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INTRODUCTION 

The great morphological diversity seen 
among branchiopod crustaceans very nearly 
prohibits generalizations about form and 
function. Branchiopods are among the most 
diverse of the classes of Crustacea, which in 
turn is the most morphologically diverse (al
though not the most speciose) taxon on earth. 
No single character or group of characters 
uniquely defines the Branchiopoda, and for 
any given suite of characters there are many 
exceptions. Early schemes of branchiopod 
classification, and many of the characters 
upon which they were based, were reviewed 
by Fryer (1987c), who commented on the im
pressive heterogeneity of extant branchio
pods, a problem recognized by many previous 
students of the Crustacea, and discussed the 
difficulties in formulating an unambiguous 
definition that would apply to all members of 
the group. Perhaps as a consequence of the 
group's morphological diversity, the mono-
phyletic status of the branchiopods is still 
questioned by some worlters (e.g., see Wil
son, in press), although arguments for mono-
phyly based on larval characters (e.g., Sand
ers, 1963), sperm morphology (Wingstrand, 
1978), and feeding apparatus (Walossek, in 
press) seem strong. 

Most branchiopods are small, freshwater 
animals with numerous, similar, phyl-

lopodous limbs, although many of the diverse 
"cladocerans"—^making up half of the eight 
extant orders, accepting Fryer's (1987c) clas
sification—do not conform to this descrip
tion. Although many branchiopods possess 
numerous body somites, others exhibit rather 
extreme fusion and tagmatization. Append
ages are often flat and leaflike, sometimes 
termed "phyllopods"; however, trunk limbs 
are more or less stenopodous in two predatory 
orders (Haplopoda and Onychopoda). Al
though as a taxonomic name meant to include 
all branchiopods the term Phyllopoda has 
been abandoned (Fryer, 1987c), it still is oc
casionally employed, in a very different ca
pacity, to encompass various crustacean as
semblages (Schram, 1986) or component 
groups of the Branchiopoda (Walossek, in 
press). Usually there are no appendages on 
the "abdomen" (which is often defined as the 
postgenital somites but is a rather meaning
less term in this group), other than character
istic caudal rami (sometimes termed furcae 
or cercopods) on the telson or anal somite 
(see Bowman, 1971; Schminke, 1976; and 
Walossek, in press, for terminology) in most 
groups. A carapace is present in many groups, 
and may be a univalve shield (notostracans 
and the extinct Rehbachielld), or bivalved, 
reduced, or absent (adult anostracans). 
Among the bivalved groups, where the valves 
actually represent a secondary shield over-



MARTIN 

growing the initial one (Walossek, in press), 
it is hinged only in the Laevicaudata (and 
simply folded in the others); in haplopods and 
onychopods the carapace valves are greatly 
reduced and can no longer enclose any part of 
the body. A small cuticular "dorsal organ" 
(= neck organ) is present in all groups at 
some stage of development (usually larval), 
but the homology is, in my opinion, uncertain 
(Martin and Laverack, in press). Most (not 
onychopods or haplopods) possess a rather 
deep ventral food groove, extending posteri
orly from the cephalic feeding groove and 
formed by an invagination of the cuticle of the 
thoracic stemites. Associated with this food 
groove are certain unique modifications of 
the feeding appendages and thoracopods 
(Walossek, in press). In those orders that have 
retained the nauplius larval stage (all groups 
except the anomopods, ctenopods, and ony
chopods), the nauplius is recognizable in its 
possession of the following combination of 
features: (1) an unsegmented first antenna that 
bears only distal setation (although segmenta
tion is evident in larvae of some taxa and in 
some extinct forms), (2) a second antenna 
with an elongate protopod that is more than 
half the total length of the appendage, (3) a 
single spine on the distal article of the second 
antennal protopod, (4) an absence of setae on 
the medial surface of the second antenna en-
dopod, and (5) a uniramous mandible (Sand
ers, 1963). Finally, all species examined pos
sess an ameboid sperm lacking on acrosome 
and flagellum; this combination is unique 
among the Crustacea (Wingstrand, 1978). 

Most species have adapted to life in tempo
rary or permanent freshwater ponds, small 
streams, and occasionally lakes. Many of the 
habitats are ephemeral, i.e., they are dry dur
ing certain seasons, but are permanent in the 
sense that they persist from year to year. It is 
unclear whether multiple radiations into 
freshwater occurred, as perhaps suggested by 
the discovery of a marine anostracan-like 
branchiopod from the Upper Cambrian 
(Walossek, in press), vs. a single invasion 
that preceded the extensive morphological ra
diation (see Potts and Duming, 1980; Kerfoot 

and Lynch, 1987). Consequently, some bran
chiopod peculiarities may represent conver
gent adaptations to the freshwater habitat. 

Traditional classifications divided the ap
proximately 800 species of living branchio-
pods (Balk, 1982) among four major group
ings, usually given ordinal status: Anostraca 
(fairy and brine shrimps), Notostraca (tadpole 
shrimps), Conchostraca (clam shrimps), and 
Cladocera (water fleas). The Branchiopoda is 
now recognized as consisting of eight, rather 
than four, extant orders (Fryer, 1987c). These 
eight extant groups are the result of recogniz
ing that the "Conchostraca" consists of two 
rather different assemblages of bivalved crus
taceans, the orders Laevicaudata (family Lyn-
ceidae) and Spinicaudata (all other families 
formerly included as conchostracans), and 
that the "Cladocera" encompasses four mor
phologically disparate taxa (the orders Ano-
mopoda, Ctenopoda, Onychopoda, and Hap-
lopoda). Cladocerans encompass the widest 
range of morphological and behavioral habits 
of any branchiopod grouping, and in retro
spect it is surprising that the group was not 
formally reorganized into four distinct orders 
until recently (Fryer, 1987a,c). In general, I 
agree with Fryer's (1987c) classification, al
though I might argue, based on naupliar char
acters of lynceids that were not available to 
Fryer (C. Sassaman, unpublished data), that 
the Conchostraca might still be retained as a 
valid taxon despite the many peculiarities of 
adult lynceids (Fryer, 1987c; Martin and 
Belk, 1988). Occasionally in this review, for 
the sake of conserving space, I employ the 
terms conchostracan and cladoceran when dis
cussing the above orders. The orders Anostraca 
and Notostraca are still believed to be valid 
monophyletic groupings. There are also several 
fossil taxa of ordinal or subordinal status 
(Lipostraca, Kazacharthra, and possibly Reh-
hachiella; see Fryer, 1987c; Miiller, 1983; 
Walossek, in press; Miiller and Walossek, in 
press); these are not discussed further here but 
are of tremendous importance in phylogenetic 
considerations (see Walossek, in press). Also 
crucial for understanding branchiopod evolu
tion, and for understanding much of the anat-
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TABLE 1. Classirication of the Extant Branchiopoda Followed in This Chapter* 

Order Anostraca 
Family Branchinectidae (1, Branckinecta) 
Family Artemiidae (1, Anemia) 
Family Branchipodidae (5 or 6) 
Family Streptocephalidae (1, Slreptocephalus) 
Family Thamnocephalidae (3, Branchinella. Dendrocephalus, Thamnocephalus) 
Family Chirocephalidae (7) 
Family Polyartemiidae (2, Polyartemia, Potyartemiella) 
Family Linderiellidac {2, Underiella and Dexleria, both monotypic) 

