males and 1/, females from IntP2; and ¥, males and </, females from IntP3. Kneria sp. ‘lua-
downstream” (=K. maxi sp. nov.): M, holotype (male); ®, males and O, females from below the last
Sanshifolo falls. Kneria wittei: (1, holotype (female); <, males and <, females. Kneria stappersii: L 3
males, and <, females. All Luansa populations from up-to downstream: KP1L: Luansa River on
the Kundelungu Plateau (KP), loc 1, KP2M: Milembwe River on the KP, loc 2; IntP1: intermediate
plateau 1; IntP2: intermediate plateau 2; and IntP3: intermediate plateau 3; and ds: downstream, us:
upstream. Symbols: triangle (upstream Kasompola Falls); inverse triangle (downstream Kasompola
Falls); male (full symbols); female (open symbols); and primary types (square).

A scatterplot of PCI against PCII does not show any clearly distinct groups (Figure 9a).
However, whereas the specimens of K. stappersii are entirely situated on the positive side of
PCI, the specimens of K. wittei are mostly situated on the negative side of PCI. The same
holds true for populations from the Luansa River, with specimens of the five most upstream
populations mainly situated on the negative side of PCI, and the specimens of the single
most downstream population being located entirely on the positive side of PCL
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Two subsequent PCAs were also performed on the counts. The first restricted to
K. wittei and K. sp. ‘lua-upstream’ (n = 141), and the second to K. stappersii and K. sp.
‘lua-downstream’ (n = 28). Neither of both these PCAs provided any further insight into
the data (thus not illustrated).

The results of sex-differentiated MWU-test for differentiation of the six studied Luansa River
populations, again reveal the five upstream populations to be highly similar among each other,
but clearly differentiated from the downstream population [see SM Tables S7-510 and S12b
and associated text (see Text SM1 and SM2 but also SM3: MWU-test meristic variation between
both sexes and for all populations)].

Further, MWU-tests, for the two putative species and the two most similar ones, were
performed only on the four meristics included in the third PCA to explore for differences
between males and females of those four (putative) species (SM: Table S5b). They showed
that only one meristic value, i.e., the total number of pectoral fin rays, was significantly
different (p < 0.05) between males and females of K. sp. ‘lua-upstream’ (SM: Table S5c).
None of the four meristics were significantly different (p < 0.05) between males and
females of K. sp. ‘lua-downstream’ and K. wittei (SM: Table S5c). Nevertheless, this remains
undocumented for K. stappersii as its sample size too limited (SM: Table S6).

3.1.4. Variation in Measurements
Female Variation in Measurements

A fourth PCA (Figure 10a) was performed on 31 log-transformed measurements for
all examined females (n = 87). The highest loadings on PCII are for body height, mouth
width, anal fin base width, and lower caudal fin lobe. The highest loadings on PCIII are for
pectoral fin base width, anal fin base width, body height, pelvic anal distance, and mouth
width (SM: Table S11a).

A scatterplot of PCII against PCIII revealed three groups (Figure 10a). A first group is
situated entirely on the positive side of PCII and PCIII and is composed only of specimens
of K. wittei. A second group is also situated entirely on the positive side of PCII, but on
the negative side of PCIII, instead, and is composed of specimens of K. stappersii and K. sp.
‘downstream’. Finally, the third group is situated entirely on the negative side of PCII and
around the zero point of PCIII and is composed of all five most upstream populations of
the Luansa River here collectively referred to as K. sp. ‘lua-upstream’.

As K. sp. ‘lua-downstream’ and K. stappersii fully overlap each other in the previous
PCA, a fifth PCA was performed on 31 log-transformed measurements on all females of
both these (putative) species only (n = 15). The highest loadings on PCII are for body height,
anal fin base width, eye diameter, and snout length. The highest loadings on PCIII are for
dorsal height, snout length, mouth width, pectoral length, pectoral fin base width, upper
caudal fin lobe, and head width (SM: Table S11b).

The resulting scatterplot of PCII against PCIII revealed two groups (Figure 10b). A
first group is situated entirely on the negative side of PCII and mainly on the positive
side of PCIII and composed of specimens here collectively referred to K. stappersii. The
second group is situated mainly on the positive side of PCII and on both sides of PCIII and
composed of specimens here collectively referred to as K. sp. ‘lua-downstream’.
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Figure 10. Scatterplot of: (a) PCII against PCIII for a principal component analysis on 31 log-transformed
measurements of all examined females of Kneria spp. (n = 87); and (b) PCII against PCIII for a principal
component analysis on 31 log-transformed measurements of the females of K. stappersii and K. sp.
‘lua-downstream’ (=K. maxi sp. nov.) (n = 15). Kneria sp. ‘lua-upstream’ (=K. luansaensis sp. nov.),
populations from up-to downstream: A, KP1L; /., KP2M; v/, IntP1; <7, IntP2; « /, IntP3. Kneria sp.
‘lua-downstream’ (=K. maxi sp. nov.): (), below the last Sanshifolo Falls. K. wittei: (1, holotype; and
, specimens. K. stappersii: &, specimens. All Luansa populations, from up-to downstream: KP1L:
Luansa River on the Kundelungu Plateau, loc 1; KP2M: Milembwe River on the Kundelungu Plateau,
loc 2; IntP1: intermediate plateau 1; IntP2: intermediate plateau 2; and IntP3: intermediate plateau 3;
ds: downstream, and us: upstream. Symbols: triangle (upstream Kasompola Falls); inverse triangle
(downstream Kasompola Falls); circle (downstream of all falls); and primary types (square).

Finally, another PCA on the specimens of the five upstream populations of the Luansa
River separately (SM: Figure S6), here all collectively referred to as belonging to a single
(potential) species K. sp. ‘lua-upstream’, did not reveal any differentiation between these
studied populations, and is thus not further discussed (not illustrated).

The results of the MWU-tests between each of the six studied Luansa River populations
reveal the five upstream populations to be highly similar among each other but clearly dif-
ferentiated from the most downstream population [see SM Tables S6 and S12 and associated
text (see Text SM4: MWU-tests variation in measurements in female populations)].

Further, MWU-tests between the two (putative) species were also performed on the
females on all measurements included in the last PCA (SM: Table S11c) except on one
comparison, i.e., between the females of K. sp. ‘lua-downstream’ vs. K. stappersii, due to
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significant size class differences (SM: Table 510). The results of those tests show that ten
out of the 31 measurements were significantly different (p < 0.05), among which three
are highly significant (p < 0.001) between K. sp. ‘lua-upstream” and K. wittei. However, if
taken alone, none of these ten measurements could discriminate these two species without
overlap. Nevertheless, a combination of two of those, i.e., mouth width against the body
height (both highly significantly different), enabled the ability to diagnose the females of
both (Figure 11a) (see also SM Figure S7a,b for a scatterplot of both these measurements
against, respectively, Lg and Ly). Five measurements were significantly different between
K. sp. ‘lua-upstream’ and K. stappersii. However, only body width diagnostically distin-
guishes both species (9.8-11.6% Lg for K. sp. ‘lua-upstream’ vs. 8.6-9.1% for K. stappersii)
(SM: Figure S8). Four measurements were significantly different, among which three were
highly significant, between K. sp. ‘lua-upstream’ and K. sp. ‘lua-downstream’. However,
only body width distinguishes both (9.8-11.6% Lg for K. sp. ‘lua-upstream’ vs. 8.0-9.3% for
K. sp. ‘lua-downstream’) (SM: Figure S8). Finally, body width significantly differenti-
ated between K. sp. ‘lua-downstream” and K. wittei and also distinguished both species
from each other (8.0-9.3% Lg for K. sp. ‘lua-downstream’ vs. 9.6-11.7% for K. wittei)
(SM: Figure S8).
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Figure 11. Scatterplot of: (a) body height (in % Lg) against mouth width (in % L) for females only,
(b) body height (in % Lg) against standard length (Lg) in mm for females only, (c) eye diameter (in
% Lp) against head length (Ly) in mm for females only, and (d) lower caudal fin lobe (in % Lg)
against standard length (Lg) in mm for females only. Kneria sp. ‘lua-upstream’ (=K. [uansaensis sp.
nov.), populations from up-to downstream: A, KP1L; /., KP2M; v/, IntP1; <7, IntP2; and * /, IntP3.
K. sp. ‘lua-downstream’ (=K. maxi sp. nov.): O, below the last Sanshifolo Falls. K. wittei: (1, holotype;

, non-type specimens. K. stappersii: ¢, non-type specimens. All Luansa populations, from up-to
downstream: KP1L: Luansa River on the Kundelungu Plateau, loc 1, KP2M: Milembwe River on
the Kundelungu Plateau, loc 2; IntP1: intermediate plateau 1; IntP2: intermediate plateau 2; and
IntP3: intermediate plateau 3; ds: downstream, and us: upstream. Symbols: triangle (upstream
Kasompola Falls); inverse triangle (downstream Kasompola Falls); circle (downstream of all falls);
circle (downstream of all falls); and primary types (square).

Although based on small sample sizes and partially overlapping values between K. sp.
‘lua-downstream’ and K. stappersii, (i) body height (in % Lg) against standard length (Lgs)
in mm (Figure 11b), (ii) eye diameter (in % Ly) (negative allometric) against head length
(Lp) in mm (Figure 11c), and (iii) the lower caudal fin lobe (in % Ls) (negative allometric)
against standard length (Lg) in mm (Figure 11d) are most discriminative between both
species, although more specimens are needed to confirm these preliminary observations
(see Table provided under Section 3.4 Species Descriptions, for ranges).
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Male Variation in Measurements

A sixth PCA (Figure 12) was performed on 34 log-transformed measurements, in-
cluding the OP and POP organ-related measurements, for all examined males (n = 80)
(Figure 12). The highest loadings on PCII are for mouth width, eye diameter, dorsal fin
base width, body width, and pelvic fin base width. The highest loadings on PCIII are for
post-opercular organ length, eye diameter, interorbital distance, mouth width, pelvic fin
base width, and caudal peduncle height (SM: Table S13a).
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Figure 12. Scatterplot of PCII against PCIII for a principal component analysis on 34 log-transformed
measurements of all examined males of Kneria spp. (n = 80). Kneria sp. ‘lua-upstream’ (=K. luansaensis
sp. nov.), populations from up-to downstream: M, holotype, A, specimens from KP1L; », KP2M;
Vv, IntP1; v, IntP2; and ¥, IntP3; K. sp. ‘lua-downstream” (=K. maxi sp. nov.) from below the last
Sanshifolo Falls: M, holotype; o, specimens; K. wittei: <+, specimens; and K. stappersii: L 3 specimens.
All Luansa populations, from up-to downstream: P1L: plateau one on the Luansa River, loc1; P2M:
plateau two on the Milembwe River, loc2; IntP1: intermediate plateau 1, IntP2: intermediate plateau
2, IntP3: intermediate plateau 3, ds: downstream, and us: upstream. Symbols: triangle (upstream
Kasompola Falls); inverse triangle (downstream Kasompola Falls); circle (downstream of all falls);
circle (downstream of all falls); and primary types (square).

A scatterplot of PCII against PCIII revealed two main groups (Figure 12). A first group
is situated entirely on the negative side of PCII and on both sides of PCIIIL. This group is
composed of specimens of K. wittei, mainly situated on the positive side of PCIII, and of
K. stappersii and K. sp. ‘lua-downstream’ situated, respectively, entirely and mostly on the
negative side of PCIIL. The second group is situated mainly on the positive side of PCII
and around the zero point of PCIIIL This group is composed of the five most upstream
populations of the Luansa River here collectively referred to as K. sp. ‘lua-upstream’
(Figure 12).

Further, another PCA was performed on the 34 log-transformed measurements for
all examined males of K. wittei, K. stappersii, and K. sp. ‘lua-downstream’ only (n = 24).
A scatterplot of PCII against PCIII revealed three well-separated groups (SM: Figure S9)
corresponding to the three (potential) species but did not reveal any new insights and is
thus not further discussed (not illustrated).

Finally, another PCA was performed on the 34 log-transformed measurements for
all examined males of the five upstream populations of the Luansa River separately, here
collectively referred to K. sp. ‘lua-upstream’. This PCA did not reveal any differentiation
between the different studied populations (SM: Figure S10) and is thus not further discussed
(not illustrated).
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The results of the MWU-tests between each of the six Luansa River populations reveal
the five upstream populations to be highly similar among each other but clearly distinct
from the downstream population [see SM Tables S6 and S13b and associated text (see Text
SM5: MWU-test variation in measurements in male populations].

