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Abstract

Numerical phylogenetic methods are applied in order to

arrive at synapomorphic similarities between species of

the stygobiont amphipod genus Pseudoniphargus. Character

polarity is assessed by comparison with the relevant

outgroups Parapseudoniphargus and Allomelita
,

within a

cluster of presumedly interrelated genera
of Hadzioidea.

The degree of morphological differentiation of

Pseudoniphargus is low and the available potential apomor-

phies are insufficient to resolve phylogenetic relationships

to the species level. The inconsistency in the data is high,

which may be a result of an underlying peripatric specia-

tion model, difficulties in discriminating mutual exclusive

and homologous character states, and a high probability
of independent character evolution. Problems of

phylogeny reconstruction at low taxonomic levels are

universal. Accidental problems in the case of a stygobiont

group are caused by troglomorphism, structural reduc-

tion, and senescent morphology.
The results of the study lead to the recognition of four

well-corroborated monophyletic groups; three consist of

sister species only. Remaining taxa are ungrouped or

belong to groups which do not emerge after all numerical

approaches. The monophyletic groups
of Pseudoniphargus

are for the greater part geographically coherent and con-

fined either to the Cantabrian Mountains, or to the

Lusitanian-Atlantic region, or to the Betic Cordillera. The

possible origin of Pseudoniphargus from a thalassostygobiont

progenitor which arose in the eastern Atlantic part of the

shallow Tethys sea is discussed.

Resumen

Se han aplicado métodos filogenéticos numéricos con el fin

de obtener similitudes sinapomórficas entre especies de

Pseudoniphargus, género de anfípodos estigobiontes. La po-

laridad de los caracteres ha sido determinada por compa-

ración con Parapseudoniphargus y Allomelita, grupos externos

especialmente significativos, en el contexto de un cluster

de géneros de Hadzioidea presumiblemente inter-

relacionados.

El grado de diferenciación morfológica de Pseudoniphar-

gus es bajo y los potenciales apomorfismos disponibles son

insuficientes para resolver las relaciones filogenéticas a ni-

vel de especie. Ello puede ser atribuible a un modelo de

especiación peripátrica subyacente, a problemas de discri-

minación de estados de carácter mutualmente excluyentes

y homólogos, y a una probabilidad alta de evolución inde-

pendiente de caracteres. Los problemas que plantea la re-

construcción filogenética de niveles taxonómicos bajos son

universales. En el caso de un grupo estigobionte, el troglo-

morfismo, la reducción estructural y la morfología sene-

scente provocan problemas peculiares.

Los resultados del estudio conducen al reconocimiento

de cuatro grupos monofiléticos bien definidos, tres de los

cuales consisten únicamente en especies hermanas. Los

taxones restantes quedan sin agrupar o pertenecen a gru-

pos que no se han podido evidenciar a pesar de todas las

aproximaciones numéricas. Los grupos monofiléticos de

Pseudoniphargus son, en su mayor parte, geográficamente

coherentes y se circunscriben a los Montes Cantábricos, o

área Lusitano-Atlántica o Cordillera Bética. Por último,

se discute el posible origen de los Pseudoniphargus a partir
de un ancestro talasoestigobionte originario de aguas so-

meras del área oriental atlántica del mar de Tethys.
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1. INTRODUCTION

The purpose of the present study is to explore

the phylogenetic relationships of the genus

Pseudoniphargus ,
with emphasis on the Iberian

species, by using phylogenetic numerical

techniques. Pseudoniphargus is an important sub-

ject in the literature on the biogeography of

stygobiont animals. The relationship between

hypothesized cladogenetic events within the

genus and the paleogeography of the distribu-

tional areas of the species was used by Stock

(1980a) to exemplify the "Regression Model".

This model, as originally formulated by Stock

(1977), gives explanations for the distribution,

in brackish and fresh continental, but mainly

insular, groundwaters, of stygobionts from

direct marine origin. In the literature devoted

to the biogeography of stygobiont animals, the

"Regression Model" has frequently been dis-

cussed (see e.g., Danielopol, 1980; Rouch &

Danielopol, 1987). During the past few years,

many new species of Pseudoniphargus have been

described from Atlantic and western peri-

Mediterranean regions, especially from the

Iberian Peninsula (Notenboom, 1986, 1987a,

b; Stock et al., 1986; Stock, 1988; Boutin &

Coineau, 1988). Through these new findings it

became evident that the distribution pattern of

characters and the relationships among
the taxa

are much more complex than was thought

before. For future discussions on the "Regres-

sion Model" and the evolution of stygobiont

animals, it was deemed desirable to submit the

genus to a phylogenetic study.

An important obstacle in phylogenetic

studies of amphipods at lower taxonomic levels

is the highly debated classification into families

and superfamilies, above all that of the

Amphipods have very successfully invaded a

wide range of subterranean aquatic habitats,

from marine to continental hypogean waters,

and from interstitia of microporous sediments

to large karstic basins. Those amphipods that

are obligate dwellers of groundwater habitats

(stygobionts) constitute a taxonomically highly

diverse group, with presumed multiple origins
from different ancestral stocks. They are

worldwide in distribution, and known from

tropical, subtropical, temperate and excep-

tionally also from cold regions, in general show-

ing a high degree of endemism. Dispersal

abilities of the stygofauna are limited, owing to

their intrinsic properties and stratigraphie
barriers.

Many Zoogeographie studies so far dedicated

to the intriguing distribution patterns of

stygobiont amphipods focus on the greater

Caribbean and peri-Mediterranean regions.
Historical events, such as continental drift,

marine regressions, and tectonic uplift are con-

sidered to have had an important effect on the

present distribution patterns. Developments in

vicariance biogeography and area cladistics

have had a noticeable influence on recently

published zoogeographical studies dealing with

groups of stygobiont amphipods (Stock, 1980a;

Holsinger, 1986; Stock & Rondé-Broekhuizen,

1986; Boutin & Coineau, 1988; Boutin &

Messouli, 1988). However, the cladograms

presented in these papers seem to be based on

a global concept concerning character state

transformation rather than on a phylogenetic

analysis. Comparisons with closely related

outgroups, homology of character states, and

polychotomous branching were fairly neglected
in these studies. Furthermore, the groups under

consideration are rarely defined on the basis of

shared derived characters (synapomorphies).

Modern biogeography is based on phylogenetic

hypotheses and inferences of the history of a

group from that phylogeny (Wiley, 1981), both

distributional and paleogeographic data being

used. Biogeographic studies of stygobiont

amphipods are, however, often based on

weakly developed phylogenetic hypotheses.



BIJDRAGEN TOT DE DIERKUNDE, 58 (2) - 1988 161

suborder Gammaridea. Probably none of the

actually proposed classifications reflects the

natural relationships and very little is known

about the synapomorphic similarity between

taxa. The external morphological features cur-

rently used in the systematics of Gammaridea

probably are inadequate to provide a natural

classification of this group. Attempts to explore

new character sets have been made by Lincoln

& Hurley (1981) and Lincoln (1984): calceoli;

by Bousfield (1985): reproduction and mating

strategies; and by Halcrow & Bousfield (1987):

surface microstructures. These developments,

in combination with the application of phylo-

genetic systematics including numerical

approaches, will probably yield promising

classifications of higher natural taxa within the

Gammaridea. Since such a classification is not

yet within reach, the initial assumption

concerning the position of Pseudoniphargus
within one of the Gammaridea superfamily

groups is of necessity based on phenetic

similarity rather than on a quest for

synapomorphies.

Computer-assisted phylogenetic techniques

are applied because the data show a low internal

consistency. Two important principles underly
this study: first, the phylogenetic-systematic

criterion that monophyletic groups can only be

defined on the basis of synapomorphies; and

second, the principle of minimizing either the

number of evolutionary steps (parsimony

method) or the number of incompatible charac-

ters (compatibility method). For an introduc-

tion to these methods, the reader is referred to

Felsenstein (1982). The parsimony principle
has no biological basis, except that nature is not

completely chaotic and seems to be ordered to

at least some extent (Von Vaupel Klein, 1987).

The criterion is discussed at length in the

modern systematic literature (e.g., Johnson,

1982; Kluge, 1984; Sober, 1985). Without

entering into a discussion about the valueof the

(quantitative) parsimony criterion in phylo-

genetic studies, it is accepted because it has a

logical methodological basis and is applied for

lack of supplemental (qualitative) biological
evidence.

The intention of this paper is to find

monophyletic groups within Pseudoniphargus.

The methodology used is repeatable and thus

the result testable. It willbe shown that the data

are inadequate to provide a single solution.

Tree topologies of equally parsimonious solu-

tions are compared and conclusions about

affinities will be drawn for a rather limited

number of taxa only. The method of outgroup

comparison is used to assess apomorphous

character states, and to that end an outgroup

hypothesis of Pseudoniphargus was developed.

Foibles in the data set leading to unresolved

phylogenetic relationships between many of the

taxa are discussed. The present study

exemplifies the problems encountered when

criteria of phylogenetic systematics, in com-

bination with numerical techniques, are applied

to a group of stygobiont amphipods.

2. MATERIAL AND METHODS

The phylogenetic analysis performed in this

paper consists of two parts: the first (outgroup

analysis) provides a hypothesis about the rela-

tionships of Pseudoniphargus within the Had-

zioidea, in order to determine the outgroups

relevant to the phylogenetic analysis within

Pseudoniphargus, and the second (ingroup

analysis) results in assumptions about

synapomorphic similarities between species of

Pseudoniphargus (recognition of monophyletic

groups). Outgroup comparison (Watrous &

Wheeler, 1981) is applied in the ingroup

analysis to assess character polarity. Rules as

given by Maddison et al. (1984) have been

applied to deal with variation among the

outgroups. The data resulting from character

analysis of both the outgroup and the ingroup

are analysed with the PHYLIP versions 2.9 and

3.0 packages of numerical phylogenetic com-

puter programs (Felsenstein, 1987).

Material

The outgroup analysis is almost completely based on char-

acters and character distributions supplied by the

literature and augmented with a personal study of
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Allomelita Stock, 1984 and Parapseudoniphargus Notenboom,

1988. A
survey

of the literature resulted in a list of

diagnostic, qualitative features of taxa presumably closely

related to Pseudoniphargus. Indistinctly and inconsistently

described characters among the taxa have been

eliminated. In a few cases, however, unknown or insuffi-

ciently described character states are coded in the data

matrix with a question mark, or with an indication of the

two states that probably occur.

The ingroup analysis includes all presently known,

identified Iberian material of Pseudoniphargus (see the

checklist in Notenboom, 1987b), with the exception of P.

longispinum Stock, 1980 (see remark in Notenboom,

1987b: 201). The character analysis of Iberian species has

been performed on the basis of recent taxonomic studies

dealing with this material (Notenboom, 1986, 1987a, b).

From outside Iberia the species P. grandimanus Stock et al.,

1986 and P. carpalis Stock et al., 1986, from Bermuda, P.

brevipedunculatus Stock, 1980, from the Azores, and P.

adriaticus S. Karaman, 1955, from the Mediterranean

basin, have been incorporated. Data on non-Iberian

species have been borrowed from Karaman (1978a, 1982),
Stock (1980a), and Stock et al. (1986), augmented with

personal observations on the type-specimens of P. gran-

dimanus, P. carpalis, and P. brevipedunculatus;; and through

an additional study of material, identified as P. adriaticus,

originating from Le Petit Gaou and Banyuls (France) and

Mallorca (Balearic Islands).
The two species described from Algeria, viz., P.

africanus Chevreux, 1901 and P. macrotelsonis Stock, 1980,

are excluded from the analysis. Recent investigations have

shown that these two "species" are part of a large

assemblage of different forms of Pseudoniphargus which is

widely distributed in northern Algeria (Notenboom & De

Winter, 1986; unpublished). This material awaits a com-

plete taxonomic research and it does not appear to be

meaningful to include only a part of this fauna in the
pres-

ent study. Recently described Pseudoniphargus species from

Morocco (Boutin & Coineau, 1988) and the Canary

Islands (Stock, 1988) could not be incorporated.

Morphological studies of preserved specimens of

Pseudoniphargus, Parapseudoniphargus and Allomelita were

made by dissecting all appendages of both sexes. The

appendages were mounted in Faure's solution and

observed with a Leitz Dialux 20 EB microscope.
Measurements of qualitative characters were made by

meansof a camera lucida drawing tube and a curvimeter.

States of continuous quantitative characters were deter-

mined by gap coding, means of measurements on species

were separated by oneor by more standard deviating units

(Mickevich & Johnson, 1976; Archie, 1985). Depending

onthe number ofspecimens available
per species, at least

two males and two females, but mostly more individuals,

have been studied in detail. Additional observations of

undissected specimens have been made by means of a

Wild M3 dissection microscope. Unique characters not

found in other species of the genus or in closely related

outgroups are considered to be autapomorphies.

Equivocal ancestral states and polymorphic characters are

coded with a question mark according to the recommen-

dations of Pimentel & Riggins (1987).

All the material studied is stored in the Amphipoda col-

lection of the Zoologisch Museum, Amsterdam.

Numerical phylogenetic methods

Data matrices of outgroup and ingroupanalyses, with the

exclusion of autapomorphous characters, were analysed
with the MIX portion of PHYLIP on an IBM PC/XT

compatible. Cladograms were construed under the

Wagner (Eck & Dayhoff, 1966; Kluge & Farris, 1969) and

Camin-Sokal (Camin & Sokal, 1965) parsimony options.

Under the Camin-Sokal criterion, changes in a particular
character from the plesiomorphous condition to an

apomorphous one are much more probable than the

reverse, while under the Wagner criterion both changes

are equally probable. The program attempts to minimize

the number of steps (changes in character state) in order

to explain the pattern of character state distribution

among
the taxa (parsimony). An additional stage, the

global optimization routine, in the search for the best

cladogram is added in all runs made with the MIX pro-

gram (see PHYLIP documentation; Felsenstein, 1987).

According to the recommendations ofFelsenstein, 10 runs

on shuffled data were made. This gives a better chance to

find the most parsimonious cladogram(s) and, further,

enables a comparison between alternative cladogram

topologies. There appeared to be no qualitative biological

evidence to weigh characters. Weighing has only been

performed by making additional runs with MIX in the

ingroup analysis, compatible characters being given a

double weight.

Likewise, most parsimonious cladograms found under

similar premises were evaluated by comparing their

topologies and the distribution of synapomorphies. Con-

sensus cladograms were constructed on the basis of

PHYLIP CONSENSE. These cladograms include only
the monophyletic groups and their synapomorphies about

which there is a strict consensusin all equally most par-

simonious solutions. Underlined synapomorphies are

uniquely derived characters. Non-underlined characters

are not uniquely derived weak autapomorphies or

synapomorphies.