Order Notostraca 
Family Triopsidae (2, Triops, Lepidurus) 

Formerly "Conchostracans": 
Order Laevicaudata 

Family Lynceidae (3, Lynceus. Lynceiopsis, Paraiimnetis) 
Order Spinicaudata 

Family Cyclestheriidae (1, Cyckstheria, monotypic) 
Family Cyzicidae (4, Caeneslheria, Caeneslheriella, Cyzkus, Eocyzkus) 
Family Leptestheriidae (5) 
Family Limnadiidae (6) 

Formerly "Cladocerans": 
Order Anomopoda 

Family Daphniidae (6) 
Family Moinidae (2, Moinodaphnm (monotypic) and Molna) 
Family Bosminidae (2, Bosmina and Bosminopsis (monotypic)) 
Family Macrothricidae (16 or 17) 
Family Chydoridae (over 30) 

Order Ctenopoda 
- Family Sididae (6 or 7) 

Family Holopediidae (1, Holopedium) 
Order Onychopoda 

Family Polyphemidae (1, Polyphemus) 
- Family Podonidae (6 or 7) 

Family Cercopagidae (2, Bylhotrephes, Cercopagis) 
Order Haplopoda 

Family Leptodoridae (1, Ijeptodora, monotypic) 

* After Belk, 1982; Mordukhai-Boliovskoi and Rivier, 1987; Fryer, 1987c; Dodson and Ftey, 1991; and other sources. No phylogenetic relationships 
are implied. Numbers in parentheses are approximate number of extant genera, names of which are provided for those families with four or fewer. For 
reviews of various previous classification schemes and the characters on which they were based, see Fryer {1987c). 

omy of adults, but given only brief mention in 1945; Tasch, 1963, 1969; Smirnov, 1971; 
this review, are branchiopod larval features, Briggs, 1976 [although Branchiocaris is no 

Unfortunately, Fryer (1987c), although longer believed to be a branchiopod]; Berg-
hinting at the affinities of some taxa, pro- strom, 1979, 1980; Miiller, 1983; Fryer, 
posed no explicit relationships among the 1985, 1987c, 1991a,b; Walossek, in press), 
eight extant orders, and although Walossek which, as noted by Fryer (1987c), is longer 
(in press) suggests relationships among many than the time during which all radiations of 
of the branchiopods, he does not attempt to terrestrial vertebrates took place, it is not sur-
resolve relationships among the six orders prising that extensive morphological diversi-
formerly comprising the "cladocerans" or fication has occurred, and the relationships 
"conchostracans." For the present chapter I among the constituent groups may be ob-
have simply listed the extant families under scured by homoplasies. Another problem for 
the orders proposed by Fryer (Table 1), which the phylogenist or comparative morphologist 
1 assume will be accepted by most carcinolo- is that the branchiopods exhibit a curious 
gists, without giving any indication of phyio- combination of morphological plasticity and 
genetic relationships within the Branchiopoda evolutionary stasis. The external and cellular 
as a whole. morphology of some extant branchiopods can 

Because of the tremendous amount of time be modified by altering the conditions under 
that branchiopods have existed (see Linder, which they are reared. Developing daphniids 
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(Anomopoda) will produce spines in response 
to waterbome chemical cues of predators, 
with the number of spines increasing with 
predator density (e.g., see Krueger and Dod-
son, 1981; Havel, 1986; Havel and Dodson, 
1987;Dodson, 1989; Walls and Ketola, 1989; 
Harvell, 1990). Cyclomorphosis is common 
(reviewed by Jacobs, 1961, 1987; Kerfoot, 
1980), and the sex ratio of developing em
bryos and the reproductive switch from pro
ducing embryos vs. resting eggs in some 
branchiopods can be influenced by a variety 
of environmental stimuli (reviewed by Hobaek 
andLarsson, 1990). Other branchiopods have 
been shown capable of rapid and striking 
changes in morphology caused not by exter
nal cues but by mutation. Bowen et al. (1966) 
documented a single mutation in the anostra-
can Anemia franciscana that produces, in
stead of the normal brine shrimp with two 
widely separated eyes borne on stalks, a Cy
clopean mutant with a single, median eye, 
complete and entirely functional, with all 
musculature and nerves operational. In stark 
contrast, one species of notostracan, known 
from fossils from the Triassic (Trusheim, 
1938), was considered conspecific with ex
tant Triops cancriformis by Longhurst (1955) 
despite a time difference of some 200 million 
years. If these fossils are indeed conspecific 
with extant Triops cancriformis (which now 
seems unlikely in light of ongoing electro-
phoretic studies [C. Sassaman, personal com
munication] that indicate divergence despite 
morphological similarity), then Triops can
criformis is the oldest continuous species of 
any animal on earth (Fryer, 1985). 

The literature on some branchiopods is 
vast, while other groups have escaped serious 
attention for many years. The genus Anemia, 
probably the best known genus in all of the 
Crustacea (rivaled only by Daphnia, another 
branchiopod), has been the subject of over 
4,000 primary references (Browne et al., 
1991), and is so well known at the cellular 
level that it has aided our understanding of the 
function of the eukaryotic cell (MacRae et al., 
1989). Several recent and extensive compila

tions (e.g., MacRae et al., 1989; Warner 
etal., 1989; Browne etal., 1991; Belket al., 
1991; and a series of six volumes under the 
direction of the Anemia Reference Center in 
Ghent, Belgium [Persoone et al., 1980; Sor-
geloos et al., 1987]) provide access to the vast 
Anemia literature. The attention lavished on 
Anemia is a result of its abundance, economic 
importance, ease in laboratory rearing, and 
importance as a model crustacean for compar
ative morphological studies. Similarly, "cla-
docerans," primarily the Daphniidae (Ano
mopoda), have been the focus of numerous 
experimental studies, in part because of their 
value as test organisms for toxicity studies, 
ease in manipulation, and abundance (e.g., 
see papers in Peters and De Bemardi, 1987). 
References to morphological studies on ano-
mopods can be found in the works of Fryer on 
the Daphniidae (1991a), Chydoridae (1963, 
1968) and Macrothricidae (1974). 

Because the majority of previous studies 
have centered on Anemia and some of the 
daphniids, and because my own knowledge is 
severely restricted to a few conchostracans, 
many of the following examples are from 
these taxa. But I strongly caution the reader 
against making any generalizations based on 
examples presented here. The diversity of 
branchiopod anatomy and ultrastructure can
not be deduced from a few selected illustra
tions. For example, it would be misguided to 
extend an observation made on the feeding 
and absorption mechanisms in Artemia, so 
often depicted as a "typical" branchiopod, to 
all other anostracans, some of which feed by 
predation rather than filtration, and meaning
less to impose such generalizations upon 
other orders, such as members of the anomo-
pod family Chydoridae, where there are 
known filter feeders, scrapers, scavengers, 
and even ectoparasites on freshwater hydras 
(Fryer, 1968). Several sections, such as those 
on excretion and osmoregulation, are based 
on the brine-inhabiting Artemia, a species 
with diametrically opposed needs in these ar
eas compared to most other branchiopods, 
which inhabit fresh waters. Examples pre-
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sented here must be viewed with the great 
functional and anatomical diversity of branch-
iopods in mind. 