Further, MWU-tests, between the two putative species identified and the two most
similar ones, were also performed on all measurements, including in the latter PCA but
only between the following entities: K. sp. ‘lua-upstream’ vs. K. wittei and vs. K. sp. ‘lua-
downstream’ (SM: Table S13c). They were not performed between K. sp. ‘lua-downstream’
vs. K. stappersii (n: 10 vs. 3) and K. sp. ‘lua-upstream’ vs. K. stappersii (n: 56 vs. 3) due to
few studied specimens for K. stappersii (n = 3 < 5); and between K. sp. ‘lua-downstream’
vs. K. wittei due to significant differences in standard lengths (SM: Table 510). The results
of those tests show seven out of 31 measurements to be significantly different (p < 0.05),
among which one is highly significant (p < 0.001), between K. sp. ‘lua-upstream’ and
K. wittei. However, none of these measurements, nor a possible combination of two of
these, could effectively distinguish these two species. Further, four out of 31 measurements
were significantly different, among which one was highly significant between K. sp. ‘lua-
upstream” and K. sp. ‘lua-downstream’. Nevertheless, among these only body width
revealed to be a good discriminating character (9.5-11.7% Lg for K. sp. ‘lua-upstream’ vs.
8.7-9.4% for K. sp. ‘downstream’) (SM: Figure S11).

Further, although based on a very limited sample size for at least one of the two
compared species (SM: Table 510), K. sp. ‘lua-upstream’ (n = 56) vs. K. stappersii (n = 3)
seem also distinguishable from each other by the body width (9.5-11.7% Lg for K. sp.
‘lua-upstream’ vs. 8.4-9.2% for K. stappersii) (SM: Figure S11); K. sp. ‘lua-downstream’
(n =10) vs. K. wittei (n = 11), also by the body width (8.7-9.4% Ls for K. sp. ‘lua-downstream’
vs. 9.6-10.8% for K. wittei) (SM: Figure S11); and K. sp. ‘lua-downstream’ (n = 10) vs.
K. stappersii (n = 3) by both (i) the lower caudal fin lobe (19.7-22.3% Lg for K. sp. ‘lua-
downstream’ vs. 24.3-24.9% Lg for K. stappersii) and the eye diameter (22.0-26.5% Lg for
K. sp. ‘lua-downstream’ vs. 24.5-29.3% for K. stappersii) (SM: Figure S12a,b).

Variation in Measurements of Both Sexes and for All Populations/Species Studied

A seventh PCA was performed on 31 log-transformed measurements for all specimens
examined, regardless of sex (n = 167; 87 females and 80 males; Figure 13). The highest
loadings on PCII are for pectoral fin base width, lower caudal fin lobe length, dorsal height,
anal fin base width, head width, dorsal fin base width, and snout length. The highest
loadings on PCIII are for pectoral fin base width, mouth width, pelvic fin base width,
post-orbital distance, and body height (SM: Table S14a).

A scatterplot of PCII against PCIII showed that (Figure 13): (i) males are entirely, or
mostly, situated on the positive side of PCII while, instead, females are entirely, or mostly,
situated on the negative side of PCII; (ii) females and males of the five most upstream
populations on the Luansa River, i.e., all except those from the most downstream section of
the river, are situated entirely, or mostly, on the positive side of PCIII, whereas the females
and males of the most downstream section of the river, and of both K. stappersii and K. wittei,
are situated entirely on the negative side of PCIIL.

The results of the MWU-test between the males and females of the six Luansa popula-
tions reveal all of them to be highly similar among each other [see SM Tables 56 and S14b
and associated text (see Text SM6: MWU-test variation in measurements between both
sexes and for all populations].
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Figure 13. Scatterplot of PCII against PCIII for a principal component analysis on 31 log-transformed
measurements of Kneria spp. (n = 167). Kneria sp. ‘lua-upstream’ (=K. luansaensis sp. nov.), populations
from up-to downstream: M, holotype (male), A, males, and A\, females from KP1L; #, males, and /",
females from KP2M; ¥, males, and v/, females from IntP1; ¥, males, and 1/, females from IntP2; and

, males and ' /, females from IntP3. Kneria sp. ‘lua-downstream’ (=K. maxi sp. nov.): M, holotype
(male); ®, males, and O, females from below the last Sanshifolo falls. Kneria wittei: 1, holotype
(female); and <, male and <, females. Kneria stappersii: @, males, and <, females. All Luansa
populations, from up-to downstream: KP1L: Luansa River on the KP, loc 1; KP2M: Milembwe River
on the KP, loc 2; IntP1: intermediate plateau 1; IntP2: intermediate plateau 2; and IntP3: intermediate
plateau 3; and ds: downstream, us: upstream. Symbols: triangle (upstream Kasompola Falls); inverse
triangle (downstream Kasompola Falls); circle (downstream of all falls); circle (downstream of all
falls); and primary types (square).

Further, MWU-tests, for the two putative species identified and the two most similar
ones, were performed on all measurements included in the PCA (SM: Table S14c), except
for K. stappersii due to small sample size (see M&M section), to explore for differences
between males and females of the four (putative) species (SM: Table S510). These tests
(SM: Table S14c) showed 21 measurements to be significantly different (p < 0.05), among
which 14 were highly significantly different (p < 0.001), between the males and the females
in K. sp. ‘lua-upstream’. Four measurements were significantly different between males
and females in K. sp. ‘lua-downstream’, and three were significantly different between
males and females in K. wittei. Three of these, at most, are shared with at least one of the
other Luansa upstream populations studied. However, differences in sexual dimorphism
between populations seem, at least partially, sample size related, as small sample sizes
often tend to result in non-significant differences, and this even for variables that revealed
to be sexual dimorphic in populations for which sufficient specimens were available. Two
measurements, namely, (i) the pectoral fin base width (Figure 14a), and (ii) the dorsal fin
height (Figure 14b), are sexually dimorphic for all population/species comparisons studied
(SM: Table S14b,c). Nevertheless, this remains undocumented for K. stappersii because
of its small sample size (SM: Table S10). Other measurements are, however, sexually
dimorphic in only some species. This seems true for the length of the lower caudal fin lobe
in K. sp. ‘lua-upstream’, K. stappersii and K. wittei, but not in K. sp. ‘lua-downstream’ (SM:
Figure S513). The same holds true for both the predorsal distance, sexually dimorphic in
K. sp. ‘lua-upstream’ and K. sp. ‘lua-downstream’, and the dorsal fin base width, sexually
dimorphic in K. sp. ‘lua-upstream’ and K. wittei, but both not in the other two (putative)
species studied (not shown). Sexual dimorphism in other measurements even seems
species—specific, because it only occurs in one species. This seems true for the prepectoral
distance, which seems sexually dimorphic in K. sp. ‘lua-upstream’ only. This question of a
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general vs. a less inclusive or even species—specific sexual dimorphism is further detailed
in a study by Abwe [28], treating populations from the KP and its surroundings as a whole.
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Figure 14. Scatterplot of (a) pectoral fin base width (in % standard length) against standard length
(Ls) in mm; and (b) dorsal fin height (in % standard length) against standard length (Lg) in mm.
Kneria sp. ‘lua-upstream’ (=K. luansaensis sp. nov.), populations from up-to downstream: M, holotype
(male), A, males and A\, females from KP1L; », males, and /', females from KP2M; ¥, males, and v/,
females from IntP1; ¥, males, and v/, females from IntP2; and ¥, males, and "/, females from IntP3.
Kneria sp. ‘lua-downstream’ (=K. maxi sp. nov.): M, holotype (male); ®, males, and O, females from
below the last Sanshifolo falls. Kneria wittei: 1, holotype (female); and <, males, and <, females.
Kneria stappersii: 9, males, and ©, females. All Luansa populations, from up-to downstream: KP1L:
Luansa River on the KP, loc 1; KP2M: Milembwe River on the KP, loc 2; IntP1: intermediate plateau 1;
IntP2: intermediate plateau 2; and IntP3: intermediate plateau 3; ds: downstream, and us: upstream.
Symbols: triangle (upstream Kasompola Falls); inverse triangle (downstream Kasompola Falls); circle
(downstream of all falls); circle (downstream of all falls); and primary types (square).

3.2. Phylogenetic Exploration: Mitochondrial COI DNA-Sequence Analyses

A ML tree based on the mitochondrial COI gene revealed the presence of 11 well-
supported Kneria clades for the included Kneria samples, including four described and, at
least, seven candidate species (Figure 15). The two putatively new species of the Luansa
River form two well-distinct clades. Both are also clearly distinct from both the clades of
K. stappersii and K. wittei, respectively (Figure 15).
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Figure 15. Maximum likelihood phylogenetic tree (67 specimens) based on COI sequences (1551 bp
alignment length). Statistical node supports (500 bootstrap replications) are illustrated. s.1.: sensu lato;
s.s.: sensu stricto. Kneria sp. ‘lua-upstream’ (=Kneria sp. luansa us = K. luansaensis sp. nov.) (n = 8)
and K. sp. ‘lua-downstream’ s.s. (=Kneria sp. luansa ds = K. maxi sp. nov. s.s.) (n = 2) are shaded
dark grey, while K. sp. ‘lua-downstream’ s.l. (Kneria sp. lutshipuka ds, K. sp. masansa uniform and
K. sp. musipasi = K. maxi sp. nov. s.l.) (n = 15) is shaded light grey, but also includes both K. sp.
‘lua-downstream’ s.s. specimens.
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The most downstream population, K. sp. ‘lua-downstream” from the Luansa, is here
named K. sp. ‘lua-downstream’ sensu stricto (s.s.) (see Figure 15 = K. maxi sp. nov. s.s.).
This putative species is part of a larger clade, K. sp. ‘lua-downstream’ sensu lato (s.1.) (see
Figure 15 = K. maxi sp. nov. s.1.), which contains also populations from the Lutshipuka
Basin. Indeed, it is part of a larger clade consisting of specimens from the main Lutshipuka
River (downstream section) and from its left bank tributaries Masansa and Musipasi
(upstream sections), which hydrographically belong to the lower Luapula Basin. This
finding might indicate that this new species might also occur outside the Luansa River
Basin. This question is currently under further study and will be subject of a separate paper
(Abwe et al., in prep). Kneria sp. ‘lua-downstream’ s.l. (see Figure 15 = K. maxi sp. nov.
s.l.) is sister group to the well-supported (BS = 100) clade of K. stappersii. As such, K. sp.
‘lua-downstream’” s.1. is clearly distinct from both K. stappersii and K. wittei and diverges
from those by a K2P genetic distance (GD) of 2.9 and 8.4%, respectively (Table 1).

The five upstream populations (K. sp. ‘lua-upstream’ KP1L, KP2M, IntP1, IntP2, and
IntP3) form a single well-supported clade (BS = 100). Here, K. sp. ‘lua-upstream’ is the
sister group to a clade containing K. uluguru from the upper Ruvu drainage, Sombesi
River, draining the eastern slopes of Uluguru Mountains in Tanzania, K. maydelli from the
Cunene River in Angola, and the entire Bangweulu-Mweru (B-M) ecoregion (ECR) species
assemblage, which is composed of all populations/species from the B-M ECR, except for
the clade composed of the two Mukubwe River populations (i.e., up-and downstream
of Lupupa Falls), a southern bank tributary river of Lake Mweru-Wantipa. Kneria sp. ‘lua-
upstream’ diverges from the most downstream population, K. sp. ‘lua-downstream’ s.s. by
a K2P GD of 7.9% (Table 1). Finally, it is also clearly distinct from both morphologically
highly similar species K. stappersii and K. wittei by a K2P GD of 7.6% and 8.8%, respectively
(Table 1).