Compatibility analysis (Le Quesne, 1969) was per-

formed by using the threshold method carried out by

PHYLIP MIX. The use of the treshold function provides
the possibility to handle missing data as we have in this

case. Compatibility methods search for the largest collec-

of mutually compatible characters (the largest

clique(s)) among the data and select those tree(s) which

have the lowest number of incompatible characters. See

Meacham & Estabrook (1985) for a review of compatibility

analysis, and Felsenstein (1981) for an explanation of the

threshold function and for its possible application as a

compatibility method.
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Motivation of the selected method

In an initial stage of this study the Pseudoniphargus data

were analysed with the following numerical-phylogenetic

computer programs: Tree Tools (Ellis, 1987), CAFCA

(Zandee, 1987), and PHYLIP. The underlying philoso-

phy was to make the result as much as possible method-

independent. However, it has become evident that the

internal conflict in the data sets used is substantial, and

that an unambiguous phylogenetic solution, or a solution

about which there is a good deal of consensus, could not

be attained. This problem overshadows the differences in

the results obtained by methods based on different

algorithms and theoretical assumptions. Apparently, it is

rather inane to discuss the, often very subtle, differences

found between the output of different methods applied to

our data, because this contributes but very little to the

insight into the phylogenetic relationships between species

of Pseudoniphargus.

The package PHYLIP has been chosen for a final

analysis because its portions are flexible and a choice can

be made between different algorithms that start from well-

defined biological assumptions. Moreover, the methodo-

logical and theoretical principles on which the programs of

the package rest are well described in an extensive

bibliography (see the PHYLIP documentation and

literature references, given by Felsenstein, 1987).

3. CHARACTERISTICSOF

PSEUDONIPHARGUS

3.1 Comprehensive diagnosis

Pseudoniphargus Chevreux, 1901

Chevreux, 1901: 211; G. Karaman, 1978a: 241, 1982:

354 & 356; Stock, 1980a: 116; Barnard & Barnard, 1983:

685-686 (partim Chevreux); Notenboom, 1986: 84,

1987a: 93.

Length (excluding antennae and 3rd uropod) between

about 3.5 and 11.5 mm (of P. incantatus Notenboom, 1986

and P. grandis Notenboom, 1987, respectively), but in

most species ranging between 4.0 and 7.0 mm. Eyes

totally lacking. Body unpigmented, elongate, and smooth

with the exception of some small setules on posterior dor-

sal margin of metasome, and a pair of dorsolateral setules

on urosomites. Rostrum lacking, antennal sinus shallow.

Antenna 1 longer than antenna 2. Pedunculus of both

antennae subsimilar in length, not elongate. Accessory

flagellum short, 2-segmented with minute terminal
seg-

ment. Distal segments of antenna 1 with a single, cudgel-

shaped aesthetasc on each segment in both sexes;

aesthetascs absent on antenna 2.

Upper lip entire, apically rounded. Lower lip wing-

shaped, inner lobes prominent. Corpus mandibulae
asym-

metrical. Lacinia mobilis: left 4-dentate, right bi-lobed

and multidentate. Molar triturative with a single molar

seta on either side. Palp 3-segmented; segment 1 short,

unarmed; segment 2 with distoventral setae; segment 3

falcate, well developed and bearing A, B, D, and E-setae,

its ventral margin with a bend separating an unarmed

proximal part from an armed (D-setae) distal part. Max-

illa 1: outer lobe with 7 (sometimes 6 or 8) strong, and

smooth or denticulate spines. Inner lobe with 2 or 3 distal

setae. Palp 2-segmented, segment 1 short and unarmed,

segment 2 with fine marginal setules and 4-10 distal

elements. Maxilla 2: inner lobe with a distal row of setae

only; outer lobe with 2 separate distal
groups

of setae,

medial
group consisting of a row of setae along its inner

and outer sides, the lateral group of longer setae with

smooth shaft well demarcated from the feathered distal

part. Maxilliped: inner lobe short with 4-8 distal elements;

outer lobe well developed, exceeding half the length of

palp segment 2, medial margin provided with blade-like

spines of distally increasing length. Palp 4-segmented;

segment 1 short; segment 2 the longest with irregularly

implanted setae on medial surface; segment 3 short,

distally widened and covered with fine setules on the

distolateral surface; segment 4 narrow with slender

unguis.

Gnathopod 1 with bladder-like, pilose posterior lobe on

merus (see fig. 1 for the configuration in Allomelita pelucida

(Sars, 1882) which resembles that of Pseudoniphargus),

distally ofthis lobe there is a long, non-bifurcate, bent seta

(merus seta). Carpus variable in length and in the number

of posterior groups of setae, in females slightly longer than

in males. Propodus rectangular in shape with straight

palmar margin, the latter slightly convex and provided
with minute denticulations (fig. 2), inner and outer side

with subdistal row of notched spinules bifid at the tip with

a scaled setule in the middle (fig. 3). Palmar margin well

demarcated by a group ofbifid spines provided with a cen-

tral, scaled setule; of these spines 2 are on the outside and

3-5 onthe inside, the inside group with long anterior spine

and the other spines decreasing gradually in length.

Gnathopod 2 not provided with pilose surfaces. Carpus

triangular, in female sometimes longer than in male. Pro-

podus stouter and more variable in shape than that of

gnathopod 1. Important sexual differences sometimes

occur in the shape of the propodus. Palmar margin

oblique and variably curved, provided with small den-

ticulations, in- and outside with subdistal row of notched

spinules of similar ultrastructure as in gnathopod 1.

Palmar angle demarcated by a group of3 (sporadically 4)

strong and setule-tipped spines, two of which inserted

along the palmar margin itself, the other(s) more inside.

Coxal plates 1-4, medium to deep (fig. 4). Plate 4 with

posterior excavation ofvarying depths. Coxal plates 5 and

6 anterolobate; plate 7 non-lobate. Coxal gills with basal

stalk, on gnathopod 2 and pereiopods 3 to 6; stalk in

females often somewhat longer than in males. Oostegites

linear, with 3-12 setae on gnathopod 2 and pereiopods 3

to 6. Pereiopods 3 and 4 similar (but for coxal plates).

Pereiopods 5 to 7 of increasing length, not setose. Shape
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of basis varies from oval to rectangular, in females usually

with more convex margins and more overhanging

posterodistal angle. Claws of P5-P7 show varying degrees

of elongation.

Pleopods basically similar, but decreasing in length

posteriorly. Prepeduncle short, twice as wide as long.

Peduncle slender and elongate, without marginal setation,

distomedially with 2 pine-tree shaped retinacula (fig. 5).
Bother rami of equal length, first segment of inner ramus

the longest, distomedially with split seta.

Uropod 1 (fig. 6) without ecdysial spine on prepedun-
cle. Peduncle slender with 1 or sometimes 2 basoventral

spines, dorsal cuticular ridge provided with row of spines,

1 long distomedial spine, and 2 distolateral spines. Rami

well developed but shorter than peduncle, slightly curved,

exopodite often slightly shorter than endopodite. Uropod

2 much smaller than uropod 1. Uropod 3 with 1-

segmented exopodite, endopodite scale-like. Peduncle and

exopodite elongated in some species, this elongation being

stronger in males than in females, consequently sexual dif-

ferences occur. Endopodite with short lateral seta, and 1

or 2 apical spinules. Exopodite with spine groups along

margins, the number of spine groups increases while

sometimes the size of the spines decreases with elongation
of exopodite.

Telson subquadrate with shallow distal emargination

varying in depth, rarely non-emarginate, proximal part of

dorsal surface with some minute spinules, sublaterally 2

sensory setules on either side, distally a group ofspines on

either side. Sexual differentiation in telson length some-

times occurs.

Epidermal surface (figs. 8 & 9) with irregular, 5- to 7-

sided polygones, strongly defined by deeply grooved

perimeters. Small pores occupy entire area of polygone,

randomly or in distinct rows; large, rare, circular pores

occur only on the perimeters of the polygones and do not

clearly belong to a particular epidermal cell.

Type-species: Pseudoniphargus africanus Chevreux, 1901 by

original designation and monotypy.

3.2 Distribution and biology

The genus Pseudoniphargus has an Atlantic-

Mediterranean distribution. Records are

known from the following regions (most of the

records published before 1980 are summarized

in Stock (1980a) and not explicitly referred to

here): Bermuda (Stock et al., 1986); Faial and

Santa Maria, Azores; Funchal, Madeira;

western Canary Islands (Stock, 1988; Sanchez,

in prep.); Middle Atlas, Morocco (Boutin &

Coineau, 1988); northern Algeria (Stock,

1980a; Notenboom & De Winter, 1986;

unpublished); Oued-ed-Demane, Tunisia;

western Portugal and Galicia, northwestern

Spain (Notenboom, 1987b); Cantabrian

Mountains and southwestern slopes of the

Pyrenees, northern Spain (Notenboom, 1986);

Pyrénées-Atlantiques, southwestern France

(unpublished); Catalan Hills, Tarragona,

Spain (Margalef, 1970); Betic Cordillera,

southern Spain (Notenboom, 1987a);

Mallorca, Menorca, and Ibiza, Balearic Islands

(Gourbault & Lescher-Moutoué, 1979; Stock,

1980a and pers. comm.; Pretus, in prep.);
Mediterranean coast of France; Bonifacio, Cor-

sica; Monte Cristo Island, Tuscany

Archipelago, Italy; Mola di Bari, Apulia,

southeastern Italy; Linosa and Lampedusa

Islands, Italy (Ruffo, 1982); Sicily, Italy

(Caruso & Costa, 1978); Adriatic coast of

Yugoslavia (Karaman, 1982; Sket, 1986).

The species of the genus have limited

distributional areas with the exception of the

marine/mixohaline MediterraneanP. adriaticus.

The Iberian Peninsula, for example, is a vast

landmass with suitable subterranean habitats

almost everywhere, but nevertheless the

distribution of Pseudoniphargus shows a disjunct

pattern (Notenboom, 1988c). Occasionally,

sympatry of species has been recorded (Stock et

al., 1986; Notenboom, 1987a), in hyporheic
habitats of a single river in southern Spain (P.
illustris and P. latipes)I, and in wells at the

oligohaline and ß-mesohaline zone of Bermuda

(P. carpalis and P. grandimanus). In both cases

Figs. 1-10. Scanning electron photomicrographs of external morphological features: 1, Allomelita pelucida, pilosity of

merus of 1st gnathopod; 2, tip of notched

spinule on palmar margin of 1st gnathopod; 4,

Pseudoniphargus longicarpus, palmar margin of 1st gnathopod; 3, P. margalefi,

retinacula of 1st pleopod;

6,

P. montanus, coxal plates 2-4; 5, P. margalefi,

epidermal cell of head with randomly distributed

micropores; 9,

P. montanus, urosome; 7, P. illustris, epimeral plates; 8, P. illustris,

P. longicarpus, epidermal cells of 1st pereion segment with micropore arrangements; 10, Hadzia fragilis,

epidermal cells of 1st pereion segment with pores and associated microtrichs.
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the sympatric species are clearly mor-

phologically distinct, and the smaller

geographical range of one of them fits into the

wider range of the other one (the range of P. car-

palis fits into that of P. grandimanus, and the

range of P. illustris into that of P. latipes).

Very little is known about the biology of the

various species of the genus. No experimental

work has been done on their growth and

development, life cycle, reproductive strategy,

food choice, habitat preference, population

structure, etc. Aspects of the biology of

Pseudoniphargus pointed out in the present paper

are based only on field observations (Noten-

boom, 1986, 1987a; Sket, 1986; Stock et al.,

1986), on the study of the external morphology,

and on our cognizance of the biology of other

stygobiont amphipods. Some species of

Niphargus have been the subject of much

experimental work on their biology and

ecological properties (see Ginet, 1960, and per-

taining references given by Gibert, 1986).

Species of Pseudoniphargus have been found in

a large range of habitats. A single species, P.

adriaticus, found along the northern belt of the

Mediterranean, is recorded from interstitial

habitats of coarse sand and gravel beaches

washed by seawater. It is also found in mixo-

haline waters of caves and springs, and in

estuarine interstitial habitats along the seacoast,

and has even been recorded from a sulphureous

coastal spring. In a study of the ecology of the

mixohaline hypogean fauna along the Yugoslav

coast, Sket (1986) concluded that P. adriaticus is

an extremely euryoecious species. The Bermu-

dian P. grandimanus has a preference for

oligohaline groundwater (in wells), but has also

been found in mesohaline and euhaline water

lenses, such as present in anchialine caves

(Stock et al., 1986). Many other species have

been discovered in purely freshwater

underground habitats. In the inland waters of

the Iberian Peninsula, the phreatic and

hyporheic waters apparently constitute the most

important habitats of Pseudoniphargus species. In

caves, specimens of Pseudoniphargus prefer a

close contact with the muddy or gravelly
substrate and are only sporadically found free-

swimming in the water body. A few records of

Pseudoniphargus are availabe from oligoxic

environments: it was found in two inland

localities, viz., a well and hyporheic water, with

0.5-0.7 mg/1 dissolved oxygen (Notenboom,

1987a).

Upon the whole, the morphology of members

of the genus is very similar. No correlation has

been found between a certain external mor-

phological structure of a species and its occur-

rence in a preferred habitat, e.g., microporous

vs. crevicular. The absence of ecophenotypes is

best exemplified by the striking feature of the

strongly elongate male 3rd uropod exhibited by

species living in cave waters, but as well in

species found in wells and in interstices of

sediments in marine to limnetic waters.

Members of the genus do not possess such mor-

phological structures as natatory setae or

widened rami of uropod 3, suggesting a free-

swimming mode of life in larger water bodies.

The great variety of habitats, salinities, and

altitudes occupied by species of Pseudoniphargus

suggests a rather large ecological amplitude for

the genus. However, the manifest ecological

divergence is not reflected in any particular

morphological differentiation.

Clear secondary sexual differences occur in a

numberof species, exhibited in particular in the

gnathopods and third uropod. The peduncle of

the coxal gills of females is often slightly longer

than it is in males, a phenomenon that may be

related to marsupial brood care. A gill with a

longer stalk is less confined by the marsupium,

and therefore better aerated. No other observa-

tions are available about the reproductive

strategy. Precopula or copulation has not been

recorded. Absence of a precopula stage and a

short period of copulation is usual in Niphargus

and in other stygobionts such as the isopod

Stenasellus, and may be an adaptation to

interstitial life(Magniez, 1978). The number of

eggs carried by females in the marsupium is

small (3 to 11). In analogy to other stygobiont,

especially interstitial crustaceans living in

energy-poor habitats, members of Pseudo-

niphargus may have but limited dispersal

capabilities, a low metabolic rate, delayed
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reproduction with a low progeny, and an

increased longevity (Coineau, 1984; Holsinger

& Culver, 1988).