EXTERNAL MORPHOLOGY 
Anostraca 

Anostracans (fairy shrimp) (Fig. lA) in
habit fresh or saline inland waters or (rarely) 
marine lagoons. The habitat is most often an 
ephemeral one, although some species inhabit 
permanent larger bodies of water in the Arctic 
and Antarctic; these habitats tend to have few 
predators. There are eight extant families: Ar-
temiidae (one genus, Artemia), Branchinec-
tidae (one genus, Branchinecta), Branchipo-
didae (five or six genera), Chirocephalidae 
(seven genera), Linderiellidae (two mono-

typic genera), Polyartemiidae (two genera), 
Streptocephalidae (one genus, Streptoceph-
alus), and Thamnocephalidae (three genera). 
This group includes the largest branchiopods, 
reaching lengths of up to 100 mm in Branchi
necta, but most are 15-30 mm as adults (e.g., 
see Linder, 1941). 

Anostracans are characterized by an elon
gate body with little regional specialization 
(tagmatization) within the three obvious 
tagma (head, thorax, and abdomen). There is 
no carapace, although it has been argued that 
a headshield is present in early larval stages 
(e.g., see Schrehardt, 1986, 1987a, for fig
ures; Walossek, in press, for discussion). 
There are 19-27 postcephalic segments 
(fewer in some extinct taxa; see Fryer, 

Fig. 1. Orders Anostraca and Notostraca. A: Branchinecta conservatio (Anostraca). B: Lepidurus pack-
ardi (Notostraca). a l , first antenna (antennule); a2, second antenna; c, carapace; cf, caudal furca or ramus 
(= cercopod); ep, epipod of thoracic limb; p, external penis; s, sulcus of carapace; t, supra-anal plate of 
telson. 
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1987c). Fryer (1987c) stated that there is a 
pair of dorsal sensory setae on each segment, 
but I have not seen these in all taxa. The head 
is short and frontally rounded or even flat
tened. The paired compound eyes are well 
developed and borne on movable stalks, a 
condition unique among branchiopods. The 
antennules of adults are simple, one-seg
mented structures that are uniramous and 
more or less tubular in design. The antennae 
exhibit extreme sexual dimorphism, being 
less mobile (Fryer, 1987c) and often simple in 
females (with several exceptions) but modi
fied as highly movable claspers in males. The 
modified male antennae may be enormous 
grasping structures, often with species-spe
cific basal outgrowths and elaborate ornamen
tation. The labrum is large and fleshy, with 
functional, secretory labral glands often per
sisting into the adult stage. The mandible is of 
the grinding and rolling type, but in some taxa 
may be secondarily modified for biting (e.g., 
Branchinectd). The maxillules are greatly re
duced in extant forms, existing only as modi
fied gnathobases that bear a single row of 
long, denticulate spines and a single stout 
spine (Fryer, 1987c). The maxillae consist of 
a single lobe (the proximal endite) with two or 
three anteriorly directed setae and a variable 
number of distal setae. Postcephalic limb-
bearing somites (which traditionally have 
been termed the "thoracic" segments) are eas
ily recognizable (i.e., there has been little or 
no fusion) and may number 11, 17, or 19 
(excluding the two often-fused genital 
somites), although as few as eight are known 
in one extinct species. Appendages of these 
somites are foliaceous, phyllopodous limbs 
that beat with a distinctive metachronal 
rhythm and that display considerable serial 
similarity. Each limb has an exopod, endo-
pod, and a series of endites and in most spe
cies is modified for filtering. Additionally, 
each thoracic limb bears a "respiratory" epi-
pod (actually osmoregulatory; see later) and 
one or two exiles proximal to the epipod. The 
more distal exopod is clearly demarcated 
from the rest of the limb. The food groove 
between the limbs is narrow and deep. The 

"abdomen" consists of 9 segments, the first 
two of which are genital and fused, and often 
considered part of the thorax (see Benesch, 
1969; Walossek, in press), and the last of 
which is the telson or anal somite. The post-
genital region consists of six cylindrical seg
ments plus the telson and bears no appendages 
other than a pair of rather flattened caudal 
rami (fused into paired plates extending for
ward along the abdomen in the genus Tham-
nocephalus) borne on the telson. Other exter
nal features include an elongate brood pouch 
in females and an extensible penis in males, 
both of which are borne on the first post-
thoracic segment (= the twelfth thoracic of 
Benesch. 1969, and Walossek, in press), 
which typically is fused in both sexes to the 
following segment. 

Notostraca 
The Notostraca (Figs. IB, 2), commonly 

called tadpole shrimps, are all members of a 
single extant family, Triopsidae, consisting of 
two genera, Triops and Lepidurus. There are 
approximately ten extant species (Linder, 
1952; Longhurst, 1955; Belk, 1982). Spe
cies inhabit inland freshwater pools, which 
are sometimes slightly alkaline or even brack
ish. Most pools are temporary, but as with 
anostracans some are found in predator-poor 
permanent bodies of water. Notostracans are 
omnivorous, and are predominantly benthic, 
although they can swim well. They may attain 
lengths of 100 mm (Belk, 1982), although 
most often they are smaller, 30-50 mm. They 
do not filter but rather feed on detritus or on 
other organisms, hving or dead, and will even 
pursue and catch anostracans and small fish 
(Home, 1966; Martin, 1989a). Their various 
anatomical modifications reflect these basic 
functional and ecological differences from 
anostracans and other branchiopods. 

Notostracans superficially resemble anos
tracans that have acquired a shieldlike cara
pace (Fig. IB). But the resemblance goes no 
further. Although the body is elongate, with a 
variable number of cylindrical trunk somites 
(varying even within a species or population), 
they are functionally and morphologically 
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Fig. 2. Order Notostraca, SEM of selected external features. A: Ventral view of "thoracic" limbs and 
cylindrical rings of anterior region of "abdomen," Triops lon_^icaudatus. Note high numbers of limbs per 
body somite. B: Base of single branch of caudal rami (= cercopod). (Courtesy of B. Felgenhauer.) C: 
Heavily spined mandible and first maxilla, Triops longicaudataus. mb, mandible; mx, first maxilla. 