3.3. Taxonomic Decisions Based on the Integrative Approach

Based on an integrative approach, integrating the results obtained for the colour
pattern, meristic, morphometric, and COI mtDNA genetic data, two new species for the
science are identified from the Luansa River. One is composed of the five populations from
the most upstream part on the Luansa River, i.e., above the Sanshifolo Falls III (KP1L, KP2M,
IntP1, IntP2, and IntP3), and is here named Kneria luansaensis sp. nov. The other contains
only the most downstream population on the Luansa River, i.e., below the Sanshifolo
Falls, and is here named K. maxi sp. nov. The last, however, seems to be more widespread
based on our genetic analysis of additional samples of neighbouring drainage systems (see
Figure 15).
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Table 1. Estimated average K2P and uncorrected p distances of evolutionary divergence over sequence pairs: (a) inter-group distance: lower triangle = K2P distances,
and upper triangle = uncorrected p; and (b) intra-group distance. New species in bold; n/c for species with only one specimen included. Kneria maxi sp. nov.
comprises both; all specimens of the clade named K. maxi sp. nov. s.1. as well as those, from the Luansa Basin, named K. maxi sp. nov. s.s.

a. Inter—Group Distance b. Intra—Group Distance

Populations/Species

1 2 3 4 5 6 7 8 9 10 11 12 K2P Uncor P
K. luansaensis sp. nov. 1 7.0 8.8 8.2 9.5 79 6.6 6.7 7.5 8.2 8.5 7.1 0.2 0.2
K. maxi sp. nov. 2 7.9 7.8 6.5 11.6 6.2 6.9 7.2 6.2 2.8 8.2 7.7 0.1 0.1
K. maydelli 3 9.6 8.3 9.0 11.3 8.1 74 8.1 74 7.5 8.5 7.8 0.1 0.1
K. sp. kalungwishi 4 8.7 7.0 9.8 10.7 5.6 6.8 6.4 5.0 6.1 7.8 6.7 1.0 1.0
K. sp. kwanza 5 10.5 12.9 12.5 11.8 10.8 10.4 10.1 10.7 11.0 11.2 8.7 n/c n/c
K. sp. lutshipuka 6 8.6 6.6 8.7 5.9 12.0 6.7 6.1 53 6.1 7.1 7.1 0.2 0.2
K. sp. mukubwe ds 7 7.1 7.4 8.0 7.2 11.5 7.2 2.8 6.8 6.5 7.4 5.2 n/c n/c
K. sp. mukubwe us 8 7.2 77 8.7 6.8 11.1 6.5 29 6.3 6.7 7.4 52 n/c n/c
K. sp. ngona 9 8.1 6.5 7.9 5.2 11.8 5.6 7.3 6.8 6.1 7.7 6.7 0.3 0.3
K. stappersii 10 8.8 2.8 8.0 6.5 12.1 6.5 6.9 7.2 6.4 8.3 7.7 0.3 0.3
K. uluguru 11 9.2 8.9 9.2 8.4 12.4 7.5 7.9 7.9 8.3 9.0 8.2 0 0
K. wittei 12 7.6 8.3 8.4 7.2 9.4 7.6 54 54 7.2 8.3 8.8 0.3 0.3
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3.4. Species Descriptions
3.4.1. Kneria luansaensis sp. nov.

Figure 16 & Table 2

Holotype: RMCA 2015-006-P-0731, male, 46.3 mm Lgs, Luansa River, upstream of
Kasompola Falls on the KP, upstream Kabyashya Village (10°18'15.9” S 28°03'30.5” E); Alt.
1389 m a.s.1.; DNA tag 747; KNP Expedition 2014, 19 September 2014.

Paratypes: RMCA 2015-006-P-0732-0733, two males, 37.3-39.7 mm Lg, same data
as holotype DNA tags 749-750; KNP Expedition 2014, 19 September 2014. RMCA 2015-
006-P-0734, one female, 38.5 mm Lg, Luansa River upstream of Kasompola Falls below
the KP, upstream of Kabyashya Village (10°18'15.9” S 28°03/30.5" E); Alt. 1389 m a.s.l;
DNA tags 751; KNP Expedition 2014, 19 September 2014. RMCA 2016-038-P-0186-0187,
two males, 39.2-40.0 mm Lg, Luansa River, upstream of Kasompola Falls below the KP,
upstream of Kabyashya Village (10°18'15.9” S 28°03/30.5” E); Alt. 1389 m a.s.1.; DNA tag
001-002; KNP Expedition 2016, 20 August 2016. RMCA 2016-038-P-0186-0187, two females,
40.9-46.0 mm Lg, Luansa River, upstream of Kasompola Falls under the KP, upstream of
Kabyashya Village (10°18'15.9” S 28°03' 30.5” E); Alt. 1389 m a.s.l.; DNA tag 011-00; KNP
Expedition 2016, 20 August 2016. RMCA 2016-038-P-0197-0199, three males, 49.2-55.9 mm
Lg, Luansa River upstream of the second Sanshifolo (Kyanga) Falls from up to downstream,
up the Kabyashya Village, below the KP (10°18/15.8” S 28°04'42.5” E); Alt. 1078 m a.s.l;
DNA tag 86, 87, 89; KNP Expedition 2016, 23 August 2016. RMCA 2016-038-P-0200, one
male, 40.2 mm Lg, Luansa River upstream of the second Sanshifolo (Kyanga) Falls from
up to downstream, up the Kabyashya Village, below the KP (10°18'15.8” S 28°04'42.5" E);
Alt. 1078 m a.s.l.; KNP Expedition 2016, 23 August 2016. RMCA 2016-038-P-0201-0203,
three females, 49.2-55.9 mm Lg, Luansa River upstream of the second Sanshifolo (Kyanga)
Falls from up to downstream, up the Kabyashya Village, below the KP (10°18'15.8" S
28°04'42.5"” E); Alt. 1078 m a.s.l.; DNA tag 84 and 2 without tag; KNP Expedition 2016,
23 August 2016. RMCA 2018-020-P-0016-0020, five females, 48.8-65.8 m Lg, Luansa River
upstream of the second Sanshifolo (Kyanga) Falls from up to downstream (10°18'15.8” S
28°04’42.5" E); Alt. 1078 m a.s.l.; DNA tag 35-39 KNP Expedition 2017, 20 September
2017. RMCA 2018-020-P-0021-0026, six males, 43.5-45.9 m Lg, Luansa River upstream of
the second Sanshifolo (Kyanga) Falls from up to downstream (10°18'15.8"” S 28°04'42.5" E);
Alt. 1078 m a.s.l.; DNA tag 40-45 KNP Expedition 2017, 20 September 2017. RMCA 2018-
020-P-0037-0041, five males, 46.5-53.9 m Lg, Luansa River upstream of the third Sanshifolo
(Kyanga) Falls from up to downstream (10°18'15.8” S 28°04'42.5" E); Alt. ~1078 m a.s.l;
DNA tag 4649 and 54; KNP Expedition 2017, 20 September 2017. RMCA 2018-020-P-
0042-0046, five females, 50.9-69.2 m Lg, Luansa River upstream of the third Sanshifolo
(Kyanga) Falls from up to downstream ~(10°18'15.8"” S 28°04'42.5" E); Alt. ~1078 m a.s.l;
DNA tag 50-53 and 55; KNP Expedition 2017, 20 September 2017. RMCA 2018-020-P-
0047-0051, five females, 56.0-65.5 m Ls, Luansa River upstream of the first Sanshifolo
(Kyanga) Falls from up to downstream (10°18'00.6” S 28°04/38.8" E); Alt. 1155 m a.s.l;
DNA tag 64-68; KNP Expedition 2017, 20 September 2017. RMCA 2018-020-P-0042-0056,
five males, 48.0-51.7 m Lg, Luansa River upstream of the first Sanshifolo (Kyanga) Falls
from up to downstream (10°18'00.6” S 28°04'38.8" E); Alt. 1155 m a.s.l.; DNA tag 69-73;
KNP Expedition 2017, 20 September 2017. RMCA 2018-020-P-0067-0071, five females,
49.1-68.4 m Lg, Milembwe River, left tributary of the Luansa, 50 m from the confluence,
upstream of Kasompola Falls (10°18'10.8” S 28°03/26.7" E); Alt. 1336 m a.s.l.; DNA tag
75-77 and 80-81; KNP Expedition 2017, 21 September 2017. RMCA 2018-020-P-0072-0076,
five males, 43.3-48.8 m Lg, Milembwe River, left tributary of the Luansa, 50 m from
the confluence, upstream of Kasompola Falls (10°18'10.8” S 28°03/26.7" E); Alt. 1336 m
a.s.l,; DNA tag 78-79 and 82-84; KNP Expedition 2017, 21 September 2017. RMCA 2018-
020-P-0077-0081, five females, 43.6-58.8 m Lg, Luansa River, about 50 m upstream of the
confluence with the Milembwe, upstream of Kasompola Falls (10°18'16.7" S 28°03'17.5" E);
Alt. 1394 m a.s.l; DNA tag 88-92; KNP Expedition 2017, 21 September 2017. RMCA
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2018-020-P-0082-0086, five males, 38.6-50.2 m Lg, Luansa River, about 50 m upstream of the
confluence with the Milembwe, upstream of Kasompola Falls (10°18'16.7" S 28°03'17.5" E);
Alt. 1394 m a.s.1.; DNA tag 93-97; KNP Expedition 2017, 21 September 2017.

Additional non-type material examined: RMCA 2015-006-P-0735-0738, 4 unsexed (not
measured as used for visual observations only), same data as the holotype. RMCA 2016-
038-P-0190-0192, three females, 40.9—46.0 mm Lg, Luansa River upstream of Kasompola
Falls (Luansa) below the KP, upstream of Kabyashya Village (10°18'15.9” S 28°03/30.5” E);
Alt. 1389 m a.s.l,; DNA tag 012-014; KNP Expedition 2016, 20 August 2016. RMCA 2016-
038-P-0193-0195, three males (not measured as used for visual observations only), Luansa
River upstream of Kasompola Falls (Luansa) on the KP, upstream of Kabyashya Village
(10°18'15.9” S 28°03'30.5” E); Alt. 1389 m a.s.l.; DNA tag 009 and two without tag; KNP
Expedition 2016, 20 August 2016. RMCA 2016-038-P-0196, one male (not measured as used
for visual observations only), same data as 2016-038-P-0193-0195. RMCA 2016-038-P-0204,
one female (not measured as used for visual observations only), Luansa River upstream of
the second Sanshifolo (Kyanga) Falls from up to downstream, upstream the Kabyashya
Village, on the KP (10°18'15.8” S 28°04/42.5" E); Alt. 1078 m a.s.1.; KNP Expedition 2016,
23 August 2016. RMCA 2016-038-P-0205-0211, seven females (not measured as used
for visual observations only), Luansa River upstream of the second Sanshifolo (Kyanga)
Falls from up to downstream, upstream the Kabyashya Village, on the KP (10°18'15.8"
S 28°04’42.5" E); Alt. 1078 m a.s.l.; KNP Expedition 2016, 23 August 2016. RMCA 2016-
038-P-0212-0217, six males (not measured as used for visual observations only), Luansa
River upstream of the second Sanshifolo (Kyanga) Falls from up to downstream, up the
Kabyashya Village, on the KP (10°18'15.8” S 28°04'42.5" E); Alt. 1078 m a.s.l.; KNP Expedi-
tion 2016, 23 August 2016. RMCA 2016-038-P-0218, one male (not measured as used for
visual observations only), Luansa River upstream of the second Sanshifolo (Kyanga) Falls
from up to downstream, up the Kabyashya village, on the KP (10°18'15.8"” S 28°04'42.5" E);
Alt. 1078 m a.s.l.; KNP Expedition 2016, 23 August 2016. RMCA 2016-038-P-0219-0234,
10 males, 51.3-60.0 mm Lg, (six not measured as used for visual observations only), Luansa
River on the confluence with Milembwe, upstream of Kasompola Falls (Luansa) below
the KP, upstream of Kabyashya Village; KNP Expedition 2016, 20 August 2016. RMCA
2016-038-P-0235-0260, 10 females 55.0-70.0 mm Lg, (16 not measured as used for visual ob-
servations only), Luansa River on the confluence with Milembwe, upstream of Kasompola
Falls under the KP, upstream of Kabyashya Village; KNP Expedition 2016, 20 August 2016.
RMCA 2016-038-P-0261-0280, 10 females 39.6-56.4 mm Lg (10 not measured as used for vi-
sual observations only), Milembwe River, left-bank tributary of the Luansa River upstream
of Kasompola Falls (Luansa) on the KP, upstream of the village of Kabyashya (10°18'16.7" S
28°3'17.5" E); Alt. 1394 m a.s.1.; KNP Expedition 2016, 20 August 2016. RMCA 2016-038-
P-0261-0280, 10 males 35.7-49.6 mm Lg, (10 not measured as used for visual observations
only), Milembwe River, left-bank tributary of the Luansa River upstream of Kasompola
Falls on the KP, upstream of the village of Kabyashya (10°18'16.7" S 28°3'17.5" E); Alt.
1394 m a.s.l,; KNP Expedition 2016, 20 August 2016. RMCA 2018-020-P-0027-0031, five
females, (not measured as used for visual observations only), Luansa River upstream of the
second Sanshifolo (Kyanga) Falls from up to downstream (10°18'15.8” S 28°04’ 42.5" E);
Alt. 1078 m a.s.1.; KNP Expedition 2017, 20 September 2017. RMCA 2018-020-P-0032-0036,
five males, 43.0-48.3 m Lg, Luansa River upstream of the second Sanshifolo (Kyanga) Falls
from up to downstream (10°18'15.8" S 28°04’ 42.5” E); Alt. 1078 m a.s.l.; KNP Expedition
2017, 20 September 2017. RMCA 2018-020-P-0057-0061, five females (not measured as used
for visual observations only), Luansa River upstream of the first Sanshifolo (Kyanga) Falls
from up to downstream (10°18'00.6” S 28°04/38.8” E); Alt. 1155 m a.s.1.; KNP Expedition
2017, 20 September 2017. RMCA 2018-020-P-0062-0066, five males (not measured as used
for visual observations only), Luansa River upstream of the first Sanshifolo (Kyanga) Falls
from up to downstream (10°18'00.6” S 28°04/38.8” E); Alt. 1155 m a.s.l.; KNP Expedition
2017, 20 September 2017. RMCA 2018-020-P-0087-0111, 25 males, 38.9-52.7 m Lg, Luansa
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River upstream of the third Sanshifolo (Kyanga) Falls from up to downstream (~10°18'15.8" S
28°04'42.5" E); Alt. ~1078 m a.s.l.; KNP Expedition 2017, 20 September 2017.