4. THE PHYLOGENETIC POSITION OF

PSEUDONIPHARGUS

4.1 Classificatory problems

The outgroup analysis executed in the present

paper is a deepening of the hypothesized rela-

tionships of Pseudoniphargus as tentatively

presented in Notenboom (1988a). Consolida-

tion of the outgroup hypothesis is achieved by

implication of a larger group of supposed inter-

related taxa and a numerical phylogenetic

analysis of that cluster. Phylogenetic place-

ment of Pseudoniphargus, thus placed within a

groupof taxa with which it shares apomorphous

characters, encounters great difficulties. This

appears to be a rather universal problem within

gammaridean amphipods. For example, it is

striking that evidence for the monophyly of bio-

geographically important stygobiont groups

such as crangonyctoids, bogidielloids, and had-

zioids is lacking. The actual classification of

superfamilies and families (according to

Bousfield, 1982, 1983) is liable to considerable

alterations when possibly new "intermediate"

taxa are discovered or when other characters

are considered to be of greater taxonomic

significance.

Schräm (1986: 177) has opted for the

Bousfield (1983) classification because "the

methodology used is repeatable and thus

the methodology's results are testable", adding

that "Bousfield and associates use basically

phenetic techniques that utilize numerical

averages to group taxa. Such an approach

would give at best a 'first estimate' of relation-

ships". Although the Bousfield system in

general meets support, there is no consensus

whatsoever between different amphipodologists

as regards many details of the system, for exam-

ple whether a cluster of taxa is monophyletic or

not, or concerning the rank of a given group of

genera. The Bousfield classification has its

merits, but needs a phylogenetic deepening

through revisions (not by "armchair" analysis)

of problematic groupings, the exploration of

new, not traditionally used characters, and the

application of modern phylogenetic theories. It

must be emphasized that most stygobiont

amphipods explicitly belong to phylogenetically

problematic groups.

Different classifications have been proposed
for the genus Pseudoniphargus (see Notenboom,

1988a: table 2). The purpose of the present

paper is to arrive at a single hypothesis of

outgroup relationships of Pseudoniphargus. To

this end, a merely pragmatic procedure has

been followed in which suggested relationships

(phenetic similarities) are evaluated and

unlikely proposals eliminated. The first step in

a phylogenetic approach was made in an earlier

paper (Notenboom, 1988a) in which it was con-

cluded that Pseudoniphargus and its sister group

Parapseudoniphargus are best placed within

Bousfield's superfamily Hadzioidea (synony-

mous with Melitoidea Bousfield, 1973; see

Bousfield, 1977 and Barnard & Karaman,

1980). Within the Hadzioidea, Pseudoniphargus

appears to be more closely related to the melitid

genera than to the hadziid ones (both clusters

and the Carangoliopsidae are considered as

separate families of the Hadzioidea by

Bousfield, 1977). The concept of the Had-

zioidea (see Bousfield, 1982) is tentatively

accepted here, although its superfamilial status

is strongly doubted. It is very similar to that of

the melitid grouping (Melitidae sensu

Bousfield, 1973, emend.) of Stock (1986a).

4.2 Delimitation of presumedly related taxa

Current investigations and a literature study of

Pseudoniphargus and allied genera of Hadzioidea

have led to the supposition that on the basis of

the following criteria an interrelated group of

taxa could be selected: (1) it should fit within

the diagnosis of the Hadzioidea as given by

Bousfield (1982); (2) presumably it should have

relationships with Melila and allied genera; (3)

the gnathopod 1 must be of the melitid form

(sensu Barnard, 1976); (4) a posterior swelling

with pilosity present on merus of gnathopod 1
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but lacking in gnathopod 2; (5) merus of

gnathopod 1 with a single long bended

marginal seta distally of pilose swelling; (6)

segments of gnathopod 2 without pilosity; (7)

mandibular molar and incisor separated by a

row of setae; (8) peduncle of antennae 1 and 2

of about the same length; (9) antennae not sex-

ually dimorphic; (10) absence of ecdysial spine

on prepeduncle of uropod 1; (11) non-foliacious

or natatory uropod 3.

For practical purposes the taxa thus

delimitated (see table I) are supposed to have

evolved from a common ancestral species. This

"a priori" acceptance is the foundation of the

analysis presented here. Affinities among

members of this selected group have often been

discussed in the literature(Barnard, 1976; Bar-

nard & Barnard, 1983; Ruffo, 1979; Stock,

1980b, 1984), which suggests the recognition of

this group as a natural taxon by experienced

amphipodologists.

Members of the taxa of table I are marine

and occur in shallow-littoral, coastal, often

infaunal, habitats or are hypogean in coastal

brackish and fresh groundwaters. The non-

marine members of the group are all stygobiont

Taxa selected Sources

Abludomelita G. Karaman, 1981

Allomelita Stock, 1984

Anchialella Barnard, 1979

Eriopisa complex (sensu Karaman, 1984a)

Confodiopisa G. Karaman, 1984

Eriopisa Stebbing, 1890

Flagitopisa G. Karaman, 1984

Impertiopisa G. Karaman, 1984

Psammogammarus S. Karaman, 1955

P. caecus S. Karaman, 1955

P. longiramus (Stock & Nijssen, 1965)
P. initialis Stock & Sanchez, 1987

Roropisa G. Karaman, 1984

Tunisopisa Stock, 1980

Vicitopisa G. Karaman, 1984

Victoriopisa G. Karaman & J. L. Barnard, 1979

Galapsiellus Barnard, 1976

Josephosella Ruffo, 1985

Maleriopa J. L. Barnard & G. Karaman, 1982

Melila Leach, 1814

M. valesi G. Karaman, 1978

M. bulla S. Karaman, 1955

M. palmata (Montagu, 1804)

Nainaloa G. Karaman & J. L. Barnard, 1979

Paraniphargus Tattersal, 1925

Parapseudoniphargus Notenboom, 1988

Phreatomelita Ruffo, 1979

Psammoniphargus Ruffo, 1956

Pseudoniphargus Chevreux, 1901

Quadrus G. Karaman, 1984

Rotomelita Barnard, 1977

Tegano J. L. Barnard & G. Karaman, 1982

Karaman (1981, 1982); Lincoln (1979).
Stock (1984).

Barnard (1979).

Stock (1980b, 1983).

Karaman (1984a); Lincoln (1979);

McKinney et al. (1978).
Chilton (1921); Karaman (1984a).

Ruffo & Schiecke (1975).

Ruffo & Schiecke (1975).

Stock & Nijssen (1965).
Stock & Sanchez (1987).
Griffiths (1974); Stock & Platvoet (1981).

Gauthier (1936); Monod (1938).

Ledoyer (1982).
Karaman (1984a); Karaman & Barnard (1979); Ledoyer (1982).

Barnard (1976); Monod (1970).
Ruffo (1985).

Ledoyer (1978).

Karaman (1978b, 1982)
Karaman (1978b, 1982)

Karaman (1982); Lincoln (1979).
Bousfield (1971)

Barnard & Barnard (1983); Schellenberg (1931);

Tattersal (1925).
Notenboom (1988a).

Ruffo (1979).

Ruffo (1956).
Stock (1980a); Notenboom (1986; 1987a, b).

Karaman (1984b).
Barnard (1977).

Bousfield (1970)

TABLE I

Supposedly interrelated taxa subjected to the outgroup analysis.
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and mostly occur in oceanic islands or on con-

tinents at rather short distances from the pres-

ent sea shores.

The systematic division of the Eriopisa com-

plex according to Karaman (1984a) is sup-

plemented by the recently described Psam-

mogammarus initialis Stock & Sanchez, 1987. The

species of Psammogammarus are treated

separately because they differ in characters 5,

14, and 15 (table II) which are considered of

diagnostic importance in other genera. Psam-

mogammarus initialis is the only species of the

Eriopisa complex sensu Karaman (1984a) with

coxal plate 3 slightly longer than wide (charac-

ter 15). Most of the genera listed in table I are

mono- or oligotypic, with the exception of

Abludomelita, Melita and Pseudoniphargus. Of the

genus Melita only 3 species have been included

in the analysis, viz., the type-species of the

genus, M. palmata, and a cluster formed by two

closely related infaunalspecies M. valesi and M.

bulla.

Such hadzioid amphipods as those of the

Hadzia complex, the Weckelia group, and the

Eriopisella group may be closely related to the

taxa of table I, but they differ in certain features

through which they do not fit all given criteria

(vide supra). Species of the Hadzia complex

(Hadzia S. Karaman, 1932, Metaniphargus

Stephensen, 1933, Metahadzia Stock, 1977,

Liagoceradocus Barnard, 1965, and (perhaps)
Saliweckelia Stock, 1977) and the Weckelia group

(see Holsinger, 1986) differ in having pilosity

on the segments of gnathopod 2, an ecdysial

spine on the prepeduncle of uropod 1, and often

a natatory 3rd uropod.

An additional argument for the idea that

most probably the members of the Hadzia com-

plex are not closely related to the taxa of table

I comes from observations on surface micro-

structures by scanning electron microscopy

(SEM). Members belonging to a selection of

taxa of table I (Allomelita pellucida (Sars, 1882),

Roropisa atlantica (Stock & Platvoet, 1981), Psam-

mogammarus longiramus (Stock & Nijssen, 1965),

Melita palmata (Montagu, 1804), Parapseudo-

niphargus baetis Notenboom, 1988, and several

species of Pseudoniphargus ) show micropores with

very small microtrichs protruding from them

(figs. 8 & 9). In contrast, Hadzia fragilis S.

Karaman, 1932 and Metaniphargus curasavicus

curasavicus Stephensen, 1933, which belong to

the Hadzia complex, have rather large, simple

and lanceolate microtrichs associated with the

pores (fig. 10). Moreover, males of some of the

species belonging to the Hadzia complex possess

swellings and protuberances on articles of

pleopod 3 ( (Metaniphargus partim, Saliweckelia) or

uropod 2 ( (Metahadzia partim), which are not

found in other hadzioids (Stock, 1977, 1985;

Notenboom, 1988b). The potential to develop

these sex-linked structures may be a

synapomorphy or underlying synapomorphy

(Saether, 1983) in the Hadzia complex or at

least in one of its subgroups.

The Eriopisella complex (see Karaman,

1984b) is not included because it deviates from

the members of the selected taxa (table I),

among other things by (1) the absence of a row

of setae between the molar and the incisorof the

mandible, and (2) in that the 2nd gnathopod is

of the same size as the first (see Stock, 1980b).

4.3 Numerical phylogenetic analysis

The characters selected for numerical analysis

are listed in table II and their distribution over

the amphipod body is diagrammatically

presented in fig. 11. The distribution of charac-

ter states over the taxa is shown in table III.

The characters of Abludomelita, with the excep-

tion of character 3, are considered the ancestral

states because many of its character states occur

in marine taxa outside the group under study.
An exception is made for character 3, the ter-

minal setation of the mandible palp, since a

fully developed setation widely occurs within

other gammaridean amphipods, as opposed to

the reduced setation as found in Abludomelita.

Results of compatibility analysis are shown in

table IV. Several largest cliques comprising 11

character states are found. All these cliques

agree in 7 strongly compatible character states

(underlined in table IV), while 8 supplemental

states are not in the intersection of the largest

cliques (not underlined in table IV). Fourteen
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character states are strongly incompatible and

excluded from any clique. The compatibility

analysis does not result in a single cladogram,

since several cliques are found which only

partly vary in composition. The large amount

of incompatibility between many characters

means that parallelisms, convergences, or

reversals have to be assumed to explain the

distribution of character states among the taxa.

The number of potential apomorphies (29) is

slightly higher than the theoretical minimum

number (number of taxa minus two) required

for a dichotomous resolution of the cladogram

in case the characters are not homoplasous.

TABLE II

Character transformation series selected for outgroup analysis: 0 = plesiomorphous state; 1-4 = apomorphous states

in transition series; 1’ = alternative apomorphous state.

1. Antenna 1: accessory flagellimi. 11. Coxal plate 1.

0: 3- or more segmented; 0: dorsally tapering;

1: 1- or 2-segmented. 1: margins subparallel;

2. Ommatids.
1
'

: anteroventrally projecting.

0: present; 12. Gnathopod 1: palmar angle.

1: absent. 0: not demarcated by a group of bifid spines;

3. Mandible: development of mandibular segments.
1: well demarcated by a group

of bifid spines.

0: 3-segmented with fully developed setation 13. Gnathopod 1: palmar margin.

(presence of A, B, D, E setae sensu Stock, 0: posterior part of margin bulged;

1974); 1 : margin slightly convex.

1: 3-segmented with terminal E-setae and ventral
11. Gnathopod 2: sexual dimorphism of propodus.

D-setae only; 0: strongly expressed in shape of propodus and

2: 3-segmented with terminal E-setae only; the morphology of palmar margin;
3: 2-segmented; 1 : weakly expressed in shape of propodus only;
4: 1-segmented or absent.

2: absent.

4. Lower lip: inner lobes.
15. Coxal plate 3: shape.

0: present; 0: longer than wide or quadrate;
1: absent.

1: distinctly wider than long.

5. Maxilla 1: number of setae of distal row on inner
16. Urosome: dorsal spines.

lobe.
0: on one or more segments;

0: >10;
1: lacking.

1: 5-10;

2: 1-4.
17. Uropod 3.

0: parviramous;
6. Maxilla 1: number of spine teeth on outer lobe.

0: 9;

1: 6-8.

1: variiramous.

18. Uropod 3: exopodite.

0: 2-segmented;
7. Maxilla 2: setation on inner lobe.

0: with medial and oblique facial row;

1: 1-segmented.

1 : oblique facial row lacking, medial row
19. Uropod 3: segment 2 of exopodite.

0: short or absent;
present;

2: medial and facial rows lacking.
1: elongated and flattened.

8. Maxilla 2: setation on outer lobe.
20. Telson .

0: distal row of setae uniform of one type only;
0: almost entirely or completely cleft;

1 : distal setae separated into two rows of dif-
1 : basal half fused;

ferent types.
2: almost entirely fused.

9. Maxilliped: spines along medial margin of outer lobe.
21. Telson: shape of the lobes.

0: present;

1: absent.

0: apically tapering;

1: apically truncate.

10. Coxal plate 1.

0: longer than wide;

1 : quadrate or wider than long.
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Fig. 11. Sketch of a hadzioid amphipod, the characters used in this study indicated.

and the distribution of character states. Unknown states are indicated with “?”

(See table II for description of characters and explanation of character state numbers.)