very different from anostracans (see Fryer, 
1988). The carapace is a shieldlike expansion 
of the dorsal cuticle, presumed to be of the 
maxillary somite, and contains between its 
inner (ventral) and outer (dorsal) surfaces the 
coils of the maxillary glands. It is not hinged 
or folded, but a longitudinal carina and a pos
terior carapace sulcus allow considerable 
flexibility and mobility of the trunk. The car
apace extends anteriorly to shield the head 
and posteriorly to shield the anterior half of 
the trunk. It differs from the carapace of the 
bivalved branchiopod orders, in which the 
carapace overgrows the head, in that, in no-
tostracans, the head is incorporated into the 
shield, with the compound eyes visible dor-

sally. The compound eyes are technically ex
ternal but become internalized during ontog
eny; in adults the now-sessile compound eyes 
remain in contact with the external environ
ment via a small median opening (Fig. 124F, 
G), seen also in some conchostracans. The 
antennules are short and uniramous. The an
tennae also are uniramous and are reduced or 
absent. The labrum is a flat, stiff plate that 
does not bear secretory glands in the adult. 
The mandibles are enormous and well devel
oped for biting, with sharp denticles along the 
molar region (Fig. 2C). The maxillules have 
two segments and are robust and heavily mus
cled and sclerotized, the only maxillules in 
the Branchiopoda capable of true biting. The 
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maxillae are reduced to small lobes, probably 
representing remnants of the former gna-
thobases (Fryer, 1987c, 1988), with the open
ing of the maxillary gland on an adjacent tu
bular outgrowth. The distinction between 
thorax and abdomen is unclear; altogether the 
trunk may bear 35-72 pairs of limbs, of which 
24—60 occur posterior to the genital segment 
(segment 11) and are usually termed abdomi
nal. Posterior to the genital segment there 
may be up to six pairs of limbs on one cylin
drical somite or body ring (Fig. 2A). The 
"thoracic" limbs (those anterior to the genital 
somite) are nonfiltratory and extend laterally 
rather than ventrally from the axis of the 
body. Although somewhat phyllopodous, 
these limbs have clearer distinctions among 
the various endites than do the anostracan tho-
racopods. In the anterior one or two postceph-
alic limbs, some endites may be elongate and 
filiform. The gnathobases of the trunk ap
pendages are thick, sclerotized, and impres
sively armed with a variety of spines and se
tae. Thoracic appendages also bear an exopod 
and an inflated epipod. In females, the limbs 
of the genital somite are modified as oostego-
pods, in which the endopod has become fused 
with the "apical lobe" (Fryer, 1988) to form 
an egg-bearing pouch; the cover of this pouch 
is formed by the modified exopod. The food 
groove between the gnathobases of the thora-
copods is well developed but is broad and 
shallow. More posterior appendages are less 
complex, becoming simple and flaplike even
tually. The long, cylindrical "abdomen" ter
minates in a telson that bears a pair of long, 
thin, cylindrical, multiarticulate caudal rami 
(Fig. 2B), between which extends a platelike 
process in Lepidurus. 

Laevicaudata 
This order contains one extant family, the 

Lynceidae (Fig. 3C-E), with approximately 
40 species (Martin and Belk, 1988) in three 
genera: Lynceus, Lynceiopsis, and Paralim-
netis. Species are known from ephemeral 
ponds and occasionally streams on all conti
nents except Antarctica (Martin and Belk, 
1988). Lynceids are small to medium-sized 
(to about 8 mm) branchiopods that spend most 

of their time at or just above the bottom and 
feed primarily by scraping, scavenging, or 
"grazing" on detritus (Martin et al., 1986; 
Martin and Belk, 1988; Martin, 1989a). 

Laevicaudatans were for many years 
grouped with other families of "clam shrimp" 
(see below) in the Conchostraca. Although 
they resemble other conchostracans in the 
possession of a bivalved carapace, strong car
apace adductor muscle, telsonal filaments (= 
postabdominal setae), and modified male first 
thoracopods, there are many more differences 
than similarities (Linder, 1945; Fryer, 1987c; 
Martin and Belk, 1988). The bivalved cara
pace is globose, nearly spherical, almost cir
cular in lateral view, and lacks an "umbo" or 
any growth lines or other external ornamenta
tion (Fig. 3C). The two valves are joined dor-
sally by a true hinge in a recessed groove, 
although the valves are not entirely separate 
but are fused for a short distance along the 
dorsal border. The head region is enormous 
(Fig. 3D,E), taking up nearly a third of the 
space between the valves, and articulates with 
the trunk, thereby becoming capable of ex
tending beyond the valves, which it often 
does. The eyes are sessile and "internal," in 
contact with the external environment via a 
median pore (Fig. 135C) (as in notostracans); 
they characteristically quiver back and forth, 
much as in some anomopod cladocerans. The 
head is produced into an elongate "rostrum" 
more so than in other clam shrimps, and bears 
distinctive paired fields of sensilla on either 
side of the midrostral carina just posterior to 
the above-mentioned pore (Figs. 3E, 135C). 
The antennules are short, uniraraous, and 
two-segmented, and bear sensory setae on the 
expanded distal segment. The antennae are 
large and natatory, with the anterior flagellum 
bearing short spines and with both rami bear
ing plumose, posteriorly directed natatory se
tae, one per segment. The labrum is huge and 
fleshy, and bears large internal secretory 
glands. The mandibles are large and heavy, of 
the grinding/rolling type, but the masticatory 
surfaces are narrow and bear stout teeth; the 
proximal end of the mandibles articulates 
with a cuticular ridge (the fornix) rather than 
on a protrusion of the head cuticle (as is the 
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Fig. 3. The two conchostracan orders Spinicaudata and Lae-
vicaudata. A: Eulimnadia ovisimilis (Spinicaudata), lateral view 
with right valve removed. (After Martin, 1989b). B: Eulimnadia 
texana (Spinicaudata), enlargement of head region (approxi
mately the area between arrows in A.) (After Martin, 1989a.) C: 
Lynceus gracilicornis (Laevicaudata), dorsal view of carapace. 
Note recessed hinge between valves, lacking in A, and absence 
of growth lines. (After Martin and Belk, 1988.) D: Lateral view 
of Lynceus brachyurus with right valve removed. (After Martin 
and Belk, 1988.) E: Enlargement of head region of Lynceus 

gracilicornis corresponding approximately to region marked by 
arrows in D. Note relatively large head size. (After Martin, 
1989a.) af, anterior flagellum of second antenna; am, adductor 
muscle of carapace (present also in A but not visible in this 
photograph); anl, first antenna; cf, caudal furca; cl, male 
clasper; ce, compound eye; do, dorsal organ; em, egg mass; ep, 
epipod; f, fornix of head region; h, head region; hp, hepatopan-
creas (digestive ceca); la, labrum; mb, mandible; ne, nauplius 
eye; pf, posterior flagellum of second antenna; sf, sensory field. 
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case with spinicaudatans). The maxillules are 
reduced to a small, thin, setose lobe. The 
maxillae are vestigial, with no obvious masti
catory function, and carry the duct of the 
maxillary gland. The trunk is short, consist
ing of only 10 segments in males and 12 in 
females, with all segments bearing append
ages. The first trunk appendage is modified in 
males as a clasper for grasping the female 
carapace during mating; however, the clasper 
components are derived from different endites 
from those in the Spinicaudata. The second 
male appendage is sometimes modified as 
well {Paralimnetis, Lynceiopsis), but never 
as a clasper. More posterior appendages are 
foliaceous, directed ventrally, and display 
marked serial similarity (e.g., Martin et al., 
1986), differing mosdy in size and develop
ment of the various endites. The gnathobase is 
well developed, with stout spines and setae, 
and is directed anteriorly. The food groove is 
broad and V-shaped. Each limb has a well-
developed exopod, an inflated "respiratory" 
epipod (Fig. 3D), and several endites; these 
often bear large scraping setae and perform a 
variety of functions (although not filtration). 
The trunk terminates in an anal somite (= tel-
son?) that bears telsonal filaments (postab-
dominal setae) but lacks caudal rami, and is 
ventrally shielded by opercular lamellae of 
the penultimate trunk somite. There are no 
spines on the dorsal surface of the trunk 
somites. Oviducts of females open on the 11th 
somite; those of the male open either along
side the anus (claimed by Under, 1945) or at 
the base of a posterior trunk limb (Sars, 
1896). In females, unique lateral flaps of the 
body wall work in conjunction with exopods 
of trunk limbs nine and ten to support the egg 
mass. 