Diagnosis: In the Congo Basin s.1., K. luansaensis sp. nov. differs from their UC Basin
congeners K. paucisquamata and K. katangae by its higher number of lateral line scales,
65-80 (vs. 58-63 for K. paucisquamata; and 55-59 for K. katangae), its higher number of
pectoral fin rays, 15-16 (vs. 12-13 for K. paucisquamata; and 13 for K. katangae), its shal-
lower body depth, 13.3-19.5% Lg (vs. 20.3-22.2% for K. paucisquamata; and 20.1-21.5 for
K. katangae); from K. katangae, alone, by its wider mouth, 27.1-40.0% Ly (vs. 25.1-26.7% for
K. katangae). 1t differs from K. stappersii by its wide body width, 9.8-11.6% Lg (vs. 8.6-9.4% Lg
for K. stappersii), its relatively wide mouth, 27.1-40.0%, mean 33.4% Ly (vs. 22.6-28.6%,
mean 27.0% for K. stappersii); from K. wittei by its life colour pattern, i.e., its general yel-
lowish overall background colour covered with dark brown markings, the latter becoming
more intense in gravid females, and most often without, as being present in few specimens
only, a series of discrete black spots along the lateral line, a yellowish-grey-whitish caudal
fin with often two marked oblique bands on the basal half of the fin on gravid females
and less visible on non-gravid females and males, anal, dorsal, and light grey pelvic fins;
and pectoral fin rose-whitish (vs. light brown overall background colour, with a series of
discrete post-dorsal brown spots along the lateral line, a caudal fin of light brown colour
without marked oblique bands at the base of both lobes in all specimens, dorsal, anal, and
pelvic fins of light brown colour for K. wittei); and its relatively wide mouth, 27.1-40.0,
mean 33.4% Ly (vs. 25.4-31.2, mean 28.4% for K. wittei). Further, in the Luansa River
itself, it differs from its downstream congener, K. maxi sp. nov., by its wider body width,
9.8-11.6%Ls (vs. 8.0-9.1% for K. maxi sp. nov.), its relatively wide mouth, 27.1-40.0, mean
33.4% Ly (vs. 23.5-30.8, mean 28.1% for K. maxi sp. nov.), and by its relatively low total
number of lateral line scales, 65-80, median 71 (vs. 75-93, median 84, for K. maxi sp. nov.).

Finally, K. luansaensis sp. nov. can be distinguished from the four other Kneria species
reported, but not yet confirmed, for the Congo Basin s.l. as follows: from K. angolensis,
K. ansorgii and K. polli by its higher number of pectoral fin rays, 15-16 (vs. 13-14 for
K. angolensis and K. ansorgii; and 13 only for K. polli); from both K. angolensis and K. ansorgii
by its lower number of soft anal fin rays, 6 (vs. 8 for K. angolensis and K. ansorgii); from
K. angolensis only, by its lower number of lateral line scales, 65-80 (vs. 100 for K. angolensis);
from K. polli by its higher number of dorsal fin rays, 7 (vs. 6 for K. polli); and from
K. auriculata by its shorter dorsal fin height, 19.5-24.0 mean 21.7% Lg (vs. 24.4-25.6 mean
24.9% Lg for K. auriculata), its relatively short pre-dorsal distance, 45.4-51.4; and mean
48.6% Lg (vs. 50.4-51.0, mean 50.7% for K. auriculata), by its relatively longer predorsal
distance 49.8-54.7, mean 52.5% Lg (vs. 48.1-50.6, mean 49.7% for K. auriculata)

Description: Representative male and female specimens are shown in Figures 5a—e and 16a,b.
The counts and measurements are given in Table 2. The observed maximum size is 55.9 mm Lg
in males and 70.0 mm Lg in females.

The body is elongated with the head length greater than the body height. The head is
often slightly longer than wide, and its height is comparable to its width. The dorsal fin is
located above the pelvic fins. The anterior base of the anal fin is closer to the origin of the
pelvic than the caudal fin.

Sexual dimorphism: In females, the head width, head length, pre-dorsal distance,
pre-pelvic distance, pre-anal distance, pre-pectoral distance, body height and pectoral fin
length are longer, and the pelvic fin base width is wider or longer than in males (Table 2:
F vs. M). Upper and lower lobe of the caudal fin is of the same size.

In males, the mouth width, eye diameter, post-dorsal distance, caudal peduncle height,
caudal peduncle length, dorsal height, pelvic length, upper caudal fin lobe, lower caudal
fin lobe, dorsal fin base width, pectoral fin base width, anal fin base width, and anal-caudal
distance are wider or longer than in females (Table 2: M vs. F). Upper lobe of caudal fin is
smaller than lower lobe.

Coloration in life: The coloration is variable according to (i) sampling period and
(ii) sex and maturity stage for this species (see Figure 5).
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In males (Figure 16a) and non-gravid females (Figure 5b3), colour pattern charac-
terised by a general yellowish background colour covered by numerous small dark brown
markings containing a less pronounced, dark brown, lateral band starting about midway
between head and anterior base of dorsal fin; upper half of body with a wide yellowish
band situated midway between dorsal fin and lateral line, starting above level of the op-
ercular organ and reaching until base of caudal fin insertion. Caudal, anal, and pelvic fin
are light grey; caudal fin is without two faint, brownish, vertical bands on basal half of
both lobes. Pectoral fin is without black spot on its base; pelvic fin is always with a black
spot at base, and anal fin is often with another one along its base. Eyes have a black pupil,
surrounded by an orange rim and a dark brownish iris.

10 mm

Figure 16. Life photographs of K. [uansaensis sp. nov.: (a) RMCA 2018,020,P,0072-0076; &' 47.4 mm Lg,
DNA tag 79; and (b) RMCA 2018,020,P,0067-0071; ¢ 49.1 mm Lg, DNA tag 75; Milembwe River, a
left-bank tributary of the Luansa River upstream of Kasompola Falls (Luansa) on the KP, upstream of
Kabyashya Village. 21 September 2017. The pink colour of the dorsal fin in the first specimen (a) is an
artefact of the human hand keeping the specimen in place.

In gravid females (Figure 16b), instead, the colour pattern is characterised by a general
yellowish-green background colour covered by numerous big dark brown, often irregularly
shaped, markings, resulting in an overall far more dark brown appearance of the upper half
of the body than in males and non-gravid females. Moreover, an often well-pronounced
and continuous dark brown mid-lateral band starting at the level of a non-developed
opercular organ is visible on gravid females (Figure 5b2); however it is sometimes less
pronounced and far less continuous (Figure 16b). The upper half of the body with a narrow
yellowish-green band situated about midway between dorsal fin and lateral line, starting at
the level of the opercular organ and reaching until the base of the caudal fin. The yellowish-
grey-whitish caudal fin often has two faint, brownish, vertical bars on basal half of both
lobes. Pectoral and pelvic fins always have a black spot at their base and anal fin often with
another one along its base. Eyes, as in males, have a black pupil surrounded by an orange
rim and a dark brownish iris.

Coloration in alcohol: In alcohol, specimens lose their vivid yellowish-greenish colour,
these parts becoming pale whitish, while nevertheless retaining their overall colour pattern,
thus reinforcing the differences between the different pre-existing colour pattern elements.

Distribution and habitat: The species is currently only known from the five most
upstream stretches sampled on the Luansa River above the Sanshifolo (Kyanga) Falls and
its left bankd affluent the Milembwe River (Figures 2 and 17).
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Figure 17. (a) Overall situation of the current distribution of both new species, i.e., Kneria luansaensis
sp. nov., and K. maxi sp. nov. (b) Detailed areal view on all localities sampled (see red rectangle area
on map a) for both new species. Kneria luansaensis sp. nov., % type locality and + other localities and
Kneria maxi sp. nov., % type locality. Luansa River and its neighbouring basins, a. Mambilima Rapids,
KP: Kundelungu Plateau. B-M ECR: Bangweulu-Mweru Ecoregion (right hand side of dotted line);
UL ECR: Upper Lualaba Ecoregion (left hand side of dotted line); and Kundelungu National Park
(KNP) (green areas).
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The water level was low but there was a moderate current above the rocky substrate
at some localities (Figure 18) and stagnate or slow moving water in the pool situated on the
Milembwe River (SM: Figure S14). The depth of the water was variable (21 September 2017),
about <50 cm above the rocky substrate and about <30 cm in the pool situated on the
Milembwe River.

SIS

Figure 18. Habitat of K. luansaensis sp. nov., Luansa River ~50 m upstream of Kasompola Falls
(Luansa) on the KP, upstream of Kabyashya Village (10°18/15.9” S 28°03/30.5" E); Alt. 1389 m a.s.l.,
21 September 2017.

Physico-chemical parameters of the water at the type locality on the upper (on the
KP) and middle (the three intermediate plateaux) Luansa River on 20-21 September 2017
between 9 a.m. and 4 p.m., where it is surrounded by gallery forest, taken during the
sampling period: temperature: 17.7-22.7 °C; conductivity: 23.8-143.0 (uS); dissolved
oxygen: 4.6-8.4 (mg/L); and pH: 6.0-6.7.

Etymology: The specific name, luansaensis, is a Latin adjective referring to the Luansa
River to which the new species seems endemic.
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Table 2. Proportional measurements and meristic characters of males and females for Kneria luansaensis sp. nov.; K. maxi sp. nov., K. wittei, and K. stappersii. h:
holotype, m: mean, and me: median. Ranges for males or females include the holotype of the same sex, M: male, and F: female.