Pseudoniphargus

Table III

Taxa interrelated with



172 J. NOTENBOOM
- PSEUDONIPHARGUS PHYLOGENY AND BIOGEOGRAPHY

Monophyletic group Synapomorphous

characters

(cf. table II)

1. Eriopisa complex, Maleriopa

a. Eriopisa complex, except for

Tunisopisa, Vicitopisa

b. Confodiopisa, Impertiopisa,

Eriopisa

c. Confodiopisa, Psammogammarus
2. Nainaloa, Rotomelita

3. Phreatomelita, Psammoniphargus

4. 3 + Quadrus

5. 4 + Tegano

6. Pseudoniphargus, Parapseudoniphargus

7. 6+ Allomelita

8. 5 + 2, Vicitopisa, Galapsiellus,

Josephosella, Maleriopa, Paraniphargus

9. 7 + 2, Josephosella, Maleriopa,

Paraniphargus

10. Al] taxa but 7

11. All taxa but Abludomelita and the

Eriopisa complex

10

19

9

17

21

4

3.4

3.3

2Q-2

8, 201

3.2

7.2

3.1

7.1

Since homoplasies are numerous, the number

of available characters is insufficient for a com-

plete solution of phylogenetic relationships.

However, homoplasies may provide weak

synapomorphies locally in the cladogram.

The most parsimonious cladograms found by

means of the Camin-Sokal method, thus with-

out permitting reversals, have a consistency

index of 0.3187. The strict consensus

cladogram based on more than 100 equally par-

simonious solutions is given in fig. 12a. The

cladograms generated under the Wagner

criterion, which permits reversals, need fewer

evolutionary steps than those found with the

Camin-Sokal method. The strict consensus

cladogram based on an evaluationof more than

100 Wagner cladograms with a consistency

index of 0.3867 is given in fig. 12b. The

Camin-Sokal consensus cladogram (fig. 12a) is

slightly better resolved than that found through

the Wagner parsimony method (fig. 12b).

Concerning the phylogenetic position of

Pseudoniphargus with regard to Parapseudoni-

phargus and Allomelita (local outgroups), the

results of compatibility and parsimony analyses

are in harmony and similar to the previously

postulated hypothesis (Notenboom, 1988a).

However, the results provide no decisive

indication for an overall outgroup hypothesis.

The sister groupof Pseudoniphargus is Parapseudo-

niphargus (henceforth these two genera are

named the
''

“Pseudoniphargus group"), a rela-

tionship which is founded on a single

synapomorphy, viz., the almost entirely fused

telson lobes (character 20.2). Additionally, in

the Camin-Sokal parsimony analysis a number

of weak synapomorphies emerged for the

Pseudoniphargus group, viz., the absence of

ommatids (character 2), the outer maxilla 1

lobe with 6-8 spine teeth (character 6), urosome

without dorsal spines (character 16), and the

weakly expressed sexual dimorphism in the 2nd

gnathopod (character 14.1).
The second outgroup of Pseudoniphargus is the

genus Allomelita
,

a relationship based on two

synapomorphies, viz., the presence of two

distinct distal rows of setae of different

ultrastructure on the outer lobe of maxilla 2

(character 8), and the partially fused telson

lobes (character 20.1). Again, parsimony

methods give a number of additional weak

synapomorphies. The Camin-Sokal method

yields three weak synapomorphies, viz., the

absence of medial and facial rows of setae on the

inner lobe of maxilla 2 (character 7.2), the

palmar angle of gnathopod 1 well demarcated

by a group of bifid spines (character 12), and

the one-segmented exopodite of the 3rd uropod

(character 18). In contrast, the reversed fully

developed setation of the terminal mandible

palp segment (characters 3.1 & 3.2), and char-

acter 12 (see above) emerged as weak synapo-

morphies by application of the Wagner par-

simony method. Note that the supposition of

the reversed condition of character 3 as a syna-

pomorphy in the Allomelita-Pseudoniphargus

group (Wagner parsimony method) has the

TABLE IV

Monophyletic groups and their synapomorphies found by

means of a compatibility method in outgroup analysis.

Underlined are characters present in the intersection of all

largest cliques. Note that internal discrepancy exists with

regard to the monophyletic groups based on characters

(non-underlined) not present in the intersection of all

largest cliques.
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Fig. 12. Consensus cladograms of outgroup analysis of Pseudoniphargus , matching synapomorphies indicated and

uniquely derived characters underlined (cf. table II): a, cladogram obtained with the Camin-Sokal parsimony method;

b, cladogram obtained with the Wagner parsimony method.



174 J. NOTENBOOM - PSEUDONIPHARGUS PHYLOGENY AND BIOGEOGRAPHY

consequence that the fully developed setation of

the terminal mandible palp segment must have

derived independently from that in other

groups of amphipods (e.g., Gammaridae)

which have a similar type of chaetotaxy.

The parsimony methods yield a single weak

autapomorphy for Parapseudoniphargus and

Pseudoniphargus each, viz., the complete loss of

sexual differentiation in the propodus of

gnathopod 2 (character 14.2), and the 1st coxal

plate with subparallel margins (character 11.1),

respectively. Autapomorphies for Parapseudoni-

phargus, not included in the analyses, are the

compressed and strongly curved body, the short

posterior pereiopods, and the pygidized

exopodite of the 3rd uropod (Notenboom,

1988a). The tendency to (a strong) elongation

of peduncle and exopodite of the 3rd uropod in

Pseudoniphargus might be considered an underly-

ing synapomorphy (Saether, 1983). Moreover,

Notenboom (1988a) hypothesized that the

weakly developed anterior head lobe is an

autapomorphy in Pseudoniphargus. Since this

character is inadequately described in the

outgroups, it is excluded from the analyses.
The genus Allomelita is characterized by a single

autapomorphy, viz., the uniarticulated

accessory flaggellum.
With respect to phylogenetic positions of the

other taxa involved, the analyses strongly sup-

port sister-group relationships between:

Phreatomelita and Psammoniphargus, and Nainaloa

and Rotomelita. Further it is interesting to note

that the parsimony and compatibility methods

show but little agreement as regards the divi-

sion of the Eriopisa complex. At any rate, the

complex appears to be well established when

parsimony methods are employed (figs. 12a, b),

or, with the exception of Tunisopisa and

Vicitopisa, when the compatibility method is

used (table IV). The generic division of the

complex as proposed by Karaman (1984a), and

which has been used in this study, seems to

have but little phylogenetic significance.

Anyhow, the results of the parsimony methods

suggest that the genera Confodiopisa, Imper-

tiopisa, and perhaps Victoriopisa should be sunk

into Psammogammarus.

5. PHYLOGENETIC RELATIONSHIPS

WITHIN PSEUDONIPHARGUS

5.1 Character analysis

Character analysis has been performed on the

basis of diagnostic features found in a tax-

onomic study of Iberian material of Pseudo-

niphargus (Notenboom, 1986, 1987a, b). All

characters refer to the external morphology of

the animals. Geographical information is

available, but this has not been used as a

phylogenetic character because of the desired

independence between phylogenetic hypotheses

and the distributional data. The homology

principle applied is that of similarity in position
and connection with other body parts (the

topographic criterion: Wiley, 1981). Unique

characters not found in other species of the

genus or in the outgroups are considered to be

autapomorphies (table V) and are excluded

from the analysis. The 26 characters which dif-

ferentiate species of Pseudoniphargus and which

adriaticus. Males with 4 dorsoposterior teeth on urosomite

2 (Karaman, 1978a; not confirmed by personal

observations).

burgensis. Maxilla 1 outer lobe with 6 spine teeth, inner

lobe with a single seta.

callaicus. Distomedial spine on peduncle of uropod 1

lacking.

gracilis. Dactylus of claw of pereiopod 7 very slender with

minute unguis.

granadensis. Telson with apical and subapical group of

spines on either side.

grandis. Telson lobes distaly flattened with a row ofstrong

spines.
illustris. Outer lobe of maxilla 1 with combed spines

Pereiopod 5 shorter than pereiopod 4 *

latipes. Propodus of gnathopod 1 widened

sorbasiensis. Flagellum of antenna 2 very short (much

shorter than peduncle segment 5).

spiniferus. Peduncle of uropod 2 richly provided with

spines.

stocki. Outer lobe of maxilla 1 with 8 spine teeth.

* A very similar condition of this character has been

found also in Parapseudoniphargus, but it is considered here

to have been derived independently

TABLE V

Autapomorphous characters (non-homoplasous) within

the genus Pseudoniphargus.
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are used in the numerical analysis are listed in

table VI. The diagram in fig. 11 shows the

distribution of characters over the Pseudo-

niphargus body. The distribution of character

states over the species is given in table VII. The

sequential numbering of characters follows the

one used in the section dealing with outgroup

analysis.

The determinationof the relative plesiomor-

phy of a series of homologues was achieved by

TABLE VI

Character transformation series used in the ingroup analysis of Pseudoniphargus. Characters marked with an asterisk are

not polarized (equivocal on the outgroupnode); 0 = plesiomorphous state; 1-3 =apomorphous states in transition series;

1 ’ = alternative apomorphous state.

22. Antenna 2: setae of terminal peduncle and proximal 35.* Uropod 1: marginal spines on exopodite.

flagellum segments. 0: absent;

0: not exceeding width of segment; 1: present.

1: some setae longer than width of segment. 36.* Uropod 1: medial spines on peduncle.

23. Mandible: row of setae on ventral margin of palp seg- 0: absent or a single weak spine only:

ment 3 (D-setae). 1: 1 or more strong spines.
0: all of similar length;

1 : proximal setae distinctly longer.
37. Uropod 1: number of spines on dorsal ridge of

peduncle.

24. Maxilla 1: number of setae on inner lobe. 0: <2 1: >3

0: 2 1:3 1': 1
38. Uropod 3: sexual dimorphism.

25. Coxal plate 3: length/width ratio in male. 0: not or weakly developed;

0: > 1.77 1: 1.71-1.54 2: Si.50 1: clearly expressed.

26. Coxal plate 4: depth of posterior emargination. 39. Uropod 3: margins of exopodite in male.

0: >0.16 1: 0.14-0.013 2: <0.010 0: subparallel;

27.* Coxal plate 4: ventral margin.
1 : tapering.

0: sparsely setose; 10. Uropod 3: marginal spines on peduncle.
1 : densely setose. 0: absent;

28. Gnathopod 2: sexual dimorphism.
1 : present

0: male propodus wider with palmar margin 41. Uropod 3: length/width ratio of peduncle in male.

more oblique than in female; 0: <2.90 1: 3.40-3.90 2: >4.20

1 : male propodus slightly wider or similar as in

female

42 Uropod 3: length/width ratio of exopodite in male.

0: <14.0 1: >16.0

29. Pereiopod 4: length/width ratio of claw.

0: <5.70 1: >6.50

43.* Telson: implantation of spines.

0: apical 1 : subapical.

30. Pereiopod 7: posterior lobe of basis.

0: well developed and distally overhanging;

1 : weakly developed and distally not over-

44.* Telson: distal emargination.

0: distinctly V-shaped, narrow, ca. !4 of telson

length deep;
hanging. 1: hardly emarginate or wide and shallow, less

31.* Pereiopod 7: length/width ratio of dactylus. deep than !4 of telson length.
0: <3.25 1: 3.45-5.10 2: >5.60

45. Telson: shape.

32. Pereiopod 7: ratio between length of unguis and 0: subquadrate or slightly wider than long,

dactylus. similar in both sexes;

0: <2.05 1: 2.20-2.45 2: 2.60-2.90 3: >3.80 1: clearly longer than wide in male, subquadrate

33. Epimeral plates: shape of posteroventral corner of
in female.

plate 3. 46.* Telson: number of spines on each side.

0: rounded or subrectangular; 0: 2 (sometimes with 3 on one side only)

1 : projecting. 1: >3

34. Epimeral plates: spines on ventral margin of plate 3. 47. Cuticula: micropores on pereionite 1.

0: 1-2 1: >3 1': 0 0: all randomly arranged;
1: partly forming distinct rows.
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the comparison with relevant outgroups estab-

lished by means of the outgroup analysis. Thus,

comparisons are made with the sister group

Parapseudoniphargus, and the second outgroup

Allomelita. The remaining taxa of selected Had-

zioidea(table I) are considered to constitute the

third, unresolved, outgroup. Through varia-

tion among outgroups the polarity of a charac-

ter could not be assessed in some instances. If

this was the case, these characters were

polarized by the program according to the most

parsimonious solution.

The analysis includes qualitative, and con-

tinuous and discontinuous, quantitative charac-

ters. Qualitative characters are based on the

presence or absence, or on differences in shape

of certain features. Quantitative, discontinuous

characters are based on counts of numbers of

spines or setae on particular appendages.

Counts are grouped into non-overlapping

classes and intraspecific variation is restricted

within a class. Quantitative, continuous charac-

ters are based on measurements of mor-

phoclines. These measurements are used to

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47

adriaticus

affinis
branchiatus

brevipedunculatus

burgensis
callaicus

carpalis

cazorlae

eborarius

elongatus

fragilis

gibraltaricus

gorbeanus

gracilis

granadensis

grandimanus

grandis

guernicae

illustris

incantatus

jereanus

latipes

longicarpus

margalefi

mateusorum

montanus

nevadensis

semielongatus
sorbasiensis

spiniferus
stocki

unisexualis

vasconiensis

vomeratus

00021010010000001011111000

00021010110001011012111010

00121010111001111010111010

0001 101001001001 1 100010000

10 1' 010010200 1' 0000000000010

01 1 1 10100120000101 1001 1000

01 1001 1001001000010001 1000

00011010111000110010011010

100010010100 1' 0010000000010

00011010010001111012110010

00121000110001111000001010

00021010010000010110011010

100010010100 1' 0010000000010

000210100230001 10000001010

000220101 10001 1 1 10121 1 1010

01 101 10001001000010001 1000

00021010110001111012111010

100010010200 1' 0000000000000

00021010111100111001111100

100010010100 1' 0000000000010

1001 10010100 1' 0010000000000

00021010100001 1 10000001010

0000001 1010001 1 1000000101 1

00011010110001110000001010

0001 101001000000010001 1000

00000010010001 1 1000000101 1

00022010112101111010111010

00001010010001 1 1001001 1010

000220101 1 1001 1 10000001010

0001 10101 10001 1 10000001010

000210101 1000001 10121 1 1010

0001 10101 100 1' 0010000001000

100010010100 1' 0010000000000

00021010110101111011101110

TABLE VII

Distribution ofcharacter states in Pseudoniphargus. (See table VI for description of characters and explanation ofcharacter

state numbers.)
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calculate ratios, which may be independent of

the specimen size. Classes of counts and

populations of ratios separated by gaps are con-

sidered to represent mutually exclusive states of

the quantitative character.

5.2 Explanatory notes to the characters

The majority of characters in this study are

from appendages of the pereion and the

urosome. Cephalic appendages and epimeiron

yield only few characters. Certain characters

deserve some explanation in addition to tables

VI and VII.