Spinicaudata 
The Spinicaudata (Fig. 3A,B) encom

passes those taxa most commonly referred to 
as "clam shrimp," formerly grouped with lae-
vicaudatans in the Conchostraca. There are 
four extant families: Cyclestheriidae (mono-
typic, Cydestheria hislopi), Limnadiidae (six 
genera), Leptestheriidae (five genera), and 
Cyzicidae (four genera). Some species. 

mostly in the Cyzicidae and Limnadiidae, can 
attain lengths of 18 mm (mature females), but 
most are on the order of 8-10 mm. All inhabit 
ephemeral freshwater pools or prairie streams, 
and they are commonly found with other 
branchiopod species. Cydestheria also fre
quents permanent bodies of water. 

Like the lynceids, all spinicaudatans have a 
bivalved carapace and powerful adductor 
muscle, but the nature of the valves and the 
external and internal morphology differ sig
nificantly. The valves are joined dorsally by a 
simple fold; there is no true hinge. All species 
have external growth lines on the carapace. 
The carapace encloses the entire body, and 
the small and usually narrow head region 
(Fig. 3A,B) is not capable of articulating with 
the trunk and extending beyond the valve 
margins, although in large individuals of 
Cyzicus the head may protrude slightly. The 
compound eyes are assumed to have become 
"internalized" during ontogeny at least in 
some families, since the same median pore as 
described above for notostracans and lae-
vicaudatans exists. These eyes are paired, but 
in some species, and especially in Cydesthe
ria, they appear very close together and may 
even be fused into one functional unit. The 
labrum is small, often tipped with setal tufts, 
and contains secretory glands. The antennules 
are elongate and subdivided into several 
lobes, each of which bears sensillae, except in 
Cydestheria, which has a straight, tubular an-
tennule with the sensory setae confined to its 
tip. The antennae are large and natatory with 
plumose setae and sometimes with dorsal 
spines. Although in some ways similar to lae-
vicaudatan antennae, the musculature appar
ently differs significantly (see Fryer, 1987c). 
Mandibles are of the rolling/grinding type, 
but they lack the heavy teeth seen in notostra
cans and laevicaudatans, and they articulate 
with a protuberance of the head cuticle (Mar
tin, 1989a). The maxillules are reduced and 
probably represent only the remaining gna
thobase, being armed with stout spines and 
setae. The maxillae are reduced to small lobes 
with distal setae. The trunk, although short, is 
comprised of 16-32 somites; and thus there 
are 16-32 pairs of trunk limbs. The first and 
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second trunk limbs of males are modified as 
claspers (only the first in the Cyclestheriidae, 
in which males are rare), which superficially 
resemble those of the laevicaudatans (the 
clasper components are derived from different 
endites; Fryer, 1987c). More posterior trunk 
limbs are foMaceous, directed ventrally, and 
are composed of an exopod, endopod, and 
protopod (corm) subdivided into endites. The 
trunk limbs display serial similarity, differing 
mostly in size. Each has a "respiratory" epi-
pod (Fig. 3A), elongate endopod, and well-
developed gnathobase, which differ slightly 
in spination from anterior to posterior limbs. 
The food groove between the gnathobases is 
broad and shallow, and usually somewhat 
U-shaped. In females, trunk limbs 9-11 often 
bear "dorsal filaments" (actually modified 
dorsal lobes of the exopods) to which the eggs 
are attached. The external openings of the 
male and female genital ducts are at the base 
of the 11th pair of trunk limbs, and caudal 
rami and spines (Fig. 3A) occur in all species. 

Anomopoda 
The Anomopoda (Figs. 4, 5) contains the 

five families that are perhaps most often con
sidered "typical" cladocerans: Daphniidae 
(six genera), Bosminidae (two genera), Chy-
doridae (over 30 genera), Macrothricidae (ap
proximately 16 genera), and Moinidae (two 
genera). They are small, from less than 0.3 
mm to perhaps 6 mm in adult females (all 
display sexual dimorphism, with smaller 
males). The group includes one of the small
est known arthropods (the chydorid Alonella 
nana, with an adult female maximum length 
of 0.26 mm; Fryer, 1968). All inhabit fresh 
water, with a few exceptions in inland saline 
bodies for some bosminids and daphniids. 
Habits are extremely diverse, and include 
benthic, planktonic, interstitial, moist terres
trial (rainforest leaf litter and mosses, e.g., 
Frey, 1980), and even cave (Brancelj, 1990) 
environments. Most feed by filtration or 
scraping, or by some combination of these 
modes, but others are scavengers on other 
crustaceans {Pseudochydorus) and one genus 
(Anchistropus) is ectoparasitic on freshwater 
hydras (see Fryer, 1968). 

Anomopods are characterized by having a 
short body exhibiting extreme fusion. The 
carapace, which is often elaborately modified 
or ornamented (e.g., Fig. 5D, and Frey, 
1982a,b, 1987) and may bear numerous 
pores, is bivalved but lacks a true hinge, and 
it does not enclose the head, which is short 
and often expanded dorsally into a protective 
headshield (Fig. 4C,E,G). The compound 
eyes are fused into a single median eye (also 
true in some spinicaudatans), which may be 
variously reduced or absent, but there is no 
known connection to the external environ
ment via a median pore (although some spe
cies have a median head pore; e.g., see Ker-
foot et al., 1980, for Bosmina). The labrum is 
short and fleshy, and bears secretory glands. 
Female antennules are variable, either tubular 
and of one or two segments, or reduced to 
small vestiges, or in some cases enlarged; 
male antennules very often are modified as 
clasping structures with a large grappling 
spine (but only slightly so in the Macrothri
cidae and Chydoridae). The antennae are well 
developed, biramous, and natatory, with 
three or four segments per ramus and often 
with plumose setae on all segments, although 
it is common to have one or more segments 
without setae. The mandibles are stout and of 
the rolling/grinding type. The maxillules are 
reduced and bear four or fewer spines. The 
maxillae are reduced to small, nonsetose pro
trusions, or are absent. The trunk limbs dis
play none of the serial similarity seen in the 
more "phyllopodous" branchiopods (the 
above-mentioned tax a), and are fewer in 
number, usually numbering only five or six. 
These limbs are widely diverse in form and 
function in the various taxa. All have an epi-
pod, but the first trunk limbs bear unique 
"ejector hooks," and they lack a true gna
thobase basally. The trunk limbs (see Watts 
and Petri, 1981) perform functions as diverse 
as grasping, scraping, mechanically transfer
ring food particles, and filtration, or some 
combination of these duties, although the first 
and sixth (when present) are never filtratory, 
and the limbs never beat in a metachronal 
rhythm. The first is most often used in loco
motion. The food groove tends to be deep and 
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Fig. 5. External morphology of Anomopoda, families Chy
doridae and Macrothricidae. A,B: Chydoridae. (After Fryer, 
1968.) A: Ventral view of the •ycj.venger Pseudochydorus globo-
sus. B: Anterior view oi Pseudochydorus globosus in "closed" 
position. C-F: Macrothricidae. (After Fryer, 1974.) C: Ante
rior view of the primitive Acantholeberis curvirostris. D: Adult 

female of a burrowing species, Drepanothrix dentata. E: Ven
tral view oi Acantholeberis curvirostris. F: A mud-frequenting 
burrower, llyocryptus sordidus. Not to scale, a l , first antenna; 
a2, second antenna; c, carapace; ce, compound eye; hs, head 
shield; ne, nauplius eye; pas, postabdominal setae. 