K. luansaensis sp. nov. K. maxi sp. nov. K. wittei K. stappersii

Measurements Males (1 = 56) Females (n = 57) Males (n = 10) Females (1 =9) Males (1 = 8) Females (n = 16) Males (1 = 3) Females (1 = 6)

h & Range m Range m h ™ Range m Range m h® Range m Range m Range m Range m
Standard length Ls (mm) 46.3 35.6-63.0 47.1 35.0-70.0 537 557 42.2-57.0 513  40.2-63.8 538 407 32.9-55.8 464 34.2-59.8 48.2-53.3 51.5  40.6-62.4 54.1
Head length (Ly) 7.7 6.7-9.3 7.9 5.7-12.3 9.2 9.2 7.2-9.2 8.5 7.0-11.0 9.1 7.7 6.8-9.3 8.32 7.0-10.7 9.0 8.3-8.9 8.7 6.8-11.2 9.6
Head measurements (%Ly)
Post-orbital distance 43.2 35.1-47.6 421 37.648.3 43.1 449 41.9-48.8 45.6  40.2-50.0 45.6 418 39.7-50.7 444 39.7-49.5 45.0 42.2-452 437 442474 455
Interorbital distance 42.8 28.9-47.1 38.5 35.9-48.9 407 372 31.9-41.0 382  35.8-41.0 38.9 40.5 36.8-40.0 38 36.8 39.1 37.4-42.1 402 37.2-39.6 38.9
Head height 61.0 51.8-67.1 57.6 51.5-66.2 57.3 56.7 51.4-62.3 582  52.6-64.2 58.2 55.6 52.9-66.8 58.3 51.9-62.3 57.3 54.0-55.9 547  51.1-61.3 54.7
Head width 60.7 51.3-67.6 59.0 57.0-71.2 62.7 552 50.0-60.3 56.7  49.1-60.3 55.9 58.2 51.8-62.9 56.6 52.1-67.3 58.8 50.6-54.2 525  42.6-56.5 52.0
Snout length 29.5 26.2-38.6 32.2 26.3-37.7 325 29.2 27.5-29.9 289  24.8-31.6 28.6 28.4 23.7-32.9 289 24.3-34.2 29.2 29.0-30.1 29.7  29.3-35.2 31.6
Mouth width 36.2 27.1-40.0 34.1 27.0-38.8 327 290 24.1-30.8 285  23.5-30.0 277 294 26.4-31.3 28.5 25.4-30.6 283 27.1-27.7 274  22.6-28.6 26.5
Eye diameter 24.6 22.0-34.0 27.1 21.9-31.0 25.0 24.0 22.3-26.5 242  22.0-264 237 261 20.6-27.9 23.8 21.0-26.1 227 27.1-27.7 274 245293 26.7
Outer opercular organ diameter ~ 38.0 28.8-48.2 40.8 - - 43.6 34.0-47.6 41.3 - - 32.0-43.2 38.3 - - 34.9-38.6 36.6 - -
Inner opercular organ diameter 22.0 16.1-23.7 20.5 - - 19.6 18.3-21.9 20.2 - - 16.2-25.0 21.1 - - 19.8-22.9 21.4 - -
Body measurements (%Ls)
Head length 16.7 15.4-19.9 17.1 15.3-19.7 17.5 16.5 15.4-18.2 16.6  15.4-17.9 17.1 18.8 16.4-20.7 17.9 17.1-20.3 18.3 16.5-17.2 16.8  16.8-18.2 17.7
Postopercular organ length 11.5 9.1-13.2 11.5 — - 10.8 10.7-12.7 114 - - 10.2-13.7 12.4 — - 10.4-11.3 11.0
Pre-dorsal distance 493 45.4-51.4 48.6 48.1-54.1 502 49.0 48.2-50.3 49.0  50.4-53.5 514 50.8 47.2-50.2 48.8 48.4-50.8 49.6 48.5-49.8 493  50.4-53.8 51.6
Pectoral-pelvic distance 34.7 32.3-37.7 34.5 31.5-37.9 344 30.6 30.6-34.7 321 304-345 322 34.1 31.1-33.9 33.0 31.1-34.1 328 31.5-32.5 320  31.4-35.0 32.3
Pectoral-anal distance 57.7 54.2-62.1 58.5 54.5-61.8 58.4 56.5 55.6-59.2 56.9  54.7-59.1 57.2 55.7 54.8-57.7 56.0 54.5-57.4 56.1 55.4-57.0 564  53.8-58.7 56.3
Post-dorsal distance 523 49.8-54.7 525 47.8-52.9 51.1 52.8 50.2-52.8 51.3  48.5-51.0 49.6 491 50.0-53.5 51.6 49.1-52.4 51.1 50.2-52.3 513  48.1-50.7 49.3
Pre-pelvic distance 49.3 45.5-51.7 484 46.8-52.0 494  46.6 45.7-50.2 472 453-494 47.9 51.6 48.1-50.3 49.1 47.1-51.6 49.4 46.3-47.3 46.9  46.5-50.5 48.2
Pre-anal distance 72.0 68.1-75.0 71.6 70.2-75.7 72.5 71.9 71.2-73.5 720  70.5-734 72.0 729 69.8-72.6 711 70.9-72.9 71.9 70.8-72.8 71.6  71.5-73.3 72.2
Pre-pectoral distance 15.5 13.1-18.2 14.9 14.54-18.1 16.0 14.5 13.6-16.9 149  144-16.3 15.5 18.9 14.5-17.7 16.0 15.5-18.9 17.0 15.1-16.1 155  16.2-185 17.1
Body height 15.7 13.4-19.2 16.0 13.1-19.6 17.1 14.7 14.7-16.8 153  14.2-17.6 16.2 14.7 13.0-15.7 144 11.8-15.6 14.0 13.7-15.4 146  12.6-15.0 13.8
Body width 10.2 9.7-12.3 10.6 9.9-12.0 107 8.0 8.0-9.0 8.8 8.7-9.1 8.8 10.6 9.6-10.8 10.1 9.7-11.7 10.4 8.4-9.2 8.9 8.6-9.1 8.9
Caudal peduncle height 9.9 8.1-11.7 9.8 8.1-12.1 9.6 10.9 9.5-10.9 102 8.8-104 9.6 10.1 9.5-12.0 10.8 9.2-11.5 10.2 10.3-10.9 106 9.2-10.6 10.0
Caudal peduncle length 22.5 18.7-22.5 20.9 18.2-22.9 20.2 19.03 18.3-20.2 193  18.2-214 19.2 18.4 18.2-20.6 194 18.2-20.7 19.7 20.8-21.5 21.0  19.6-22.1 20.6
Dorsal fin height 229 19.5-24.0 21.7 16.9-20.8 18.7 239 21.2-24.2 226  13.6-20.5 18.7  20.0 20.5-24.0 22,6 18.6-21.2 20.1 21.2-22.7 222 16.6-19.9 18.7
Pelvic fin length 21.0 15.5-21.0 18.5 15.3-19.1 17.0 17.7 15.8-18.9 177 14.8-19.1 17.1 18.7 17.9-20.9 19.1 16.1-20.5 18.3 18.1-18.8 185  154-181 16.9
Pectoral fin length 16.5 15.7-21.1 18.0 15.7-21.8 18.9 16.2 13.3-18.2 159  144-20.1 17.4 20.9 15.9-20.2 18.1 17.7-20.9 19.0 16.0-17.2 16.6  16.2-18.0 17.3
Upper caudal fin lobe 22.3 17.2-3.2 20.9 16.8-22.0 19.3 19.6 18.6-22.5 202 17.7-21.6 19.7 - 18.3-23.0 21.0 15.1-21.7 19.3 20.8-21.4 21.0  14.3-212 19.3
Lower caudal fin lobe 24.8 19.6-26.0 22.8 14.2-22.0 187 201 19.7-22.3 21.1 17.7-21.8 19.8 - 22.1-24.8 23.1 17.6-21.8 19.7 24.3-24.9 246  20.3-229 21.5
Dorsal fin base width 9.7 7.7-10.2 9.0 7.3-94 8.4 9.9 8.5-10.2 9.4 8.2-9.8 8.8 9.8 9.2-11.6 10.4 8.5-10.4 9.4 9.4-9.6 9.5 7.9-8.7 8.3
Pelvic fin base width 2.9 2.6-3.5 3.1 2.5-3.7 3.1 3.6 3.3-3.7 3.6 3.1-3.6 3.4 3.1 3.0-3.7 3.3 2.9-37 3.44 3.3-34 3.4 3.1-3.7 3.5
Pectoral fin base width 7.9 6.3-8.6 7.3 4.8-6.7 5.8 6.6 5.9-7.0 6.5 4.6-5.6 5.1 6.1 6.9-7.7 7.2 5.3-6.3 5.8 6.9-7.0 7.0 4452 49
Anal fin base width 6.9 5.8-9.6 7.7 6.0-8.6 7.1 74 6.8-8.8 7.7 6.10-8.06 6.8 8.6 7.7-8.7 8.2 6.3-8.8 8.0 7.4-7.9 7.7 7.2-8.4 7.7
Pelvic-anal distance 24.2 22.1-28.2 25.0 21.1-27.3 249 24.6 23.9-26.0 250  22.6-27.9 253 221 22.1-24.5 23.0 22.1-25.1 234 25.2-26.3 25.7  24.0-265 25.2

Anal-caudal distance 30:5 26.2-31.8 29:5 26.4-30.9 28:3 28:7 26.8-29.2 28:5 27.2-29.0 28:1 26:8 27.1-30.8 29:0 26.8-29.8 28:4 28.8-30.2 29.5 27.3-29.9 28:7
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Table 2. Cont.

K. luansaensis sp. nov. K. maxi sp. nov. K. wittei K. stappersii
Measurements Males (n = 56) Females (1 = 57) Males (1 = 10) Females (n=9) Males (1 = 8) Females (17 = 16) Males (1 = 3) Females (1 = 6)
h (M) h (M) h (F)

Range m Range m Range m Range m Range m Range m Range m Range m
Meristics h range me range me h range me range me h range me range me range me range me
Simple dorsal fin rays 3 3 3 3 3 3 3 3 3 3 - 3 3 3 3 3 3 3 3
Branched dorsal fin rays 7 7 7 7 7 7 7 7 7 7 - 7 7 7 7 7 7 7 7
Simple caudal fin 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Branched caudal fin rays 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17
Simple anal fin rays 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
Branched anal fin rays 6 6 6 6 6 6 6 6 6 6 - 6 6 5.0-6 6 6 6 6 6
Total pelvic fin rays 8 8 8 8 8 8 8 8 8 8 8 7.0-8 8 7.0-8 8 8 8 8 8
Total pelvic fin rays 15 15-16 15 15-16 15 15 15-16 15 15-16 15 15 16 16 15-16 15 16 16 15-16 16
Lateral line scales 72 66-80 71 65-80 72 84 78-89 835  80-90 87 75 61-78 72 64-78 71.5 84-87 86 85-91 87
Lamellae in the 15 13-25 16 - - 22 22-24 22 - - - 18-24 2 - - 20 20 - -

postopercular organ
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3.4.2. Kneria maxi sp. nov.
Figure 19 & Table 2

Holotype: RMCA 2016-038-P-0310, male, 55.7 mm Lg, Luansa River, Wasalangana Oxbow
arm, downstream of all falls, upstream of Kabyashya Village (10°18'05.6” S 28°05'25.7" E);
Alt. 1062 m a.s.l; DNA tag 056; KNP Expedition 2016, 22 August 2016.

Paratypes: RMCA 2016-038-P-0311-0314, four males, 48.7-57.0 mm Lg, same data as holo-
type. DNA tags 054, 055 (LSa7ABKW), 057, and 058; KNP Expedition 2016, 22 August 2016.
RMCA 2016-038-P-0315-0318, four females, 43.3-62.0 mm Lg, same data as holotype. DNA
tag 050-053; KNP Expedition 2016, 22 August 2016. RMCA 2018-020-P-0008-0011, four fe-
males, 46.6-63.8 mm Lg, Luansa River, Wasalangana downstream of all falls, upstream of
Kabyashya Village (10°18'1.3” S 28°5'37" E); Alt. 1036 m a.s.1,; DNA tag 98,99, 101, and 102;
KNP Expedition 2017, 21 September 2017. RMCA 2018-020-P-0012, one male, 46.1 mm Lg,
Luansa River Wasalangana site, downstream of all falls, upstream of Kabyashya Village
(10°18'1.3” S 28°5'37" E); Alt. 1036 m a.s.l.; DNA tag 100; KNP Expedition 2017, 21 Septem-
ber 2017. RMCA 2018-020-P-0015, one male, 52.3 mm, same data as 2018-020-P-0008-0011.