Mouthparts

The terminology used to describe the

chaetotaxy of the terminal mandible palp seg-

ment is according to Stock (1974). D-setae are

situated along the ventral margin of the ter-

minal segment. These D-setae, although

slightly increasing in length distally, are usually

easily distinguishable from the group of, mostly

3, longer setae at the tip of the palp (E-setae).

The number of D-setae may differ inter-

specifically and also varies with the

developmental stage of the specimen. A group

of longer, proximal D-setae (character 23) is

found in P. callaicus, P. carpalis, and P. gran-

dimanus (fig. 13). Such a differentiationof prox-

imal D-setae is neither found in other

Pseudoniphargus species, nor in closely related

outgroups, and is considered apomorphous.

Stock et al. (1986) have named this group "C-

setae". This is incorrect, since C-setae had

been defined (Stock, 1974) to be implanted on

the inner surface at a short distance from the

ventral margin, whereas in Pseudoniphargus the

longer proximal D-setae are implanted on the

margin itself in line with the remaining, shorter

D-setae.

The general appearance of the inner lobe of

maxilla 1 in both Pseudoniphargus and its close

relatives is with 2 long distal setae, a number

without intraspecific variation. In

P. grandimanus, P. carpalis,

P. callaicus,

P. branchiatus, and P.

fragilis the inner lobe bears 2 or 3 distal setae

(character 24). The latter condition might be

either polymorphic or results from developmen-

tal differences between specimens. In any case,

the appearance of 3 distal setae on the inner

lobe of maxilla 1 in individuals of a species is

considered to be apomorphous. The presence of

a single seta on the inner lobe of maxilla 1 in P.

burgensis is considered an autapomorphy in that

species.

Gnathopods

Sexual differentiation of the proportions of the

gnathopods, especially the second, are, barring

some dubious cases, found in all species of the

genus. However, the phenomenon is expressed

to different degrees (character 28). Basically,

the carpus and propodus are slightly more

slender in the female than in the male. Con-

versely, the male propodus is distinctly wider

than that of the female in P. incantatus, P. guer-

nicae, P. vasconiensis, P. gorbeanus, P. burgensis, P.

fragilis, and P. grandimanus, and is usually con-

comitant with a more oblique palmar margin

(fig. 14). Strong differences between the sexes

in the shape and configuration of the armature

of the palmar margin itself are not found within

Pseudoniphargus (character 14), although they

are frequently encountered in other groups of

Hadzioidea, including the closely related genus

Allomelita and the more distant outgroup

Abludomelita. The Pseudoniphargus group is char-

Fig. 13. Mandible palp conditions in Pseudoniphargus. D:

ventral row of D-setae; pD: proximal differentiated group

of D-setae.
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acterized by a manifestly reduced sexual dif-

ferentiation in the 2nd gnathopod (character

14.1). In Parapseudoniphargus there are no sexual

differences at all, while in Pseudoniphargus the

dimorphism is variously reduced. The condi-

tion in which there is an often very slight pro-

portional difference in shape of the propodus
between the sexes is considered apomorphous
in Pseudoniphargus. The lack of sufficient

material of both sexes renders a determination

of the degree of sexual differentiation in p.

eborarius and P. jereanus impossible. Congruence
of character state distribution between these

two species, and between P. burgensis and P. gor-

beanus points to a corresponding condition of

this character.

Pereiopods

The depth of the coxal plates shows interesting
differences between groups of species. The

general tendency is that many of the species of

southern Spain have shallow coxal plates and

most of the remaining species have plates of a

medium depth. The ratio between depth and

width of coxal plate 3 is taken as a measure for

the depth of the plates (character 25). Plate 3

has subparallel margins and is, therefore, more

accurately measurable than the other coxal

plates. To avoid the influence of sexual dif-

ferences, although hardly noticeable, only

males have been used to calculate this ratio.

Coxal plates of a medium depth (> 1.77 times

as deep as wide) are found in the outgroups of

Pseudoniphargus and, therefore, considered to

represent the plesiomorphous condition.

An additional character also related to the

coxal plates used in the present study is the

depth of the posterior excavation of plate 4

(figs. 4 & 15; character 26). The relative depth

of the excavation is defined by the maximum

width of the plate minus the minimum plate

width divided by the length of the coxal plate.

In Allomelita and Parapseudoniphargus, plate 4

shows a well-developed posterior emargination

(ratio >> 0.16), a condition assumed to be

plesiomorphous.

An important diagnostic feature in Pseudo-

niphargus is the shape of the basis of the posterior

pereiopods, in particular of pereiopod 7 (fig.

16; character 30). The general appearance of

the basis is strongly influenced by its relative

length, but above all by the degree of extension

of the posterior lobe. An extended posterior

lobe has the posterodistal corner more or less

projecting and renders the basis oval or ovoid in

shape. When the posterior lobe is not or just

poorly developed, the basis is rectangular or

somewhat linear with rather straight margins.

Fig. 14. Sexual dimorphism in the 2nd gnathopod of

Pseudoniphargus (character 28).
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In species with an oval or ovoid basis the poste-

rior lobe is always somewhat extended but the

degree may vary among individuals. The

extremes of the manifestation of this character

can be recognized clearly. However, the condi-

tion of this character is difficult to ascertain in

some intermediate forms, e.g., in P. margalefi

(Notenboom, 1987a: fig. 21f). Outgroup com-

parison shows that the extended and oval type

basis is found in closely related taxa (see fig. 16a

of Parapseudoniphargus ) and henceforth assumed

to be the plesiomorphous condition. Species

with an extended posterior lobe of the basis of

pereiopod 7 have a broadly convex distal

margin of the posterodistal corner. Pseudo-

niphargus adriaticus deviates from this by having

a narrow and more or less rectangular project-

ing posterodistal corner, a feature which may

be regarded an autapomorphy. The claw of

pereiopod 7 provides two other quantitative

characters, viz., the relative lengths of dactylus

(character 31), and unguis (character 32); see

fig. 17.

Epimera

The ventral margin of epimeral plate 3 bears a

number of short spines, which is a very constant

feature within species of the genus. In a number

of species from northern Spain (e.g., p.

burgensis, P. gorbeanus, P. incantatus)) the ventral

armature on epimeral plate 3 is totally lacking.

Both in Allomelita and Parapseudoniphargus ,
and

also in a large number of Pseudoniphargus

species, 1 or 2 ventral spines are found, whereas

in the two Bermudian species and the Azoran

P. brevipedunculatus 3 or more of these spines are

present. Two character transformation series

are presumed to start from the plesiomorphous

condition of 1 or 2 spines found in the

outgroups. One development leads to the

reduction of these spines and the other one to

an increase in the number of spines (character

34).
The shape of the posteroventral corner of

epimeral plate 3 fluctuates between rounded

and rectangular, with a small tooth in most of

Fig. 15. Examples ofthe pereiopod 4 morphology in Pseudoniphargus and Parapseudoniphargus. The posterior emargination

of the coxal plate (character 26) is distinct in a and b, very shallow in c. The claw (character 29) is slender in b, rather

short in a and c. Parapseudoniphargus, the sister group of Pseudoniphargus, represents the plesiomorphous condition.
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the species of Pseudoniphargus ,
and in Allomelita

and Parapseudoniphargus. The typically pro-

jecting, posteroventral corner (fig. 7) of P.

vomeratus and P. illustris clearly deviates from the

basic pattern and is considered an apomorphy

(character 33). P. nevadensis is a problem case,

because the posteroventral corner was found to

be projecting in some but not all specimens

studied.

Uropods

The third uropod forms one of the most aber-

rant morphological features of Pseudoniphargus.

A large number of the characters used in

previous attempts to resolve the phylogenetic

relationships within Pseudoniphargus were

derived from this structural complex (Stock,

1980a; Boutin & Coineau, 1988). On the basis

of the appearance of the male and female

uropod 3 among the species of the genus, a

morphocline can be easily recognized (fig. 18).

At the one end of the cline the third uropod is

short, with along its margins a few distinct

groups of rather strong spines which are similar

in both sexes. At the other end the female and

male uropods are dissimilar, exceedingly

elongate in the male (involving both the pedun-

cle and the exopodite), and only moderately so

in the female. Intermediate arrangements

between the extremes of the morphocline are

encountered in which the female uropod is not

elongate but in which the male peduncle and

exopodite successively become elongate. In

general the changes occurring in the male along

this morphocline are explicit and more easily

recognizable than the changes in the female.

The elongation of the male exopodite is

attained by changes in the configuration of the

spines. The subadult male 3rd uropod of a

species which exhibits an exopodite elongation

Fig. 16. Examples of the morphology of the basis of

pereiopod 7 in Pseudoniphargus and Parapseudoniphargus.

The posterior lobe (character 30) is expanded in a to d,

poorly developed in e and f.

group of

Parapseudoniphargus, the sister

Pseudoniphargus, represents the plesiomorphous

condition.

Fig. 17. Configurations of the claw of pereiopod 7 in

Pseudoniphargus. Successive elongation of the dactylus

(character 31) is seen from a to c, and from d to f. The

unguis (character 32) is relatively long in a-c, short in d-f.

A situation comparable with P. eborarius

Parapseudoniphargus,

is found in

the sister group ofPseudoniphargus, and

considered to represent the ancestral condition.
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in the adults resembles those species in which

no elongation occurs, this likewise by the

presence of some groups of spines along the

margins of the exopodite. When the uropod

elongates during successive moults, a process

which continues after maturity, the rather

strong marginal spines gradually disappear and

the exopodite becomes covered with irregularly

placed small, slender spines. During this pro-

cess the male uropod becomes typically

upcurved, very strikingly so in senescent

adults. In females of a species with a strong

elongation in the male, the third uropod

elongates as well, but without a rearrangement

and transformation of spines, and without the

development of a curvature. The polarity of the

morphocline is easily ascertainable, since in the

outgroups the third uropods are neither sex-

ually differentiated nor elongate, which,

accordingly, represents the plesiomorphous

condition.

Four different characters are recognized
within the third uropod morphocline: sexual

differentiation (character 38), elongation of the

male peduncle (character 41), elongation of the

male exopodite (character 42), and presence of

marginal spines on the peduncle (character 40).
Stock (1980a) and Boutin & Coineau (1988)
used another character related to this mor-

phocline, namely: female 3rd uropod modified

versus not modified. This character is not used

in the present study owing to the difficulty to

decide whether a female uropod 3 is modified

(elongate) or not. The elongation of the 3rd

uropod appears to be a troglomorphic charac-

ter, whose acquisition has an (obscure) relation

with the hypogean mode of life of the animals.

Independently evolved trends are seen within

the Eriopisa complex, in Galapsiellus and in more

distantly related genera such as Niphargus and

Rhipidogammarus. Epigean amphipods showing

such a development are not known. Super-

ficially the elongated uropod 3 of Pseudo-

niphargus resembles that of Niphargus most

(hence the name pseudo-Niphargus). However,

in Niphargus only the exopodite, which is two-

Fig. 18. Schematic representation of the 3rd uropod morphocline in Pseudoniphargus. From a to e the relative lengths
of peduncle and exopodite increase. Sexual differentiation (character 38) is shown in c. Strong elongation of the male

exopodite (character 42) starts at d, while the peduncle (character 41) becomes strongly elongate in e. Dotted spines
of the peduncle are not always present.
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segmented, is involved in the process of elonga-

tion. This, as in Pseudoniphargus, results in a

strongly elongated and upcurved uropod in

senescent males of certain species.

An additional character of the 3rd uropod is

the shape of the male exopodite (character 39).

Most frequently, the margins of the exopodite

of uropod 3 are subparallel, even in species with

a strongly elongate exopodite. However, in a

few species in which the male uropod is not

extremely elongate, the exopodite is found to be

clearly tapering. The difference between the

tapering and the subparallel-sided exopodites is

slight but unmistakable and best seen when this

appendage is observed under a dissection

microscope. On the photograph of P. gran-

dimanus in Stock et al. (1986: fig. 2), the clearly

tapering exopodite is well depicted. The condi-

tion of this character in Parapseudoniphargus is

difficult to ascertain because this genus has a

pygidized exopodite. In Allomelita the margins

of the exopodite are subparallel. The sub-

parallel condition of the exopodite is tentatively

assumed to be plesiomorphous.

Telson

The telson shows a rather large variation in

Pseudoniphargus; four characters associated with

this structure are distinguished: the position of

the distal spines (character 43), the number of

distal spines (character 46), the sexual differen-

tiation in the shape of the telson (character 45),

and the shape and depth of the distal emargina-

tion (character 44). The telson is distally bi-

lobed, usually with a wider or smaller, yet

rather shallow emargination, but in a few

species without emargination, and in a group of

North-Spanish species and P. brevipedunculatus

with a relatively deep and sharply V-shaped

emargination. Each telson lobe bears a number

of spines either implanted on the distal margin

at the tip of the lobe or subapically implanted,

so that the tips of the lobes are unarmed. In a

number of species with an only slightly

emarginated telson it is more or less obscure

whether these spines are subapically implanted

or not. Two classes of numbers of spines on

either telson half are distinguished (character

46): one with 2 spines per telson half (some-

times 3 spines on one side only) and the other

one with 3 or more spines per half. In the latter

class changes to more than 5 spines per telson

half are gradual and no subdivision could be

made. Whether the densely spinous or sparsely

spinous telson is the plesiomorphous condition

is difficult to ascertain, since both conditions

obtain in the immediate outgroups. In most

species of Pseudoniphargus and in closely related

outgroups the shape of the telson is basically

similar in both sexes, with the exception of P.

vomeratus and P. illustris, in which species the

males have a telson that is longer than wide and

distinctly longer than it is in the females. This

character appears to be a synapomorphy in

these two species.

Cuticula

In some selected species of Pseudoniphargus and

in Allomelita and Parapseudoniphargus the

cuticular microstructures were examined with

SEM. The selected samples of Pseudoniphargus

originated from different groups of closely

similar species distributed over the entire range

of the species under study. In general the sub-

microscopical features examined (morphology

of pores, arrangement of pores, and mor-

phology of different types of microtrichs) are

very uniform. The most conspicuous deviation

concerns the arrangements of pores on

pereionite 1 (character 47). In Parapseudo-

niphargus and nearly all species of Pseudo-

niphargus the micropores are randomly scattered

over the entire area of the polygones (fig. 8),

but in P. montanus and in P. longicarpus a dif-

ferent configuration is encountered, the pores

abutting against one another to form distinct

rows (fig. 9). The latter feature has not been

found in any other species examined and is,

therefore, considered to be apomorphous.

5.3 Numerical phylogenetic analysis

The monophyletic groups and their synapo-

morphies supported by compatibility analysis

are listed in table VIII. The compatibility

analysis results in a collection of largest cliques
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comprising 11 character states. Eight of these

character states are in the intersection of the

largest cliques (underlined in table VIII), and 5

other states are included in alternating com-

binations (not underlined in table VIII). The

15 remaining character states fall beyond every

largest clique. These strongly incompatible

characters comprise a relatively large number

of the quantitative ones. As in the outgroup

analysis, the number of potential apomorphies

(32) is insufficient to resolve phylogenetic rela-

tionships between the species of Pseudoniphargus.