Fig. 4. External morphology of the Anomopoda. A,B: Lateral 
(A) and ventral (B) views of an open water species, Daphnia 
galeata (Daphniidae). (After Fryer, 1991a.) C-I: Family Chy
doridae. (After Fryer, 1968.) C: Dorsal view of a gliding gas
tropodlike species, Graptolebris testudinaria. D: Posterior view 
of Graptolebris testudinaria. E: Ventral view of Graptolebris 
testudinaria as animal glides over substrate. F: Dorsal view of 

Alonella exigua. G: Ventral view of Alonella exigua gliding 
over substrate. H: Lateral view of Peracantha truncata. I: 
Oblique anterior view oi Peracantha truncata. Not to scale, a l , 
first antenna; a2, second antenna; ce, compound eye; hs, head 
shield; la, labrum; ne, nauplius eye; pas, postabdominal setae 
(= telsonal filaments). 
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narrow. There are never any postgenital 
limbs, and the telson or postabdomen termi
nates in a pair of strong terminal "claws" 
(caudal rami) and bears a pair of dorsal sen
sory "telsonal filaments" or "postabdominal 
setae" (Figs. 4A-C,E-G, 5D~F). The telson 
is usually bent under, so that its ventral sur
face is functionally dorsal, and it may articu
late with the trunk. 

Ctenopoda 
The Ctenopoda (Fig. 6A,B) contains only 

two families, Sididae (seven genera) and Hol-
opediidae (one genus, Holopedium). All are 
small (to about 4 mm) microphagous filter 
feeders that are found mostly in open water, 
although they also may be benthic or associ
ated with vegetation (Fryer, 1987a-c). All are 
in fresh water except for Penilia, which is 
marine. 

Ctenopods at first glance appear rather 
similar to anomopods, and indeed Fryer 
(1987a~-c) discussed some deep-seated simi
larities between the two orders. Like anomo
pods, the body is short, somite boundaries are 
obscured by fusion, and the trunk is enclosed 
in a bivalved, hingeless carapace. But the 
head, although short and extending beyond 
the valves of the carapace, differs from the 
anomopod condition in that there is never a 
headshield (Fig. 6A,B). The compound eye is 
single and internal, with no sign of having 
become "internalized" during ontogeny. The 
labrum is large and rather fleshy. The anten-
nules are tubular in females and are large and 
modified for grasping in males. The antennae 
are biramous and natatory (secondarily 
uniramous in females of Holopedium, Fryer, 
1987a,b), with endopod and exopod each of 
two or three segments bearing natatory setae. 
The mandibles are of the grinding/rolling 
type. Maxillules are small and spinose, and 
the maxillae are reduced to small lobes that 
may or may not bear setae. There are six pairs 
of trunk limbs, all of which are pregenital and 
display serial similarity, although the last pair 
is always reduced and is not filtratory, which 
the others are. Additionally, the sixth limb 

lacks a functional gnathobase, whereas limbs 
one through five have a gnathobase that func
tions in transferring food toward the mouth. 
The first trunk limb lacks the basal "ejector 
hooks" known in anomopods, and in males 
often bears distal hooks or other modifica
tions for grasping. "Respiratory" epipods are 
present (although not on all limbs of Holope
dium), and the limbs beat with an obvious 
metachronal rhythm and are never used for 
grasping, scraping, or locomotion. The food 
groove between the limbs is deep and narrow. 
The telson, which bears caudal rami and a 
pair of postabdominal setae, does not articu
late with the trunk as in anomopods. 

Onychopoda 
Onychopods (Fig. 6C,D) are freshwater 

and marine predators variously modified for 
grasping prey, although some may ingest par
ticulate detritai matter (Fryer, i987a,b). They 
may reach 12 mm in length, but this measure
ment includes an extremely long caudal pro
cess found in some taxa (e.g., see Fig. 6C); 
most are 2-6 mm. There are three families: 
Polyphemidae (one genus, Polyphemus), 
Cercopagidae (two genera), and Podonidae 
(six or seven genera) (Mordukhai-Boltovskoi 
andRivier, 1987). 

Onychopods have a short head and trunk, 
the segments of which have become obscured 
by extensive fusion. The carapace has been 
reduced to a dorsal brood pouch (Fig. 6C,D). 
The single, median eye is composed of many 
ommatidia, of several different structural 
types in some taxa (e.g., 130 ommatidia of 
four types in Polyphemus), and occupies 
nearly all of the head region, but there is no 
external indication of facets. The labrum is 
large and bears secretory glands. The anten-
nules are uniramous and more or less tubular, 
varying in length among taxa. The antennae 
are biramous and natatory, with a three-seg
mented endopod and four-segmented exopod 
each bearing plumose natatory setae. The 
mandibles are modified versions of the 
grinding/rolling type and allow biting. The 
maxillules are reduced, and the maxillae ap-



BRANCHIOPODA 39 

Fig. 6. The orders Ctenopoda, Onychopoda, and Haplopoda. 
A: Latonopsis serricauda (Ctenopoda), ventral view. (After 
Sars, 1901.) B: Lateral view of Latonopsis serricauda. (After 
Sars, 1901.) C: The onychopod Bythotrephes cederstroemi, a 
species with an extremely long abdomen. D: The onychopod 

Polyphemus pediculus. (After Belk, 1982.) E: Sole member of 
the order Haplopoda, the predatory Leptodora kindtii. a l , first 
antenna; a2, second antenna; bp, brood pouch formed by modi
fied carapace; h, heart; pas, postabdominal setae. 
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parently have been lost. The trunk is short, 
and segmentation is obscured; however, all 
species have four pairs of "thoracic" (pregen-
ital) limbs, and so at least primitively the 
trunk may have been composed of four 
somites. The trunk limbs (Fig. 6C,D) are ste-
nopodous, segmented, grasping appendages 
with exopods and small gnathobases but with
out an inflated epipod. Despite the presence 
of small (but presumably functional) gna
thobases, there is no true food groove. In 
males, the first trunk limb is sometimes mod
ified for grasping the female, and paired ex
ternal penes are occasionally found just poste
rior to the base of the last trunk limb. The 
form of the abdomen varies among taxa. It 
may be short and unsegmented, or long and 
revealing some indication of former somite 
boundaries. The telson may terminate in "typ
ical" cladoceran caudal rami, or the postabdo-
men may be produced into a long, thin caudal 
process, possibly derived from a fusion of 
furcal elements (e.g.. Fig. 6C). 