Additional non-type material examined: RMCA 2016-038-P-0319-0323, five unsexed
specimens (not measured as used for visual observations only), same data as holotype.
DNA tags LSalABKW, 2ABKW, 3ABKW, 4ABKW, and 4BAKW; KNP Expedition 2016,
22 August 2016. RMCA 2016-038-P-0324-0328, five unsexed specimens (not measured
as used for visual observations only), same data as holotype. Tag LSa6-10BAKW; KNP
Expedition 2016, 22 August 2016. RMCA 2016-038-P-0329-0355, 27 unsexed specimens (not
measured as used for visual observations only), same data as holotype; KNP Expedition
2016, 22 August 2016. RMCA 2018-020-P-0013-0014, two unsexed specimens (not measured
as used for visual observations only), Luansa River, Wasalangana site, downstream of all
falls, upstream of Kabyashya Village (10°18'1.3” S 28°5'37" E); Alt. 1036 m a.s.1; KNP
Expedition 2017, 21 September 2017.

Diagnosis: In the Congo Basin s.l., K. maxi sp. nov. differs from their UC Basin
congeners K. paucisquamata and K. katangae by its higher number of lateral line scales,
7890 (vs. lower, 58-63 for K. paucisquamata; and 55-59 for K. katangae), its higher number
of pectoral fin rays, 15-16 (vs. lower, 12-13 for K. paucisquamata; and 13 for K. katangae),
and its shallower body height, 14.2-17.6% Ls (vs. deeper, 20.3-22.2% for K. paucisquamata;
and 20.1-21.5% for K. katangae); from K. stappersii by its general yellowish-brown back-
ground, with no spots on the lateral line, and with dorsal, caudal, anal, and pelvic fins
of greyish-brown colour (vs. general brown background, often with eight pronounced
black spots along lateral line, and with dorsal, caudal, anal, and pelvic fins of light -brown
colour in K. stappersii), by its smaller eye diameter, 22.3-26.5% Lg (vs. 27.1-27.7% for
K. stappersii), and by its short lower caudal fin lobe, 19.7-22.3 (vs. 22.1-24.8 for K. stappersii)
in males; and from K. wittei by its narrower body width, 8.0-9.4% Lg (vs. 9.6-11.7% for
K. wittei); and its yellowish-brown background, with a black dorsal region, caudal, anal,
dorsal, and its pelvic fins being light grey, and pectoral fin being yellowish (vs. a light
brown background, with a dark-brown dorsal region, mostly with a series of discrete,
post-dorsal, brown spots along the lateral line, light brown dorsal, caudal, anal, and pelvic
fins and orange pectoral fins in K. wittei).

Further, in the Luansa River itself, it differs from its upstream congener, K. luansaensis
sp. nov., by its narrower body width, 8.0-9.1% Lg (vs. 9.8-11.6% for K. luansaensis sp.
nov.), its relatively narrow mouth, 23.5-30.8, mean 28.1% Ly (vs. 27.1-40.0, mean 33.4% for
K. luansaensis sp. nov.), and by its relatively high total number of lateral line scales, 78-90,
median 80 (vs. 65-80, median 71, for K. luansaensis sp. nov.) (Figures 7 and 9).

Finally, K. maxi sp. nov. can be distinguished from the four other Kneria species
reported, but r not yet confirmed, for the Congo Basin s.1. as follows: from K. angolensis,
K. ansorgii and K. polli by its higher number of pectoral fin rays, 15-16 (vs. 13-14 for
K. angolensis and K. ansorgii; and 13 only for K. polli); from both K. angolensis and K. ansorgii
also by its lower number of soft anal fin rays, 6 (vs. 8 for K. angolensis and K. ansorgii);
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from K. angolensis, only, also by its lower number of lateral line scale, 78-90 (vs. 100 for
K. angolensis); from K. polli also by its higher number of dorsal fin rays, 7 (vs. 6 for
K. polli); from K. auriculata by its smaller eye diameter, 22.0-26.0% Ly (vs. 32.0-32.8% for
K. auriculata), its shallower body height, 14.2-17.6% Lg (vs. 18.2-18.7% for K. auriculata),
and its narrower body width, 8.0-9.1% Lg (vs. 9.6-10.2% for K. auriculata).

Description: The holotype (male) and a representative female are shown in Figure 19.
The counts and measures are given in Table 2. The observed maximum size is 57.0 mm Lg
in males and 63.8 mm Lg in females.

!

Figure 19. Life photographs of Kneria maxi sp. nov. (a) RMCA 2016-038-P-0310, & 55.7 mm Lg
DNA tag 056; (b) RMCA 2016-038-P-0311-0314, ¢ 62.0 mm Lg DNA tag 051; 22 August 2016; Luansa
River, Wasalangana oxbow arm downstream of all the falls, and upstream of Kabyashya Village. The
red/orange and pink colour of some of the fins is an artefact of a human hand keeping the specimen
in place.

The body is elongated with the head length greater than the body height. The head
is often slightly longer than wide, and its height is comparable to its width. The mouth is
inferior, and of a narrow width. The snout is pointed. The body is narrow. The dorsal fin is
located above the pelvic fins or slightly behind. The anterior base of the anal fin is closer to
the origin of the pelvic than the caudal fin. The caudal is indented, with the longest caudal
fin ray length of both the upper and lower lobe being of comparable length.

Sexual dimorphism: In females, the pre-dorsal distance and pectoral fin length are
both longer than in males (Table 2: F). The dorsal fin origin is often closer to the base of the
caudal fin than to the anterior tip of snout.

In males, the post-dorsal distance, dorsal fin height, and pectoral fin base width is
longer, higher, and wider than in females (Table 2: M). Dorsal fin origin is often closer to
the anterior tip of snout that to base of caudal fin. When present, in most specimens, the
opercular and postopercular organs are relatively well developed (42.2-57.0 mm Lg).

Coloration in life: This species does not present any sexual dichromatism. Note that
the absence of sexual variation in colour pattern for this species might be due to the fact
that, up to date, only non-gravid females where sampled.

Males and non-gravid females, at least (Figure 19), have the same live colour, char-
acterised by a general yellowish-brown background and a less pronounced continuous
dark brown band, situated at the level of the lateral line, starting above the anterior level
of the region of the opercular organ and reaching the caudal fin base (see specimens in
Figure 19). The upper half of the body has a narrow yellowish-green band situated about
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midway in-between the dorsal fin and lateral line, generally starting behind level of the
region of the opercular organ, but most pronounced near the anterior base of the dorsal
and pelvic fin until the base of the caudal fin and often more pronounced posteriorly, from
dorsal fin level towards caudal fin base. The dorsal region of the head and body are darker
brown, mottled, and the ventral region of the head and body, uniformly, is yellowish-white.
The dorsal midline is often marked with 4-6 pre-dorsal and 4-6 post-dorsal, flared, dark
brown, spots in large-sized specimens (>~40.0 mm SL), but is not punctuated as such in
smaller-sized ones. Caudal, anal, dorsal, pectoral, and pelvic fins are light grey. The pelvic
fin is less visible with a black, ellipsoid spot at its anterior base and anal fin with a more
elongated one at its mid-base. Eyes have a black pupil, surrounded by a yellowish-orange
rim, with lower quarter of iris whitish, and the remaining part is darker brown.

Coloration in alcohol: In alcohol, the specimens lose their vivid yellowish/greenish
colour and these parts become pale whitish, while nevertheless retaining their overall colour
pattern, thus reinforcing the differences between the different colour pattern elements.

Distribution and habitat: The species sensu stricto is currently only known from its
type locality on the Luansa River, which is situated downstream of the last Sanshifolo
(Kyanga) Falls (Figure 17). Based on COI mtDNA evidence (Figure 15), the species is also
possibly occurring in the lower Lutshipuka River and two of its tributaries, another left
bank tributary of the lower Luapula Basin. However, this needs further confirmation.

The water level was low with a moderate current above the rocky substrate in some
riverine localities, while for the water in the pool of the Wasalangana Oxbow arm (Figure 20),
the depth of the water was variable; about <50 cm on the rocky substrate of the riverine
localities and about >50 cm in the pool of the Wasalangana Oxbow arm was slow moving
to stagnant (Figure 20).

Figure 20. Pool habitat of K. maxi sp. nov., Luansa River, Wasalangana Oxbow arm, downstream of
the last Sanshifolo (Kyanga) Falls, upstream of Kabyashya Village (10°18'05.6"” S 28°0525.7" E); Alt.
1062 m a.s.1., 22 August 2016.
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Physico-chemical variables of the water at the type locality on the lower Luansa River,
i.e., the Wasalangana Oxbow arm, downstream of all falls, where it is surrounded by gallery
forest and grassy savannah, taken during the sampling period, in the morning at 10 a.m.
on 21 September 2017: 22.5-22.3 °C; conductivity, 53.2 (uS); dissolved oxygen, 7.4 (mg/L);
and pH 6.2.

Etymology: This species is named in honour of Professor Max Poll (1908-11991), a
Belgian ichthyologist, for his extensive studies in African ichthyology, in general, and
on the genus [13,18,20,23], in particular, which serves, to this very day, as a basis for the
identification of species of the genus, and who was the first to identify Kneria specimens
collected from the Luansa River. As Kneria polli Trewavas, 1936 was already dedicated to
him, the species name here refers to his first name, Max.

4. Discussion
4.1. The External Morphological Characterisation of Sexual Maturity
4.1.1. The Opercular Organ

The presence of tubercles/lamellae on the opercular organ and their placement was
reported to be of diagnostic value for species identification in the genus Kneria [16]. How-
ever, Peters [55] already pointed out that questions remained regarding the systematic
value of this kind of morphological difference, as laboratory results reveal that the devel-
opment of both the opercular and postopercular organs depends on the liberation of sex
hormones, such as testosterone, and that it correlates with gonad (testes) maturation status.
He inferred that only adult males can be used for systematic purposes, since reproductive
state might affect the shape of the lamellae in the opercular organ, and that the ecological
conditions, e.g., temperature, might further influence the development of both organs and
the postopercular organ. From this, he postulated that the morphological characteristics of
the opercular organ provided in the description of some Kneria species might be far less
diagnostic than postulated, because this characterisation was often derived from a single
sample from a single locality.

In the present study, comparatively large sample sizes were available, particularly
for the two new species described herein, and these samples were collected in different
seasons and from different localities. Thus, this sampling enabled us to show that even
in a sample of specimens caught the same day, some males had tubercles/lamellae in the
opercular organ, while others lacked them completely; and further, that even within the
same population, tubercles/lamellae expression patterns may vary seasonally.

Nevertheless, the case of K. luansaensis sp. nov. exemplifies that size alone apparently
does not determine lamellae presence in the opercular organ, as, e.g., 21 males ranging
between 37.3 and 60.5 mm Lg (Figure 3a—e) feature lamellae, whereas 46 others of a roughly
similar size (36.8-64.8 mm Lg) (Figure 3a—e) lack them. Some of these specimens were even
collected at the same locality and on the same day. This suggests that not only seasonality
and ecological conditions appear to determine the presence of these tubercles/lamellae in
selected specimens, but possibly their maturity status or other factors, too. In contrast to
the aforementioned case, virtually all K. maxi sp. nov. specimens ranging between 49.6 and
57.0 mm Lg, collected from the most downstream section of the Luansa River, featured
lamellae in the opercular organ (Figure 3f). Only the two smallest studied specimens of
422 mm and 46.1 mm Lg, respectively (Figure 3f), lacked them completely. Thus, the
development of lamellae in the opercular organ seems, somehow, apparently size and/or
age related also—at least in some Kneria species.

4.1.2. The Postopercular Organ

The total number of lamellae in the postopercular organ was reported to be of diagnos-
tic value in genus Kneria, too [16]. However, in some of the examined population/species,
their number is positively allometric up to a certain size, i.e., to a size, above which the
count does not further increase (Figure 4a,f,h). Nevertheless, in some population/species,
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such a positive allometry could possibly be absent (Figure 4b—e), although this might be
partially due to a limited sample of the respective size class (Figure 4c: population IntP1).

In K. luansaensis sp. nov. (Figure 4a—e), all specimens sampled in the same season,
at the same site, and of similar size (35.7-55.8 mm Lg) had a rather consistent number
of lamellae in the postopercular organ, i.e., 13-19 lamellae; this except for a subsample
of ten out of twelve specimens from the uppermost locality of the Luansa above Kasom-
pola Falls, which were somewhat larger (51.3-63.5 mm Lg) and had a higher count, i.e.,
23-25 lamellae (Figure 4a; SM: Table S54). These ten specimens were collected on the same
day (SM: Table S4; 8 August 2016: H-DS), together with two specimens having a lower
number of 15 lamellae, and which were of a smaller size (39.2 and 40.0 mm Lg), thus being
in the range as reported for the other localities for specimens of the same size range and
collected during the same season. As such, the number of lamellae in the postopercular
organ seems to be size dependent in this species.