Compatibility analysis shows that the incon-

sistency in the data is substantial.

Parsimony cladograms were construed with

unweighed and weighed characters according to

the Wagner and Camin-Sokal methods.

Weighing of characters has been expressed by

giving all compatible characters (table VIII) a

double weight. Both methods yield rather large

numbers of equally parsimonious cladograms.

Monophyletic group Synapomorphous
characters

(cf. table VI)

1. burgensis, eborarius, gorbeanus,

guernicae, incantatus, jereanus,

vasconiensis

2. 1 + unisexualis

3. carpalis, grandimanus

4. 3 + callaicus

5. 3 + brevipedunculatus

6. 4 + brevipedunculatus, gibraltaricus,

mateusorum

7. longicarpus, montanus

8. vomeratus, illustris

9. affinis, elongatus, granadensis,

grandis, stocki

10. 8 + 9 + adriaticus

11. lO + ibranchiatus, nevadensis

12. 11 + brevipedunculatus, fragilis
13. all taxa, but latipes

22

34'

22.1

23

34

39

47

45

41.2

41.1

42

38

311

Strict consensus cladograms of the most par-

simonious solutions are presented in figs. 19 &

20; the indicated synapomorphies match all

solutions. The Wagner cladograms require

fewer evolutionary steps than the Camin-Sokal

cladograms. Thus, by permitting character

reversals, the total number of homoplasies

decreases. The highest consistency indexes in

the Wagner cladograms are 0.4432 (weighed

characters) and 0.3889 (unweighed characters),

in the Camin-Sokal cladograms these values are

0.3611 and 0.3294, respectively. Weighing of

compatible characters caused an increase in

consistency of the results arrived at by both par-

simony methods. Evidently, many species

remain ungrouped and support has been found

for only a limited number of monophyletic

groups.

The largest group of species evidenced by

synapomorphies on which there is also agree-

ment between the different methods applied, is

a cluster of species from Burgos and Basque

Country (northern Spain). This assemblage,

named the "Burgo-Vasconia group" (group 1

in table VIII), has P. unisexualis as its probable

sister group, whose distribution falls within the

range of that group. Other well-corroborated

monophyletic groups on which the different

methods agree, consist of sister species only.

They comprise the "Cantabrian group"

longicarpus and P. montanus) distributed in the

western Cantabrian Mountains of northern

Spain, the "Bermuda group" (P. carpalis and

P. grandimanus), and P. illustris and P. vomeratus,

found in the central Betics of southern Spain.
There is some weak evidence for the validity

of the groups which do not emerge after all

numerical approaches. The synapomorphies of

these groups are weak by being defined by

mostly homoplasous characters. Two rather

large groups belong to this category: the first,

consisting of P. carpalis and P. grandimanus from

the Bermuda group supplemented by the other

species from the Lusitanian-Atlantic region.

The members of this Lusitanian-Atlantic group

share a strongly compatible character (viz.,

character 39). There is, however, an internal

conflict through which the group does not

TABLE VIII

Monophyletic groups and their synapomorphies found by

means of a compatibility method in ingroup analysis.

Underlined are characters present in the intersection of all

largest cliques. Note that there is an internal discrepancy

as regards the monophyletic groups based on characters

(non-underlined) not present in the intersection of all

largest cliques.
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Fig. 19. Consensus cladograms ofingroup analysis of Pseudonipharguswith unweighed characters, matching synapomor-

phies indicated, uniquely derived characters underlined, and reversals indicated by minus sign: a, cladograms construed

with Camin-Sokal parsimony method; b, cladograms construed with Wagner parsimony method.
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Fig. 20. Consensus cladograms of ingroup analysis of Pseudoniphargus with weighed characters, matching synapomor-

phies indicated and uniquely derived characters underlined:
a, cladograms construed with Camin-Sokal parsimony

method; b, cladograms construed with Wagner parsimony method.
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emerge in all parsimony solutions. The second,

a group containing all species from southern

Spain that possess a modified 3rd uropod, sup-

plemented by P. elongatus from northern Spain

and P. adriaticus from the northern Mediterra-

nean belt (the P. branchiatus group). This group

emerges in both Wagner parsimony solutions

and is mainly characterized by the strongly

compatible elongation of the exopodite of male

uropod 3 (character 42). The P. branchiatus

group comprises those species of the genus that

possess the largest percentage of apomorphous

characters. When the autapomorphies of table

V and the polarized characters of table VII are

chosen, this percentage is 23-34% in the P.

branchiatus group against 9-27% in the other

species of the genus.

The monophyletic groups of Pseudoniphargus,
whether they are strongly or weakly cor-

roborated, are for the greater part geo-

graphically related, which appears to provide

additional evidence for the validity of these

groups (fig. 22). The Lusitanian-Atlantic group

is of great biogeographical interest owing to its

wide distribution on Atlantic oceanic islands.

The Burgo-Vasconia and Cantabrian groups

are well founded and their ranges appear to be

confined to geologically and geographically

clearly separated entities of the Cantabrian-

Pyrenean mountain complex. With the excep-

tion of P. elongatus and P. adriaticus, the P. bran-

chiatus group is restricted to the Betic Cordillera

with the well-established subset of P. vomeratus

and P. illustris in the central Betics. The

geographical ranges of the P. branchiatus group

and of the Mediterranean P. adriaticus are adja-

cent, and both are clearly separated from the

North-Spanish range of P. elongatus.

The Algerian P. macrotelsonis Stock, 1980

possesses a strongly elongated male 3rd uropod,

projecting posteroventral corners of the

epimeral plates, and a sexually dimorphic

Fig. 21. Proposed phylogenetic tree of Pseudoniphargus
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telson. These are features through which this

species may be related to P. vomeratus and P.

illustris of the P. branchiatus group. The other

Algerian species, P. africanus Chevreux, 1901,

resembles the members of the P. branchiatus

group in the elongated male 3rd uropod charac-

ter, but clearly differs by the expanded basis of

the posterior pereiopods.

Probably the best estimation of phylogenetic

relationships within Pseudoniphargus ,
based on

an integration of the different numerical

methods, is given in fig. 21. In this scheme P.

elongatus is independently evolved from the

geographically coherent P. branchiatus group

according to the unweighed Camin-Sokal par-

simony solutions (fig. 19a). This is plausible
because in view of the large distance between

their ranges it is most unlikely that these groups

share a common ancestor. Moreover, P.

elongatus lacks two apomorphies well rep-

resented in the P. branchiatus group and in other

species from southern Spain, viz., the shallow

coxal plate 3 (character 25.2) and the weakly

developed posterior lobe of the basis of

pereiopod 7 (character 30.1). In the proposed

phylogenetic tree (fig. 21) a strong elongation of

the male 3rd uropod took place in two indepen-

dent lineages and, consequently, the condition

of this character in P. elongatus is not homo-

logous with that in the P. branchiatus group.

5.4 Diagnosis of monophyletic groups of Pseudo-

niphargus

Burgo-Vasconia group.
— Setal

groups on terminal

peduncle and proximal flagellum segements of antenna 2

including many setae exceeding the width ofthe segments.
Sexual differentiation in shape of propodus gnathopod 2

well developed; palmar margin in male more oblique than

in female. Coxal plates deep, with plate 4 variously

emarginated posteriorly. Claws of pereiopods 3 and 4

strongly elongated. Basis of posterior pereiopods

expanded with overhanging posterodistal angle. Ventral

margin ofepimeral plates devoid of spines. Medial spines
on peduncle of uropod 1 absent. Uropod 3 short, without

sexual dimorphism. Emargination of telson sharply V-

shaped. Members: P. burgensis, guer-

nicae, incantatus, jereanus,

eborarius, gorbeanus,

and vasconiensis.

Cantabrian group.
— Sexual dimorphism in

gnathopods absent. Tendency to elongation of carpus in

gnathopods 1 and 2. Coxal plates deep, posterior

emargination of plate 4 pronounced. Basis of posterior

pereiopods expanded with overhanging posterodistal

angle. Epimeral plates with 1-2 ventral spines. Medial

margin of peduncle of uropod 1 provided with spines, the

rami with marginal spines. Uropod 3 short, not sexually

dimorphic. Telson with 3 or more spines on each half,

distal emargination shallow. Small cuticular pores form-

ing distinct rows. Epidermal cells with rows of
pores

irregularly distributed over the body. Members: P.

longicarpus and montanus.

Lu s i t ani an-A ti antic
group.

—
Mandible palp in

some species with a longer group of proximal D-setae.

Inner lobe of maxilla 1 with
up to 3 setae. Sexual dimor-

phism in gnathopod 2 weakly developed. Coxal plates

deep, plate 4 hardly emarginate posteriorly. Basis of pos-

terior pereiopods expanded with overhanging

posterodistal lobe. Epimeral plates with ventral spines.
Medial spine on peduncle of uropod 1 absent or poorly

developed. Rami of uropods 1 and 2 slender and without

marginal armature. Sexual dimorphism in uropod 3 not

or only weakly developed. Exopodite ofuropod 3 tapering
and not strongly elongate in male. Telson with 2 (-3)

subapically implanted spines on either side. Members: P.

brevipedunculatus, callaicus, gibraltaricus, mateusorum, carpalis,

and grandimanus.
Note: The sister species P. carpalis and grandimanus (Ber-

muda sub-group) are characterized by the following

features: mandible palp with small group of longer prox-

imal D-setae; carpus of gnathopod 1 tending to elongate

strongly; propodus of gnathopod 2 may be sexually dif-

ferentiated in shape; ventral margin of coxal plates 3 and

4 strongly setose; ventral margin of epimeral plates with

numerous spines (more than 3 on plate 3).

P. branchiatus group.— Sexual dimorphism in gnathopods

weakly developed. Carpus of gnathopod 1 tending to

elongate. Unguis of gnathopod 2 very short. Coxal plates
of medium depth, posterior emargination of plate 4 very

shallow or none. Basis of posterior pereiopods narrow,

without overhanging posterodistal angle. Epimeral plates
with 1-2 ventral spines, in some species posteroventral

corners projecting. Peduncle of uropod 1 well beset with

medial and dorsal spines. Uropod 3 sexually dimorphic,

peduncle and exopodite in the male strongly elongated
and upcurved. Telson richly spinous in most species.
Members: P. branchiatus, nevadensis, granadensis, grandis,
illus tris, vomeratus, stocki, affinis, and adriaticus. Uncertain:

P. elongatus.
Note: The sister species P. illustris and vomeratus are

characterized by projecting posteroventral corners of the

epimeral plates, and a sexually dimorphic telson.
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6. DISCUSSION OF PHYLOGENETIC

RESULTS

6.1 Character incompatibility and unresolved

relationships

The results of numerical outgroup and ingroup

analyses of Pseudoniphargus show largely
unresolved phylogenetic relationships and but

little agreement between the different methods

applied. The results suffer from: (1) the insuffi-

cient number of potential apomorphies

available to resolve phylogenetic relationships

at the species level, and (2) the many incon-

sistencies in the data. A good few taxa could not

be arranged into monophyletic groups and the

majority of the monophyletic groups emerged

are defined by few (often only a single), rather

weak synapomorphies, rendering the results of

the analyses insufficiently convincing. The

outgroup analysis is partly based on overall

similarity between a number of hadzioid

amphipod taxa. Within this cluster of

presumedly interrelated taxa, but of unknown

phylogenetic origin, the group Allomelita-

Parapseudoniphargus-Pseudoniphargus seems to be a

well-established, monophyletic subset.

Ingroup analysis did not yield one single

phylogenetic assessment of Pseudoniphargus

species. The consensus of many equivalent

cladograms is a largely polychotomous struc-

ture with some of the branches containing

single individual species and other ones

monophyletic groups of species. The low

numbers of potential synapomorphies and the

large inconsistency in the data might be

attributable to either the underlying evolu-

tionary process, or the universal problems of

phylogenetic reconstruction at low taxonomic

level. There are undoubtedly weaknesses in the

data sets conceivably responsible for the une-

quivocal results of the analyses, but it must be

emphasized that not every mode of speciation

will lead to a "neat" pattern of dichotomous

relationships. For example, Wiley (1981: 48)

gives an allopatric speciation model with

peripheral isolates around the range of a single
ancestral species (peripatric speciation sensu

Mayr, 1982). The descendent species will share

only the common character also shared by the

ancestral species and all other peripheral

isolates, and the pattern of descent as evidenced

by synapomorphies is expected to be

polychotomous.

The members of the groups which emerge

after parsimony analyses share two types of

apomorphies. The first type comprises evident

synapomorphies that are strongly compatible
characters and are shared only by the members

of the group. These characters are underlined

in the consensus cladograms of the parsimony

analyses (figs. 12, 19 & 20). The second type

includes the weak synapomorphous characters

(not underlined) that are considered to be

homologous among the members of the group

for which they serve as a synapomorphy, but

which characters are derived independently in

species not belonging to the group. In the con-

sensus cladograms, weak synapomorphies are

mostly shown on a single branch only. This

means that the homoplasous condition may be

an autapomorphy, which is not shown, or that

there is no consensus regarding the other

place(s) in the cladogram where the character is

apparently derived. Weak synapomorphies are

mostly incompatible as characters and have

only a restricted, local significance. Their

appearance in the diagrams depends entirely on

parsimony decisions in which all characters are

involved. An addition or removal of characters

may have a substantial effect on the appearance

of homoplasous similarities as synapomorphies

among a certain group in the parsimonious

cladograms.

Special problems encountered when cladistic

analyses are applied at low taxonomic levels

have been discussed by Arnold (1981). These

problems may arise from the situation rather

than from the method and it remains to be seen

whether other approaches will yield better

results. Several points discussed by Arnold

(1981) seem to be relevant to the present study.
At a low taxonomic level, species share similar

gene pools, so that true parallelisms are likely to

occur. Moreover, as is also the case in

Pseudoniphargus
,

the available characters tend to

be simple, which renders homoplasies difficult
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to detect, a possible polarity less easily

assessable, and reversals more likely to occur.

In addition, polymorphism frequently increases

errors made in the selection of appropriate

character states to be used in the analysis. At a

low taxonomic level there is usually a shortage
of usable characters, with the consequence that

errors made in the recognition of synapomor-

phies have a proportionally large influence on

the ultimate result.