Haplopoda 
The order Haplopoda has long been recog

nized as being very different from all other 
"cladocerans" and, even before the rearrange
ment of the Branchiopoda suggested by Fryer 
(1987c), was treated apart from ctenopods, 
anomopods, and (less frequently) onychopods. 
The order contains a single family, Leptodor-
idae, with a single species, Leptodora kindtii 
(Fig. 6E), a nearly transparent predator on 
freshwater plankton in holarctic lakes. Fe
males may reach 18 mm, whereas males do 
not exceed 9 mm. Leptodora is a highly spe
cialized predator, as are members of the Ony-
chopoda, and many if not all of its unusual 
features can be seen as adaptations to its pred
atory life style. 

The head is long, narrow, and cylindrical; 
probably as a consequence the compound eye 
is a single, median structure that completely 
fills the anterior of the head and is composed 
of "about 500 specialized radially arranged 
ommatidia" (Fryer, 1987c), but there are no 
external indications of facets. The carapace 
has been reduced in females to a dorsal brood 

pouch that appears to be situated near the pos
terior extremity of the thoracic region; in 
males the carapace is absent. The antennule is 
uniramous, and is short in females but long 
(modified for grasping) in males. The antenna 
is biramous, large, and natatory in both sexes. 
Both the exopod and endopod of the antenna 
are four-segmented, with each segment bear
ing numerous natatory (plumose) setae. The 
labmm is short and broad. The mandibles are 
styliform, not grinding, and are thus unique 
among the Branchiopoda. Both maxillules 
and maxillae are absent. The thoracic region 
(the actual limits of the thorax are uncertain) 
has undergone extensive fusion; somite bound
aries are indistinct. The six appendages of the 
thorax are grasping appendages, all of which 
lack exopods and branchial epipods. Only the 
first bears a modified coxal lobe (gna-
thobase), which is rather reduced, and there is 
no food groove. The abdomen is long, slen
der, and cylindrical. Segmentation is more or 
less clear; there are three rather long seg
ments, the last of which has been termed a 
telson with caudal rami, but these do not artic
ulate with the somite as do "true" caudal rami 
as seen in ctenopods, anomopods, spinicau-
datans, etc. There are no paired telsonal fila
ments or setae. The cuticle is exceedingly thin 
and transparent, and in water Leptodora is 
nearly invisible to the naked eye. 

INTEGUMENT 
The branchiopod cuticle is built along the 

same lines as for most crastaceans, i.e., it 
consists of a thin outer epicuticle composed 
mostly of protein, lipids, and calcium salts 
(mostly in higher crastaceans) and an internal 
procuticle, usually recognized as being com
posed of an outer preecdysial procuticle (or 
exocuticle) and beneath it a postecdysial 
procuticle (or endocuticle) (see Stevenson, 
1985, fig. 1). The procuticle is much thicker 
than the epicuticle and is composed of layers 
of fibrous lamellae parallel to the surface; of
ten the two component layers of the procuticle 
are themselves divided into sublayers. How
ever, the cuticle is typically very thin in bran-



BRANCHIOPODA 41 

chiopods, with no calcification of the exocuti-
cle and with little sclerotization. Cuticle 
covering the thoracic epipods in Daphnia may 
be only 0.2-0.5 |xm thick (Peters, 1987). In 
larval Anemia, where embryonic develop
ment and proliferation of epidermal cells has 
been the subject of several excellent papers by 
Freeman (1986, 1988, 1989), the cuticle may 
be as thin as 0.3-1.0 jxm (Freeman, 1989), 
and the inner "procuticle" has not yet differ
entiated into an exo- and endocuticle. In 
adults the thickness of the cuticle varies ac
cording to functional requirements; it is of 
course extremely thin on presumed respira
tory structures (epipods; see below) and flex
ure zones and thickest on areas that undergo 
heavy use, such as the masticatory surfaces of 
the mandible and on male claspers. In the 
male anostracan "clasper" (the antenna), the 
cuticle may be 7 |xm thick, whereas in the 
anostracan trunk and thoracopods it is often 
only 1-1.5 \x.m (Criel, 1991a). It is possible 
that in regions where gas exchange is impor
tant all layers are not present. Criel (1991a) 
points out that no endocuticle is visible in 
Copeland's (1967, fig. 4) figure of the gill 
(thoracopodal epipod) cuticle, and apparently 
the epicuticle is absent in some areas of the 
Daphnia integument (Schultz, 1977; Schultz 
and Kennedy, 1977; Stevenson, 1985). 

The following account is based primarily 
on Halcrow's (1976) study on the integument 
of the anomopod Daphnia magna, which has 
a relatively simple integument. Daphnia, be
cause it is a bivalved animal, has the carapace 
folded back on itself in the region of the 
valves, much as in the branchiostegal region 
of decapods (see also Fig. 68D for both sides 
of the valves in a conchostracan). Thus, a 
section through the carapace in this region 
shows integument facing the inner (facing the 
animal) and outer (facing externally) sur
faces, with a thin hemocoelic space sand
wiched between them (Fig. 7 A). The two lay
ers of cuticle are connected by "pillars" of 
connective tissue that extend through the 
hemocoelic space and probably serve as sup
port (Anderson, 1933). 

The epicuticle is thicker on the outer cara
pace surface, usually about 1.6 |xm, com
pared to about 0.5 \x.m on the inner surface. It 
is composed of three layers (four in Triops; 
see Rieder, 1972b) and has a layer of material 
loosely attached to its surface (Fig. 7B). The 
procuticle is not readily subdivided into an 
obvious exo- and endocuticle, possibly be
cause there is a greater similarity between pre-
and postexuvial synthetic mechanisms than is 
seen in higher crustaceans such as decapods. 
The procuticle at times appears distinctly 
lamellate (e.g.. Fig. 7B) and at other times 
relatively homogeneous in its electron density 
(Figs. 7C, 8A); Halcrow (1976) interprets this 
variability as nothing more than an artifact of 
the angle or thickness of the section. The 
procuticle is traversed incompletely by thin, 
rod-shaped structures (approximately 15-36 
nm diameter) that appear to extend from the 
underlying epithelium into the procuticle 
(Fig. 7B,C). These rods are associated with 
invaginations of the apical plasma membrane 
(conical hemidesmosomes; Halcrow, 1976) 
of the epidermal cells (Fig. 7B,C). 