In K. maxi sp. nov. (Figure 4f), the specimens ranging between 49.6 and 57.0 mm Lg
had a high number of lamellae in the postopercular organ (22-24), and only the two
smallest specimens (42.2 and 46.1 mm Lg) had either a lower number (16 for the 42.2 mm Lg
specimen) or lacked it altogether (46.1 mm Lg specimen). Thus, the number of lamellae in
the postopercular organ seems to be a function of size/maturation in this species, too.

The same holds true for K. wittei, since small-sized specimens had lower numbers of
lamellae on the postopercular organ than large-sized ones (Figure 4h): the size of the five
studied populations of this species, all collected during the cold dry season, ranged between
37.5 and 55.8 mm Lg, and these had a comparable number of lamellae in the postopercular
organ (20-25), whereas only the two smallest specimens (32.2 and 32.9 mm Lg) had no more
than 18 lamellae.

For the studied K. stappersii specimens, the data are less clear with regard to an allometric
increase in the number of lamellae (Figure 4g): three large males (48.2-53.3 mm Lg) collected
during the mid-rainy season (SM: Table 54) had a high number of 20 lamellae in the
postopercular organ, whereas seven small specimens (37.3—45.0 mm Lg) collected during
the hot dry season and from another locality had only 12-16 lamellae. Another four
specimens of rather large size (46.5-50.9 mm Lg) collected during the late rainy season
and from yet another locality had 16-18 lamellae, and two rather intermediate specimens
(45.2 and 45.8 mm Lg) had only 12.

4.1.3. Body Tubercles on Males

The development of body tubercles might possibly be influenced by season, because,
in general, the presence of body tubercles is considered a seasonal character of sexual ma-
turity in several ostariophysan families, such as the Phractolaemidae and Kneriidae (order
Gonorhynchiformes) or Cyprinidae (order Cypriniformes) [56-59]. Tubercles might serve,
e.g., as epithelium protection [60,61], agonistic territoriality [59]), or contact facilitation
during the spawning act [56]. As such, it is suspected, somehow, that also in Kneria spp.,
the development of tubercles might go hand in hand with the development of tuber-
cles/lamellae (T/L-OP) in the opercular organ of males and that both are related to their
reproductive activity, even if for the former, their actual function remains unknown. To test
this hypothesis, an additional qualitative character, being the development of tubercles on
the body, i.e., on the head and/or trunk, in relation to seasonality, i.e., main reproduction
season (see below) or not, was also documented (SM: Table S15).

In general, according to our data, indeed, the presence of tubercles in the body cor-
relates with the presence of tubercles/lamellae in the opercular organ of males. First, the
complete absence of body tubercles in all K. wittei specimens presenting an opercular organ
(T/L-OP) in stage 1 (see Figure 3h and SM Table S15), and almost all specimens of other
populations/species in this stage, seems to confirm this hypothesis. Further, T/L-OP stage
2 appears to be a transitional one, as those specimens either lack or have body tubercles.
Finally, T/L-OP stage 3 corresponds with the greatest development of body tubercles, and
this all over the body.



Diversity 2023, 15, 1044

43 of 52

Moreover, in two of the five populations of K. luansaensis sp. nov., being IntP2 and
IntP3, the only ones for which the males have well-developed tubercles on the opercular
organ, many of the syntopically and synchronically collected females are found to be
gravid and vice versa. These observations seem, indirectly, to suggest that the development
of tubercles and lamellae in the opercular organ of the males are both related to their
reproductive activity.

The fact that in most males of K. maxi sp. nov., collected during the middle dry season
and those of K. stappersii, also collected during the mid-dry season, have lamellae in the
opercular organ but lack conical tubercles on both the head and body might possibly be
since the specimens were collected after the rainy season (see SM Table S15). As the early
and the late rainy season are, somehow (see below), likely the reproductive season, it is
possible that, afterwards, the tubercles disappear faster than the lamellae in the opercular
organ. Wild-caught specimens of K. stappersii caught by us in the peak of the rainy season
(48.2-53.3 mm Lg), i.e., mid rainy season, neither have tubercles/lamellae in the opercular
organ nor tubercles on the head or body, which might point to the fact that they are not in
their reproductive period. Indeed, the lack of lamellae on the opercular organ, the absence
of tubercles on the head or body, and also the absence of ripe eggs in females of K. stappersii
collected by us during the peak of the rainy season suggest that reproduction is halted
during this period. This situation appears comparable to K. auriculata from Mpumalanga,
South Africa, for which the breeding season seems to correlate either with the early or with
the late rainy season (September/October to April/May), thus avoiding the peak of the
rainy season [62]. Nevertheless, field monitoring studies will be indispensable to document
the actual extent of the reproduction period in Kneria species.

4.1.4. Sexual Dichromatism

Sexual dichromatism was observed in all populations of K. luansaensis sp. nov. In-
deed, the colouration is clearly different between males and non-gravid females vs. gravid
females collected during the early rainy season (localities: IntP2 and IntP3), but not for
males and females collected during the peak of the dry season (albeit only documented
for InP2). Thus, sexual dichromatism occurring at the start of the rainy season, a period
characterised by high temperatures, might be expressed during the reproductive period
only. This coincides with K. luansaensis males having well-developed lamellae on the
opercular organ and well-developed conical tubercles on the body; the latter generally
known to be related to breeding season and reproductive activities in fish [16,56]. Fur-
thermore, most females with supposed breeding coloration were gravid, whereas females
without supposed breeding coloration were confirmed as not being gravid (presence of
eggs was tested by applying slight pressure on the abdomen to observe extrusion of eggs).
Interestingly, none of the specimens of the studied K. maxi sp. nov., K. stappersii and
K. wittei populations were sexually dichromatic and none contained gravid females. This
may indicate that these populations were not sampled during the breeding season of those
species, but this needs further, year-round collection of specimens.

4.2. Sexual Dimorphism beyond the Presence/Absence of the Opercular and Postopercular Organ

Sexual dimorphism (SD) in the genus Kneria was long known only by the presence
of an opercular and a postopercular organ in males [13,14,16]. However, a detailed study
of the sexual dimorphism in the Kneria of the KP and its surroundings revealed that it is
not restricted to these organs, but that some counts and measurements are also sexually
dimorphic ([28,63]; Abwe pers. data and in prep.). Particularly, certain sexually dimorphic
differences in measurements seem to be present in all four studied species. These include
the pectoral fin base width, being larger in males than in females (Figure 14a), and the
dorsal fin height, being larger in males than in females as well (Figure 14b). A different set
of measurements seems, however, only to occur in three out of the four studied species,
i.e., dorsal fin base width, being larger in males than in females, and pre-pectoral distance,
being larger in females than in males, and this for both measurements in K. luansaensis
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sp. nov., K. stappersii and K. wittei. The same holds true for: the pre-dorsal and pre-pelvic
distance, both larger in females than in males, in K. luansaensis sp. nov., K. maxi sp. nov.,
and K. stappersii. Furthermore, in another set of measurements, i.e., the post-dorsal distance,
and pelvic length, both longer in males than in females, sexual dimorphism is only present
in two of the four studied species, K. luansaensis sp. nov. and K. maxi sp. nov. The same
holds true for the length of the lower caudal fin lobe and the caudal peduncle length, both
longer in males than in females, and for which sexual dimorphism is thus present in both,
K. luansaensis sp. nov. and K. stappersii only; and the head width, being larger in females
than in males, and the caudal peduncle height, being larger in males than in females, and
for which sexual dimorphism is thus present in both, K. luansaensis sp. nov. and K. wittei
only. Finally, some sexually dimorphic measurements are even unique to a single, out of the
four studied, species. This is true, for instance, for mouth width, eye diameter, head length,
pre-anal distance, body height, pectoral length, upper caudal fin lobe, anal fin base width,
and anal-caudal distance found to be sexually dimorphic in K. luansaensis sp. nov., and for
which the largest sample size is available. The same holds true for snout length, which was
found to be sexually dimorphic in K. maxi sp. nov. only (see Tables 2 and S7). The implications
of these results for Kneria were and will be discussed elsewhere ([28]; Abwe, pers. data and
in prep.), but they needed to be highlighted here in order to enable a sound description of
both new species as provided herein.

4.3. Species Diversity in Kneria: A Concise Overview of an Underestimated Phenomenon

The genus Kneria is known to occur in six of the ten African ichthyogeographical
provinces, i.e., the Angolan, Cape, Congolese, Eastern, Great Lakes of East Africa, and
Zambezi provinces (sensu Levéque and Paugy [64]: figure 5.1). New species were described
from each of these, except for the Cape (SM: Table S1).

Some species, such as K. angolensis and K. ansorgii, originally described from the An-
golan Province, K. auriculata and K. polli originally described from the Zambezi Province,
and K. wittei, originally described from the Congo Province, are currently considered to
be widespread [2,8,22]. However, other species, such as K. katangae, K. paucisquamata, and
K. stappersii, originally described from the Congo province, K. rukwaensis, originally de-
scribed from the Great Lakes of East Africa Province and a nearby Lake Tanganyika
tributary of the Congo Province, K. ruaha and K. uluguru, both originally described from
the East Coast Province, and finally K. maydelli and K. sjolandersi, both originally described
from the Zambezi Province, have more restricted distributions, as being only known from
their type locality, a few nearby localities, or known as single river basin endemic species
(SM: Table S1).

Seegers [16] concluded that collecting efforts were concentrated to certain regions,
such as the Angolan and Congolese provinces; and that the taxonomic allocation of certain
populations to presumably widespread species is mainly due to the lack of detailed studies
on the alpha-taxonomy of the genus. Thus, it seems likely that the large distribution areas
reported for some species simply reflect more intense (historical) collection activity in these
areas (see SM Table S1). Illustrative of this situation are the four species originally described
from beyond the borders of the Congo ichthyogeographical Province (SM: Table S1), but
whose occurrence in the Congo Province was reported in the past: (1) K. angolensis reported
by Boulenger [65]; (2) K. ansorgii reported by Poll [66]; (3) K. auriculata reported by [13]; and
(4) K. polli reported by David and Poll [67]. Nevertheless, Poll [20] did only include two
species, K. auriculata and K. polli, in his list of the Congo Basin, although he considered their
occurrence in the basin as doubtful. In addition, in the CLOFFA, Poll [2] also only retained
K. auriculata as present in the Congo Basin. However, Seegers [16] and Skelton [19] further
questioned the presence of K. auriculata, originally described from the Zambezi Province, in
the Congo Basin. This renders the status of these four species in the Congo Province unclear.
Furthermore, several known populations of Kneria in Zambia and Zimbabwe are likely to
represent new species for science [16]. Therefore, Seegers [16] also stipulated that more
detailed studies on Kneria may alter the known distribution patterns, as shown by his study
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on the Ruvu, Rukwa, upper Kalambo, and Ruaha Basins (see SM Table S1), which resulted
in the description of three new Kneria species from the East Coast and Congo provinces.

Based on this inference, only the five species originally described from the Congo
Basin s.1, i.e., K. katangae, K. paucisquamata, K. rukwaensis, K. stappersii, and K. wittei can
safely be considered to occur in the Congo Province. Among these, K. wittei is known
to have a widespread distribution, covering three ecoregions (sensu Thieme et al. [68]),
including the upper Congo and the upper Lualaba ecoregions, with important K. wittei
collections from the Upemba National Park [20], and the Bangweulu—-Mweru ecoregion,
with important K. wittei collections from the neighbourhood of the Kundelungu National
Park [20,24,26].

The two new Kneria species described from the Luansa River are found to occur in
what was previously reported to be part of the distribution area of K. wittei [2,20,24]. Both
species are, however, quite different from this species since they are clearly distinguished
from K. wittei by their distinct colour pattern (Figure 6). Further, the two new species are
genetically well-distinct from K. wittei, and this with a K2P genetic distance of 7.1-7.7% for
the COI mitochondrial gene (Table 1). In contrast, however, they are morphologically quite
similar to K. wittei, explaining, in part, the misidentifications made by Seegers [20], which
only used a morphological approach.