The large number of evolutionary steps in all

equally parsimonious cladograms renders a

reconsideration of the validity of postulated

phylogenetic characters obligatory. The ques-

tion arising is whether the character states are

indeed mutually exclusive homologues. The

morphological criterionof homology applied in

this study is that of similarity of position

(homotopy) and connection with other body

parts. Undoubtedly all topographically similar

articles of appendages are homologous, but it is

less self-evident that very similar kinds of

ornamentation with spines or setae found on

structures in corresponding topographic posi-

tions, or comparable proportions of these struc-

tures, constitute homologous characters. The

problem is that precise chaetotaxic data and

relative changes in the proportion of articles are

almost the only available information in

amphipod studies, in particular at low tax-

onomic level, and that presumptions of

homology of this kind of character are difficult

to put to the test. Therefore, many of the char-

acters are suspect and it is not surprising that

the cladograms show a large amount of

homoplasy in many characters.

The statistic unreliability of the quantitative

characters is appreciable, but inevitable in view

of the very small sample sizes in most cases.

The use of counts or ratios as quantitative char-

acters in this study has two reasons: (1) to avoid

subjective character state definitions (such as

short vs. long, slender vs. broad, many vs.

few); (2) to search for non-overlapping ranges

in observations along clearly recognizable mor-

phoclines. Moreover, it has to be stressed that

only very few characters are available in

Pseudoniphargus. Therefore, quantitative data

are not a priori neglected, notwithstanding the

valid objections against the use of this kind of

information in phylogenetic studies owing to

the difficulties encountered when testing their

homology (Pimentel & Riggins, 1987).

6.2 Hypogean features as complicating factors in

phylogenetic analysis

All species of Pseudoniphargus and many taxa

used in the outgroup analysis are adapted to a

hypogean way of life. Taxonomically diverse

groups of animals adapted to subterranean

modes of life, such as many groups of crusta-

ceans (not only amphipods), insects, arachnids,

and other ones, show similar, "cave"-

dependent ("cave" used here as a term of con-

venience for subterranean, aquatic and ter-

restrial habitats in general) morphological

modifications (Vandel, 1965; Barr, 1968; Ginet

& Decou, 1977; Culver, 1982). These modifica-

tions, often referred to as structural reductions

(through regressive evolution) and as

troglomorphic characters (Culver & Fong,

1986), are of general occurrence and connected

with the adaptation and speciation of "cave"

animals.

Typical, structural reductions are the loss of

eyes and body pigment, the reduced setation of

cephalic and thoracic appendages, and the

reduced coxal plates and pleopods, characters

found in several stygobiont amphipods (e.g., in

ingolfiellids, bogidielloids, and hadzioids).

Acquired troglomorphic characters include the

lengthening of appendages, the increase in

number and complexity of sense organs, and

the general appearance of fragility. However,

little is known about the functional model

(sensu Dahl, 1976) of stygobiont amphipods in

relation to the environmental characteristics of

the hypogean realm and the importance of

structural reductions and troglomorphic char-

acters in that model. Structural reductions and

troglomorphic characters may play an impor-

tant role in many of the character transforma-

tions in this study. This is most obvious in the

eye reduction (character 2), the elongation of

uropod 3 (characters 41 & 42), and the claws of



190 J. NOTENBOOM - PSEUDONIPHARGUS PHYLOGENY AND BIOGEOGRAPHY

pereiopods (characters 29, 31 & 32), but is prob-

ably also responsible for reductions in the seta-

tion of cephalic appendages (characters 3, 5, 6

& 7), the number and size of spines on the

urosome (character 16), and the diminuationof

the depth of coxal plates (character 25). It

follows that very similar, "cave"-dependent

features may easily have evolved in indepen-

dent lineages, which in turn may result in char-

acter incompatibility.

After amphipods have hatched as miniature

adults, their growth progresses by a series of

moults, which separate the instars. Size incre-

ment occurs at each moult, and is often accom-

panied by changes in proportion (allometric

growth). In general, the percentage of size

increment per moult decreases and the inter-

moult period lengthens as the size of the animal

increases (Hartnoll, 1985). In the stygobiont

Niphargus virei, for example, adults of 2.5 years

old moult twice a year, but 4 years old

specimens only once (Turquin, 1984a). Apart
from gradual changes in form, no distinct mor-

phological features distinguish instars or series

of instars from each other. The species of

Pseudoniphargus may show, at least to a certain

degree, extension of the duration of their life

cycle. This phenomenon is observed in

Niphargus and is common in many other stygo-

bionts (Ginet, 1960; Henry, 1976; Magniez,

1976, 1978; Ginet & Decou, 1977; Turquin,

1984b, Coineau, 1984). The morphology of the

senescent and fully differentiated males of

stygobiont amphipods may differ considerably

from that of the young adult stage due to their

remarkable longevity accompanied by

allometric changes. Females apparently do not

show such a pronounced senescent mor-

phology.

During the taxonomic studies of

Pseudoniphargus in some series of specimens a

few larger adults were encountered with more

pronounced morphological features than

exhibited by the smaller mature specimens

(setose oostegites or well-developed genital

papillae present). In particular, the relative

proportions of the carpus of the gnathopods, the

propodus of the second gnathopod, the claw of

the pereiopods, the basis of the posterior

pereiopods, and the peduncle and exopodite of

the third uropod show allometric changes.

Altogether a complex of modifications leads to

a distinct senescent morphology. Certainly not

all species of Pseudoniphargus exhibit this

allometry phenomenon. For instance, in the

small species P. incantatus, of which much

material is available, no conspicuously larger

individuals with an abberrant morphology were

found. Allometric differentiationappears to be

of relatively large importance in the P. bran-

chiatus group, which comprises rather large

species showing a high rate of apomorphy.

One must bear in mind that differentiated,

senescent adults are encountered in very small

numbers, if present at all. In case the

systematics of a group depends to a large extent

on the morphology of senescent specimens, this

creates an unworkable situation. Strictly speak-

ing, in phylogenetic studies morphological

comparisons between amphipods ought to be

made between the same post-puberty instar

phases (comparable semaphoronts), but this is

not feasible and not always necessary because of

insignificant differences between post-puberty

instars. However, in case strong allometric

changes take place, a morphological com-

parison between adult specimens of different

developmental stage may cause misinterpreta-

tions in the character analysis. This problem is

serious when allometric problems are not

discernible in collected samples containing only

a small number of specimens of a species, a

problem often encountered in stygobiont

amphipod studies.

The morphological differentiation between

certain species probably occurs in a later stage

of maturity and thus the older adult provides

more diagnostic characters than the younger

adult. On the other hand, it must be borne in

mind that morphological changes affecting the

aberrant senescent adult morphology probably

involve only troglomorphic characters in rela-

tion to their evolution in subterranean habitats.

As mentioned above, troglomorphic characters

have only a restricted significance in phylo-

genetic studies. Ontogenetic information and
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allometric growth models (Kluge & Strauss,

1985) may be promising methods to test the

homology of such allometric, troglomorphic

characters. These methods may be employed to

test parallel evolution (for example of the

elongation of uropod 3, and of the claws of

pereiopods) in Pseudoniphargus. However, in the

present context allometric differentiation has

not been studied specifically.

6.3 Phylogenetic methodology

The interpretation of phylogenetic relationships

is based on an evaluation of the most par-

simonious cladograms and the largest cliques of

compatible characters. However, there is no

reason to consider the most parsimonious solu-

tion or the largest clique to be a significantly

better estimate of the true phylogeny than a

somewhat less optimal solution (Felsenstein,

1985). The application of statistical methods to

compute confidence limits for monophyletic

groups, as provided by PHYLIP BOOT

(Felsenstein, 1985, 1987), from results mostly
based on only a few, often indistinct

synapomorphies, is but little informative. A

practical drawback is that run-times for the

BOOT program are high in data sets with so

many taxa involved. Nevertheless, the

cladograms derived are the most probable the

available data set can produce under the

assumptions of the different parsimony

methods. However, the small number of char-

acters in the largest cliques found after com-

patibility analysis compel scepsis as regards the

adequacy of the data set to provide a valid

estimate of phylogenetic relationships

(Meacham & Estabrook, 1985).
Felsenstein (1984) stated that in case the rates

of evolution are so low that all characters will be

compatible, both parsimony and compatibility

techniques may be expected to yield identical

results. If the rates of evolution are slightly

higher in all characters (which means that these

characters more easily evolve convergently), a

parsimony method will probably perform best,

but if the rates of evolution are higher in a few

characters and remain low in the remainder, a

compatibility method is to be recommended. In

our case it might be interesting to know if there

are any differences in the rates of evolution

between, for example, "cave"-dependent and

"cave"-independent characters, but this kind

of information is not available. If "cave"-

dependent characters often develop con-

vergently, a situation might arise in which par-

simony methods will be expected to be more

consistent. Furthermore, Felsenstein (1984)

remarked that, when rates of evolution differ

dramatically from one lineage to another, both

the parsimony and the compatibility methods

may fail to be consistent, even with modest

rates of evolution. In case the number of char-

acters is low in comparison to the number of

taxa, Sokal et al. (1984) suggested that phenetic

techniques produce a better estimate of the true

phylogeny than cladistic techniques (Conlan,

1988).

Stygobiont animals show adaptations to the

abiotic and biotic conditions of the subterra-

nean aquatic, mostly food-poor, habitats, and

they cannot bear the abiotic and/or biotic cir-

cumstances at the surface. This makes the

evolution of stygobiont species from surface,

ancestral populations, a unidirectionalprocess.

Combining the evidence that the process of

stygobiont adaptation and speciation is

unidirectional and connected with the acquisi-

tion of "cave"-dependent characters, the con-

clusions may be drawn that the incidence of

reversals in this group of characters is decidedly

unlikely. An analysis of such characters by

means of parsimony methods may, therefore,

yield a better estimate from the Camin-Sokal

method than from Wagner's. However, this

produces less parsimonious cladograms as a

consequence of the evolutionary process under

study. We are in point of fact confronted with

a mixture of "cave"- dependent and "cave"-

independent features and it is difficult to

establish which of the two parsimony methods

provides a better estimate of phylogenetic rela-

tionships.
The phylogenetic analysis of Pseudoniphargus

has been carried out with the exclusion of the

taxa from the Canary Islands and North Africa.



192 J. NOTENBOOM
- PSEUDONIPHARGUS PHYLOGENY AND BIOGEOGRAPHY

This was done on the assumption that the

exclusion of certain members of the group will

not produce misleading interpretations

(Arnold, 1981). However, Arnold sounds the

warning that an omission of taxa, in particular

at the low taxonomic level in situations where

parallelism and unresolved polychotomies are

relatively common, may cause misinterpreta-

tion. On the other hand, a phylogenetic

analysis of the entire genus Pseudoniphargus does

not appear to be meaningful when the number

of qualitative phylogenetic characters remains

relatively low and problems of homoplasy still

predominate.

7. ORIGIN OF PSEUDONIPHARGUS AND

BIOGEOGRAPHY

Pseudoniphargus exhibits a low degree of mor-

phological differentiation, which may point

either to a high rate of developmental

homeostasis, or to a very low evolutionary pro-

gression. The small offspring produced by

Pseudoniphargus may mean that little genetic

material is available to the evolutionary

mechanism and speciation progresses but

slowly (Sterrer, 1973). Epiphenotypes tend to

differentiate stochastically, which results in

species characterized only by new combinations

of features within the constraints of the

developmental homeostasis. The external mor-

phology does not support the idea of genetic dif-

ferentiation in response to changing ecological

conditions, and of colonizationof new niches in

parts of the original range of the ancestor. The

concept of non-adaptive radiation seems to fit

the Pseudoniphargus pattern better than that of

adaptive radiation.

The species of Pseudoniphargus must have had

a direct marine origin (it is a thalassoid group),

as can be deduced from the following evidence:

(1) the genus is related to the Hadzioidea, a

group of amphipods whose epigean represen-

tatives are almost exclusively inhabitants of

shallow-littoral, marine habitats; (2) the

distribution of Pseudoniphargus closely cor-

responds with areas flooded by the epicontinen-

tal seas during the Tertiary or exceptionally the

Late Cretaceous; and (3) the genus still has

representatives in brackish and marine ground-

waters.

In zoogeographical studies the distribution of

Pseudoniphargus and of many other stygobiont

crustaceans (e.g., of Hadzia, Stygocyathura, and

the Thermosbaenacea) is frequently referred to

as a "Tethyan" pattern. The animals

exhibiting such a distributional pattern are

accordingly called "Tethyan elements". In

such cases the term refers to the distribution of

recent living organisms that falls within the

limits of the ancient Tethys belt. Usually there

is a rather close correlation between the

distribution of Tethyan elements and areas

covered by the shallow Tethys or its coastlines.

It is further assumed that the progenitor of the

Tethyan element was wide-spread in the Tethys

sea or in a part of it. The continuity of the

equatorial and (sub)tropical Tethys ceased to

exist during the Tertiary owing to the Alpine-

Himalayan orogenesis. Since that time rem-

nants of the original Tethys, such as the

Mediterranean and Caribbean basins, have

had their separate, modern geological history.

In paleontology the use of the term "Tethys" is

restricted to the endemic fauna of that sea

which changed its character after the

dismembermentof the Tethys Sea. In geology,

therefore, the term refers to geographic patterns

in the past, whereas in zoogeography it refers to

actual distributions. When the term is applied

to modern organisms one must take into

account that the evolutionary history of these

organisms continued after the existence of the

original Tethys. Therefore, an unequivocal cor-

relation between distributional data of recent

organisms with Tethyan patterns of distribu-

tion and certain geological features of Tethyan

origin cannot be expected. For example, the

physiography of modern drainage basins may

have had a strong impact on the distribution of

stygobionts. However, the development of

these basins is superposed on previous paleo-

geographic entities.

All members of Pseudoniphargus and those of

its sister group Parapseudoniphargus are stygo-
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bionts. The second outgroup, Allomelita, is

ecologically intermediate between marine-

benthic, and littoral-interstitial conditions.

Therefore, the progenitor of Pseudoniphargus

may have been an inhabitantof shallow marine

or littoral groundwaters. This probably thalas-

sostygobiont progenitor presumably had only

limited, active dispersal capabilities on account

of the general characteristics of stygobiont

amphipods (limited progenies and a lack of

distributional life-phases). It was conceivably a

sedentary species of littoral stygohabitats,

unable to cross over open stretches of deep

water and to compete with marine species. That

the thalassostygobiont progenitor of the

Pseudoniphargus group originated in the eastern-

Atlantic part of the former Tethys sea is plausi-
ble since both Allomelita and Parapseudoniphargus

have an eastern-Atlantic distribution (Stock,

1984; Notenboom, 1988a).
The actual distribution of Pseudoniphargus can

be understood by a combination of (1) migra-

tion of the thalassostygobiont ancestor into the

marine shallow water or littoral environment

through vicariance and short-range dispersal,

and (2) colonization of brackish and fresh

inland groundwaters by local dispersal or by

passively isolated populations remaining after

the withdrawal of the sea ("Regression

Model"; Stock, 1977). Taking this for granted,

one may assume that the disjunct distributional

areas of Pseudoniphargus have been intercon-

nected by shallow, epicontinental seas in space

and time, the areas exclusively populated

through local dispersals excepted. However, the

colonization of inland groundwaters by

Pseudoniphargus cannot be explained by assum-

ing successive local waves of dispersals as the

major mechanism, since its continental

distribution clearly coincides with areas flooded

by epicontinental Tertiary seas. The distribu-

tion of the ancestral Pseudoniphargus in shallow

marine, interstitial and crevicular habitats

follows a mechanism very similar to that pro-

posed for the marine interstitial sand fauna

(Sterrer, 1973), and for anthurid isopods

(Wagele, 1985).

The distribution of Pseudoniphargus is fre-

quently called amphi-Atlantic (Sket & Iliffe,

1980; Hart et al., 1985; Manning et al., 1986;

Stock et al., 1986; Stock, 1988, in press) in view

of its occurrence in the Iberian Peninsula, the

western peri-Mediterranean region, and Atlan-

tic islands (Bermuda, The Azores, Madeira,

The Canaries). However, the genus has not

been recorded from continental America nor

from the Caribbean and evidently only the

records from the isolated island of Bermuda

renders the distribution of Pseudoniphargus

allegedly amphi-Atlantic. Amphi-Atlantic

distribution patterns of thalassoid stygobionts

are explained by posing that the ancestor of the

group was distributed along the shores of the

Tethys before the opening of the Atlantic ocean

in the Mesozoic, and that taxa became isolated

by vicariance through Mesozoic plate tectonics

(Sterrer, 1973; Iliffe et al., 1984; Wägele, 1985;

Wilkens et al., 1986; Rondé-Broekhuizen &

Stock, 1987). Since Pseudoniphargus neither

occurs in the Caribbean nor in North America,

and since Bermuda is supposed to have never

been a part of the North-American land mass

(Manning et al., 1986), it is not plausible that

the ancestral Pseudoniphargus was wide-spread
before the opening of the Atlantic ocean or at

the time the nascent Atlantic was still shallow.

The opening of the Atlantic started between

165 and 140 m Y ago, shallow-water contacts

between Iberia, Europe, and North America

persisting until about 110 mY ago (Sclater et

al., 1977). In contradistinction, Manning et al.

(1986) supposed that a limnic ancestor of

Pseudoniphargus invaded the subterranean waters

of the Atlantic islands in the Middle Jurassic

(170 mY ago) long before the Atlantic ocean

opened and the islands drifted away from the

Mid-Atlantic ridge. In their hypothesis connec-

tions are presumed to have existed between lim-

nic or mixohaline, insular and continental

stygohabitats.

Explanations of the Atlantic distribution of

Pseudoniphargus focus on the question how

representatives can occur in fresh- to saltwater

habitats on islands at present surrounded by
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deep ocean waters. Anoxia events in the Atlan-

tic during the Middle Tertiary (Fischer &

Arthur, 1977) renders a Late Tertiary or more

recent deep-sea origin of Pseudoniphargus

unlikely (Stock, 1986b). The Atlantic islands in

which Pseudoniphargus occurs share an origin

from the Mid-Atlantic Ridge (Mitchell-Thomé,

1976). The Azores, Madeira, and the western

Canaries drifted to the east, and only Bermuda

drifted westward with the North-American

plate. The presence of Pseudoniphargus and other

stygobionts, such as Curassanthura, Procaris, and

Typhlatya, in groundwaters of Atlantic oceanic

islands is explained by supposing shallow-water

contacts in the Mesozoic between the islands or

their submarine, but shallow, primordials and

the epicontinental Tethys sea. In a later phase

of their geological history the islands, with their

original stygofaunas, became isolated by deep

waters (Iliffe et al., 1983; Manning et al., 1986;

Stock, 1988, in press). However, current

geological opinions, according to which the

islands have been built up from the deep sea by

volcanic activity, do not support the idea of an

existence of long-standing, shallow-water

stygohabitats before these islands started their

subaerial phase (Mitchell-Thomé, 1976;

Schmincke, 1976; Iliffe et al., 1983). Thus,

there seems to be a profound discrepancy

between the geological and zoogeographical

data concerning the Atlantic islands.

After the Atlantic islands arose above sea

level (subaerial phase), inland groundwater

habitats with low salinities developed. The

occurrence of Pseudoniphargus in these low

salinity habitats might be explained by local

dispersal of the thalassostygobiont ancestor.

Such a mechanism is supported by the findings

of Stock (1988) in the western Canary islands.

His data suggest that Pseudoniphargus species

occur in habitats with the lowest salinities in the

oldest island (Tenerife), and at sites with the

highest salinity in the youngest (El Hierro). All

records of Pseudoniphargus from the Canaries are

from low altitudes near the sea. In case flocks of

inland species of Pseudoniphargus may be found

in an Atlantic island, and presupposing that

only one single thalassostygobiont ancestor

existed, one may accept that these species must

have had a monophyletic origin. In the case of

the two Bermudian species, the monophyly has

been proved beyond reasonable doubt. How-

ever, the phylogenetic relationships among the

recently described cluster of species from the

western Canary islands, which could not be

included in the present study, have not yet been

resolved (Stock, 1988).

On the Iberian Peninsula Pseudoniphargus has

a disjunct distribution with two large clusters of

endemic species limited to Cantabria in the

north and the Betics in the south (fig. 22b).

Monophyletic groups and species of equivocal

affinity have in Cantabria an east-west orien-

tated sequence
of adjacent distributions,

whereas in the Betics the distribution pattern is

complex and intermingled. Within the range of

the P. branchiatus group, which covers the entire

Betic Cordillera, there are several species of

uncertain affinity. In addition, the ingroup

analysis showed that the North-Spanish species

in general possess a relatively large amount of

plesiomorphous features (plesiomorphic species

sensu Saether, 1983). The South-Spanish

species on the otherhand are the most apomor-

phic (sensu Saether, 1983) of the genus. The

two distinct, phylogenetic and distributional

patterns of Pseudoniphargus in northern and in

southern Spain may be attributed to the dif-

ferent geological histories of the two regions.

Structurally, the Cantabrian mountain ridge

forms the northern part of the Hercynian

Iberian Massif. Cantabria differentiated from

the remaining Iberian Massif by extensive

marine deposits of Late-Paleozoic and

Mesozoic age, and by a complex orogenic

history (Ager, 1980). The latest marine influ-

ences in the region date from the Mesozoic-

Cenozoic boundary. The retreat of the sea is

connected with the closing of the South-

Pyrenean trough and the emergence of the

Pyrenees (Mattauer & Henry, 1974; Plaziat,

1981).
Plaziat (1981) gives paleogeographic

reconstructions of the wider peri-Pyrenean

region (Asturias-Languedoc). According to this
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Figs. 22a & b. Geographic distribution of monophyletic groups and ungrouped species of Pseudoniphargus. I, Burgo-
Vasconia

group; II, Cantabrian
group; III, Lusitanian-Atlantic

group; IV, Bermuda subgroup; V, P. branchiatus
group;

VI, P. vomeratus-illustris subgroup. Squares: marine species (cf. P. adriaticus); dots: inland species; triangles: species of

oceanic islands. Abbreviations used for ungrouped Iberian species of Pseudoniphargus ca: cazorlae; el: elongalus; fr: fragilis;

gr: gracilis; la: latipes; ma: margalefi; se: semielongalus; sp: spiniferus ; so: sorbasiensis;un: unisexualis.
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author, the North-Spanish margin of the

Iberian Massif was flooded by the sea in the

Santonian (Late Cretaceous) (fig. 23). All

known Pseudoniphargus localities lay at that time

below sea level. North and south of the

Pyrenees there were parallel troughs which

deepened and widened towards the Gulf of

Biscay. To the south the shallow sea extended

without linking up with the marine Betic

domain. In the Campanian/Maastrichtian

(Late Cretaceous) the sea retreated definitely

from Asturias. At the beginning of the Ter-

tiary, Cantabria was marine east of Santander,

and terrestrial westwards of that town. The

deep Gulf of Biscay still extended into a part of

Basque Country. Subsequently, during the

Thanetian transgressive phase the coastline

shifted to the west and south, but Asturias

remained continental. During the following

period that ended after the Biarritzian (Middle-

Late Eocene) (fig. 24), the coastline did not

change dramatically. During the Pyrenean

phase in the Priabonian (Late Eocene) impor-

tant regressions took place and in northern

Spain the seashore obtained more or less its

present position. Neotectonics and erosion

Fig. 23. Paleogeographyof the peri-Pyrenean region during the Santonian (ca. 80 mY ago), superimposed on the actual

topography (palinspastic reconstruction): 1, basinal facies; 2, platform facies; 3, permanent continental sedimentation;

arrows indicate tectonic displacement enabling reconstruction of the original position. Slightly modified after Plaziat

(1981).
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created the modern topography and drainage

basins of the region. The reconstruction by

Plaziat (1981) shows that Asturias, including

the range of the plesiomorphic Cantabrian

group of Pseudoniphargus ,
came to lie per-

manently above sea level during the Late

Cretaceous. Moreover, the Basque Country in

the eastern part of the Pseudoniphargus range lay

in the centre of the basin from which the sea

definitely retreated in the Late Eocene. The

remaining North-Spanish localities of

Pseudoniphargus were flooded by shallow marine

water, the withdrawal of these waters taking

place in a north-east direction during the

Eocene.

The Betic Cordillera is structurally much

younger than the Hercynean continental mass

to which it abuts in the south. The area has a

very complex Cretaceous to Late Tertiary tec-

tonic and sedimentation history and is built up

by plate fragments. Marine trans- and regres-

sions took place irregularly but frequently in

interior and in marginal basins of the whole

area till the end of the Miocene (Messinian).

During several phases of its history the Betics

Fig. 24. Paleogeography of the peri-Pyrenean region during the Biarritzian s.l. (ca. 42 mY ago), superimposed on the

actual topography (palinspastic reconstruction): 1, basinal facies; 2, platform facies; 3, permanentcontinental sedimen-

tation; 4, lacustrine facies; arrows indicate terrigenous supply. Slightly modified after Plaziat (1981).
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must have resembled an archipelago (Roep,

pers. comm.). The supposed position of

islands, and marginal and internal basins

during the transgressive phase of the Messinian

is shown in fig. 25. The salinity crisis and the

desiccation of the Mediterranean took place at

the end of the Messinian. After the Messinian,

during the Pliocene, an important Atlantic

transgression invaded the entire Guadalquivir

basin. The Mediterranean at that time slightly

transgressed into some of the marginal basins.

A wide-spread transgressive phase in the Betics

has been during the Tortonian (Late Miocene,

pre-Messinian). Many localities of Pseudo-

niphargus that do not lie near the coast or in the

Guadalquivir basin, are situated in areas that

probably underwent the latest marine influ-

ences during the Tortonian (viz. P. sorbasiensis,

gracilis, nevadensis, granadensis, grandis (partim),

and stocki).

Cantabria and the Betics differ in many

respects, two of which are probably relevant to

the biogeography of Pseudoniphargus : (1) the

latest marine influences in Cantabria are of

much older date than those in the Betics, so that

Pseudoniphargus must have invaded Cantabria in

an earlier phase and the Betics in a later phase

of its evolutionary history, so the occurrence of

relatively apomorphic forms in the Betics might

also be attributable to this situation as sug-

gested by Hennig's "progression rule" (Hen-

nig, 1966); and (2) in Cantabria the sea

retreated finally in an approximately north-east

direction, while the retreat of the sea in the

Betics was more intricateand diachronous from

numerous marginal and internal basins. These

facts could have some bearing upon the dif-

ferent distributional patterns of Pseudoniphargus

encountered in Cantabria and the Betics. The

Guadalquivir basin, which underwent a

Pliocene Atlantic influence, possesses a rather

large number of endemic malacostracan

groundwater crustaceans, including species of

Pseudoniphargus, Metahadzia, Salentinella,

Fig. 25. Paleogeography of the Betic domain during the maximum extension of the sea in the Messinian (ca. 6 mY

ago), superimposed on the actual topography: 1, coastline, dotted areas indicate land masses; 2, possible extension of

emerged lands in the Alboran sea. Slightly modified after Montenat (1977).
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Stenasellus and Proasellus, and the
genera

Monodella and Parapseudoniphargus that are not

foundelsewhere in Iberia (Notenboom, 1988a).

However, there is no evidence that the

Pseudoniphargus species from the Guadalquivir

area have a monophyletic origin.

The northern belt of the western Mediterra-

nean is populated by the only marine/poly-
haline species of the genus, P. adriaticus. It is

rather apomorphic and probably belongs to the

P. branchiatus group. P. adriaticus is the only

wide-spread species, but conceivably the several

distant populations are to some extent

epiphenotypically differentiated. Presumably

P. adriaticus is a rather young expanding and

euryoecious species that penetrated into the

Mediterranean basin in a later stage of the

history of the genus. That the species is only
known from the western Mediterranean basin,

the Adriatic included, and not from the eastern

basin suggests that the settlementof P. adriaticus

in the Mediterranean is of a rather recent and

probably post-Messinian date.

In the western peri-Mediterranean region,
limnic Pseudoniphargus species are absent from

nearly all areas where the limnic stygobiont

genus Niphargus is well established (southern

France, Italy, Yugoslavia). In areas not

populated by Niphargus (Iberia, except two

small disjunct areas on both edges of the

Pyrenees, and northern Africa), limnic

Pseudoniphargus species are abundant in regions

where Tertiary marine influences have been

recorded. From these facts Stock (1980a)

deduced that the distribution of limnic

Pseudoniphargus taxa can be explained by (1) the

incidence of marine regressions during the Ter-

tiary ("Regression Model"), and (2) the lack of

competition with older limnic stygobiont

genera, such as Niphargus. However, the

universal applicability of these two arguments

may be queried. In a small area lying to the

west of the Pyrenees, Pseudoniphargus frequently

occurs sympatrically with Niphargus (Noten-
boom, 1986). Furthermore the central-eastern

part of Spain (Levante-Castillón) is completely

devoid of Pseudoniphargus. Although during the

Tertiary that area was probably not subjected

to important marine influences (Plaziat, 1981;

Canerot, 1974), large-scale paleogeographic

maps such as given by Biju-Duval et al. (1977)
and Dercourt et al. (1985) clearly show marine

transgressions during the Tortonian, which

transgressions did not penetrate far inland and

remained confined to areas near the coast.

Although Pseudoniphargus has frequently been

recorded from parts of the Betics and northern

Africa flooded by the pre-Messinian Mediterra-

nean Sea, it has not been found in Levante

despite intensive sampling in the area.

Apparently, neither a competition with older,

limnic stygobionts nor Tertiary marine influ-

ences are consistently the only key factors

explaining the distribution of Pseudoniphargus in

inland groundwaters of the western Mediter-

ranean.
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