4.4. On the Possible Influence of Waterfalls on the Species Diversity in Kneria

Several authors stipulated that geographical segregation is the main factor of speciation
in continental waters, particularly for Africa [64,69,70]. They further pointed out that the
simplest mode of segregation is physical, this by impassable geographic barriers, i.e.,
waterfalls, or separation of watersheds. In addition, rapids may present strong ecological
barriers, at least for poorly swimming fish species, as are, vice versa, swamps or lakes for
some rheophilic species [69]. The Congo Basin [71], including some of its tributaries, such
as the Chambeshi-Luapula-Luvua System (see [27]), contains numerous waterfalls that are
important barriers, at least, to upstream fish migration [71].

Between the four described and valid Kneria species occurring in the upper Congo
Basin sensu Roberts and Stewart [71], two belong to the Bangweulu-Mweru ecoregion,
which is mainly covered by the Chambeshi-Luapula-Luvua system. It is divided into
three sections, the upper, middle, and lower Luapula, respectively, by the ~15 m-high
Mumbatuta Falls, more upstream, and the Mambilima Rapids (a 5 km stretch), more
downstream [72,73]. Two valid Kneria species were originally described from the Luapula
Basin, K. stappersii, known from the left bank tributaries of the middle Luapula [2,16]; and
K. paucisquamata, known from the headwaters of the Luongo River [22], a right bank
tributary of the middle Luapula [74,75]. These two species are, however, also well-separated
from each other by the upstream Mumbuluma Falls (~54 m height) and, more downstream,
Musonda Falls (~33 m height), both situated on the Luongo River itself [75]. Both these falls
and rapids constitute barriers to fish migration between the middle Luapula, including
lower Luongo against that of the middle and upper Luongo.

In addition to these two valid species, Seegers [16] reported the presence of an unde-
scribed Kneria species in the upper Gumba (Ngumba), a small sub-tributary of the upper
part of the Chambeshi River (Zambia) in the Bangweulu-Mweru ecoregion, not attributed
to either of the two known species in the Chambeshi-Luapula-Luvua system or to any other
congeneric species known to date. This river section, situated upstream of Lake Bangweulu,
is separated by both the Mumbatuta Falls (~15 m height), and further downstream by the
Mambilima Rapids, from more downstream river sections and Kneria populations/species.
Indeed, this undescribed species seems to occur considerably farther upstream in the
Bangweulu-Mweru ecoregion than both the Kneria species of the Luansa River studied
here, thus further suggesting the importance of waterfalls, and possible rapids as well, in
constraining kneriid species distribution and, possibly, speciation processes.
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Considering the results of the present study, there are two new species to be added
for the lower Luapula. These two new species were both found in the Luansa River,
which is partitioned by two groups of falls, namely the Kasompola (Luansa) Falls (~170 m
height) and the series of the three Sanshifolo (Kyanga) Falls (totalling ~75 m height)
(Figure 2) [24,25]. However, the two studied populations from above the Kasompola
(Luansa) Falls on the Kundelungu Plateau and the three from above the three Sanshifolo
(Kyanga) Falls constitute a single species. The last of the three Sanshifolo (Kyanga) Falls,
with a height of only ~25 m, constitutes the actual border between the distribution of the
two species occurring in the Luansa River, being K. luansaensis sp. nov. and K. maxi sp. nov.,
with the latter only occurring downstream of these falls. Based on COI mtDNA barcoding
data, K. luansaensis sp. nov. is not the sister species to its downstream congener, K. maxi sp.
nov. This seems to imply independent colonisation of the up-and downstream stretch of the
basin. Most likely, K. luansaensis sp. nov. first occupied the uppermost part of the Luansa on
the KP and then, subsequently, occupied the different downstream sections, all upstream of
the third Sanshifolo (Kyanga) Falls by downstream colonisation. However, it does not seem
to have been able to colonise the most downstream part of the Luansa River, this below
the third of the Sanshifolo (Kyanga) Falls, where K. maxi sp. nov. occur nowadays and
thus possibly prevented further downstream colonisation due to competition [76-78]. In
addition, ecological factors such as temperature, conductivity, dissolved oxygen, pH, etc.,
are also different up- and downstream in all three sections of the Sanshifolo (Kyanga)
Falls [24], and thus also further hampered downstream colonisation. Moreover, Kneria maxi
sp. nov. is the sister species of K. stappersii, known from the middle Luapula Basin [78], by
diverging with a K2P GD of only 3.0%. Nevertheless, both are separated from each other
by an ecological and/or physical barrier, namely the flood zones of the lower Luapula and
the Mambilima Rapids on the Luapula mainstream.

The overall current situation might be explained by the past colonisation of the Lua-
pula River. The presence of Kneria species at high altitudes might predate the uplift of the
southern African highlands as a whole [16], which occurred in two successive episodes,
in the later Neogene (~20 Mya) and during the Miocene (~5 Mya) [79], and the Katanga
Plateaus, comprising the KP, which also uplifted in two successive episodes, the late
Neocene (~20 Mya) and the early Quaternary (~2 Mya) [79-81]). This is much more recent
than the estimated minimum age of Kneria, dated at 46 Mya based on fossil and genetic
(i.e., both mt and nDNA) evidence [82,83].

Interestingly, the distribution of these two new Kneria species conforms to the gen-
eral conclusion that the last (third) Sanshifolo (Kyanga) Falls (~25 m height) is a clear
(hydro)physiographic barrier for most of the fishes [24], including K. maxi sp. nov. Indeed,
it was pointed out that it is the first major waterfall encountered by fishes, thus hampering
their further upstream migration on the Luansa River [24].

4.5. Protection of the Fishes of the Luansa River, the KP, and Its Surroundings

The Bangweulu-Mweru ecoregion was classified as vulnerable [68]. The major gen-
eral anthropogenic threats identified are the rapidly growing human population and its
encroachment, resulting in overfishing, overhunting, and deforestation of the surrounding
areas [68,84,85]. When taking this ecoregion as a whole, there are three major anthropogenic
threats to the Luansa River drainage. First, agricultural practices, such as slash and burn
agriculture, that alter the riverbanks. These practices are carried out, for instance, by the
inhabitants of the Katshupa guard post on the Kundelungu Plateau inside the national
park, and by inhabitants of Kabyashya Village, the latter situated downstream of all the
falls ([24]; L.N.K., pers. obs. 2017). Second, collective fishing by poisoning with “Buba”, the
local Bantu name for Tephrosia vogelii (family: Fabaceae) in the Lamba language, is practiced
all along the Luansa River ([25]; LIN.K,, pers. obs. 2017). Finally, logging for charcoal
production results in deforestation and riverbank destruction, as due to the proximity of the
major town of Lubumbashi, a charcoal trade developed at Kabyashya Village (L.N.K., pers.
obs. 2017). Therefore, to quantify the current status of the Bangweulu-Mweru Ecoregion,
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it was suggested that research should be carried out on the protection status of some of
the threatened fish species, such as the cichlids of Lake Bangweulu [68] and the annual
killifishes, i.e., Nothobranchius symoensi and N. rosenstocki, both endemic to the upper Lua-
pula system, assessed as endangered and vulnerable, respectively [85-87]. It was further
suggested to assess the impact of the fisheries in this ecoregion in general [68]. Therefore,
such research on existing anthropogenic impacts and status should not be carried out for at
least one of both new Kneria species only, i.e., the one with an apparently narrow range in
the Luansa, but for the ichthyofauna of the Luansa River system as a whole. The Luansa
Basin drains part of the Kundelungu Plateau and its surroundings, which was identified as
a key biodiversity area, defined as sites contributing significantly to the global persistence
of biodiversity (see [88,89]), and this despite its overall fish fauna remaining poorly known
([28,63]; and Abwe et al., in prep.). Unfortunately, as of today, no specific freshwater species
protection measures are in place neither for the Kundelungu Plateau, nor the Kundelungu
National Park and its surroundings.

The Luansa River itself is identified as of scientific interest due to its diversity in
biotopes, covering springs, marshes, gallery forests, waterfalls, etc., and the occurrence of
species with restricted distributions and thus, most likely, also a place for the occurrence
of new species [90]. As such, the area was retained in the inventory of continental waters
worthy of being proposed for conservation [90]. The discovery of two new Kneria species
for science in the Luansa River, one endemic to the Luansa on the Kundelungu Plateau and
its eastern flank, and the other described from the Luansa downstream of the falls in the
plains zone, but possibly more widespread in the lower Luapula Basin (see [28]), supports
its proclaimed scientific and conservation importance as well as its potential to hold new
species for science. However, although both new species are occurring on and/or around
the Kundelungu Plateau, both are only home to the buffer zone of the Kundelungu National
Park, defined as within a 50 km range outside the borders of the park (DRC-Ord. n® 75-097
of 1 March 1975), and thus more prone to conservation issues of all kinds. Therefore, it is
hoped that their discovery further highlights the urgent need for a better protection of this
freshwater key biodiversity area and its surroundings as a whole.

5. Comparative Material Examined
5.1. Kneria ansorgii

Angola. Luculla Basin, BMNH 1910.11.28. 58-59, syntypes, 2, 55.6-58.0 mm Lg (males),
Luculla River at Luculla, Angola.

5.2. Kneria auriculata
Mozambique. MNHN 1905-0119, lectotype, 1, 35.7 mm Lg (male), Muza River. MNHN

B-2554 [ex MNHN 1905-0119], paralectotype, 1, 34.3 mm Lg (male), Muza River. RMCA
154710-711, paralectotype, 1, 36.3 mm Lg (male), Muza River.

5.3. Kneria katangae

DR Congo. Lower Lufira Basin, RMCA 79-1-P-1274, holotype, 1, 36.5 mm Lg (male),
Mubeale, confluent area Mubale-Munte, tributary of the Lufira River. RMCA 79-1-P-1276-
314, paratypes, 3, 32.6-38.5 mm Lg (males), Mubale, confluent area Mubale-Munte, tributary
of the Lufira River.

5.4. Kneria paucisquamata

Zambia. RMCA 74-83-P-1-2, paratypes, 2, 33.3-41.7 mm Lg (males), headwaters
of Luongo River, 30 kilometres west of Luwingu. RMCA 74-38-P-10-14, paratypes, 5,
45.3-50.6 mm Lg (females), Headwaters of Luongo River, 30 kilometres west of Luwingu.

5.5. Kneria polli

Angola. Cuvo River system, BMNH 1935.3.20.52-56, syntypes, 2 of 5, 40.3-48.5 mm Lg
(males), Mount Moco, Cuvo River system.
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5.6. Kneria stappersii

DR Congo, middle Luapula Basin, Lubumbashi River sub-basin, RMCA 11,836-11,838,
syntypes, 1 of 3,29.0 mm Lg (unsexed), Lubumbashi River, 5-8 kilometres downstream from
Elisabethville [Lubumbashi]. RMCA-2015-09-P-uncat, 1, 62.3 mm Lg (female), fish pond
number 8, BEZHU, fish-breeding site at the Lubumbashi Zoo (Tilapia Fishing). RMCA 2016-
038-P-uncat, 3, 40.6-60.5 mm Lg (females), Kamatete River, tributary of the Lubumbashi
River, up and downstream of the culvert on the Kassapa Road. RMCA 2016-038-P-uncat,
3,48.2-53.5 mm Lg (females), Kamatete River, tributary of the Lubumbashi River, up and
downstream of the culvert on the Kassapa Road.

5.7. Kneria wittei

DR Congo. Lukuga Basin, IRSNB 70, holotype, 40.7 mm Lg, (female), Makala, near
Albertville [Kalemie]. RMCA 2015-07-uncat, 2, 48.3-50.4 mm Lg, (males), Kyasombo River,
near Makala village. RMCA 2015-07-P-uncat, 2, 44.7-48.3 mm Lg (females), Kyasombo
River, near Makala village. RMCA 2015-07-P-uncat, 6, 43.3-55.8 mm Lg (males), Kamikuwa
River, near Makala village. RMCA 2015-07-uncat, 11, 46.2-59.8 mm Lg (females), Kamikuwa
River, near Makala village. RMCA-2015-07-uncat, 2, 32.9-38.0 mm Lg (males), Kaongo River,
near Makala village. RMCA-2015-07-uncat, 2, 34.2-46.4 mm Lg (females), Kaongo River,
near Makala village. RMCA-2015-07-uncat, 17, 38.2-48.6 mm Lg (female), Lubuye River, near
Makala village.
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