During the intermolt period, the epidermal 
cells are squamous and appear narrow in cross 
section. Golgi bodies and mitochondria are 
present, and the nucleus is disc-shaped. The 
endoplasmic reticulum is loosely organized, 
and ribosomes "lie freely in the cytoplasmic 
matrix" (Halcrow, 1976: 2). Large numbers 
of microtubules are present and pass ob
liquely through the cytoplasm to the apical 
region, where they become associated with 
invaginations of the plasma membrane. These 
invaginations are lined by electron-dense ma
terial, and each contains the base of a rod (see 
above) that extends into the overlying procuti
cle. Below each invagination are microtu
bules and granular (microfibrillar) material 
associated with invaginations in other planes. 
In cross section, these invaginations appear to 
occur in clusters. The plasma membrane of 
the lateral cell border is highly convoluted, 
and septate junctions occur along the apical 
regions of the lateral borders. Halcrow (1976) 
noted similarities with the apical regions of 
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Fig. 7. Integument of carapace valves of Daphnia magna. 
(From Halcrow, 1976.) A: Inner and outer integument layers of 
carapace with hemocoel between, x 24,400. B: Outer integu
ment layer. Note detached outermost layer of epicuticle (arrow) 

C: Detail of outer integument layer. x44,500. Apm, apical 
plasma membrane; Dcv, dense core vesicles; H, hemocoel; Icf, 
intracuticular fibers; M, mitochondrion; Mt, microtubules; Pci, 
procuticle of inner layer; Pco, procuticle of outer layer; Pmi, 

and portions of intracuticular fibers within procuticle. x25,500. invagination of apical plasma membrane. 
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Fig. 8. Integument of Daphnia magna. (From Halcrow, 1976.) A: Inner integument layer showing 
granules (G) in narrow exuvial space between new and old cuticle. x47,500. B: Outer integument showing 
inclusion (Inc). x20.000. C: Outer layer epidermal cell. Note proximity of inclusion to Golgi complexes. 
x35,500. Apm, apical plasma membrane; Ep, epicuticle; Go, Golgi apparatus; H, hemocoel; N, nucleus; 
Pen, new procuticle; Pco, procuticle of outer layer. 
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cells in the midgut diverticulum of Daphnia 
(Hudspeth and Revel, 1971). Golgi bodies 
pinching off dense core vesicles (each about 
110 nm in diameter) are seen. These vesicles 
are similar to others near the apical cell border 
and to vesicles in tissue fixed immediately 
after ecdysis. Coated vesicles of approxi
mately 140 nm diameter, usually seen in ani
mals that are halfway through premolt (Fig. 
8A), are sometimes seen in just-molted ani
mals as well. The basement membrane sepa
rating these cells from the hemocoel is about 
0.2 \im thick (Fig. 8C). 

During the premolt period, epithelial cells 
are surprisingly much the same as during the 
intermolt period. The newly forming epicuti-
cle is visible (Fig. 8A), interrupted in places 
by the intercuticular fibers extending into the 
procuticle, and an ecdysial space filled with 
amorphous matter, suggested by Halcrow 
(1976) to be the results of enzymatic digestion 
of the endocuticle, is evident (Fig. 8B). How
ever, in the epithelial cells the only obvious 
changes are in the more abundant granular 
endoplasmic reticulum, increased cell height, 
abundance of glycogen, and presence of ir
regularly shaped inclusions near Golgi bod
ies, both seen later in the premolt period (Fig. 
8A-C). Apart from the inclusions seen in pre
molt cells (Fig. 8B,C), no cytoplasmic struc
tures involved in cuticle synthesis were seen 
to be restricted to any specific period during 
the molt cycle, and fusion of the vesicles with 
the apical plasma membrane occurred before 
and after premolt initiation. These changes 
are of less magnitude than those seen in many 
higher crustaceans, where there is a distinct 
decline in activity and structural organization 
when synthesis of the new cuticle is complete. 
This might be because the intermolt period in 
daphniids is so short (Halcrow, 1976). Thus 
the mechanism for synthesis of new cuticle is 
a more continuous process. No microvilli 
were seen in Daphnia epithelial cells during 
formation of the new epicuticle. 

The above synopsis can probably be ex
tended to other parts of the body in Daphnia, 
and possibly to other branchiopods as well. 

For example, cuticle of the Artemia trunk re
gion (Fig. 9) is basically similar to the above 
description (Criel, 1991a). However, special
izations of the integumental epithelium exist 
in certain appendages and organs treated else
where. Specialized cells of the epithelium of 
the thoracic epipods are described in the sec
tion on respiration, and cells comprising the 
dorsal organ are described later in this sec
tion. 

A study of the integument of two spinicau-
datan conchostracans revealed a cuticle (Figs. 
10A,B, 11 A) that in most parts of the body is 
similar to that of Daphnia and Artemia 
(Rieder et al., 1984). However, in these taxa 
(Leptestheria dahalucensis and Limnadia len-
ticularis) the cuticle of the carapace is not 
shed with each molt, accounting for the 
growth lines present on spinicaudatans (Fig. 
lOA). Consequently, the number of layers of 
cuticle seen in a cross section of the valves 
reveals the number of molts, and the dorsal 
region of the valves can become quite thick 
with accumulated layers of unshed integu
ment (Figs. lOA, IIB). Rieder et al. (1984) 
also described "ribs" of cuticle on several 
parts of the spinicaudatan body, attributing 
the formation of these ribs to small exocuticu-
lar granules that swell and eventually extrude 
the epicuticle and outermost layers of the 
exocuticle. A similar thickening of the cuti
cle, including layers like those seen in spini
caudatan clam shrimp, occurs in the forma
tion of the ephippium of anomopods (see 
Schultz, 1977). 

Pore canals extending through the integu
ment are not seen in Daphnia (Halcrow, 
1976) or spinicaudatans (Rieder et al., 1984) 
but are present, although uncommon, in Tri-
ops (Rieder, 1972b), which has a slightly 
thicker cuticle (approximately 12 \x.m thick). 
Possibly there is no need for such cytoplasmic 
extensions in crustaceans where the cuticle is 
as thin as in Daphnia (Halcrow, 1976). 

Rieder's (1972a,b) account of the cuticle of 
the notostracan Triops dealt mostly with the 
layers of the cuticle itself rather than with the 
epithelial cells. In this predominantly benthic 
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Fig. 9. Integument of trunk region of adult Artew/a (Anostraca). EC, epidermal cell; en, endocuticle; ep, 
thin, three-layered epicuticle; ex, exocuticle with thin homogeneous outer layer (arrow) and broad laminated 
inner layer. Scale bar = 200 nm. (Courtesy of G. Criel.) 

order, which might be expected to require a 
more durable and yet more flexible carapace 
than in some of the mostly planktonic or 
open-water orders, the epicuticle consists of 
four layers, the exocuticle consists of up to 
ten layers, and the endocuticle may be com
posed of up to 80 layers (Figs. 12-14), the 
most known in any branchiopod. 

All branchiopods contain chitin in the cuti
cle. The various pathways for chitin synthesis 
in Artemia were reviewed by Horst (1989). 
The most likely scenario is that the chitopro-
tein is synthesized in the rough endoplasmic 
reticulum (RER), then moves to the Golgi 
apparatus (where Horst presumes that chitin 
synthetase is located), where it serves as a 
"primer" molecule for chitin synthetase, 
yielding a chitin-protein complex. The 
chitin-protein complex must somehow be 
transported to the apical membrane and ex
ported to be incorporated into the cuticle, but 
the mechanism is unknown. 

Integumental Glands 
Knowledge of integumentary glands is 

fragmentary and is restricted to anostracans 
and notostracans. In the Anostraca, Dornesco 
and Steopoe (1958) found proximal thora-
copodal glands consisting of one large and 
two small gland cells linked to the outside by 
a short duct of three to four cells; the duct 
opens at the base of a spine on the protoendite 
in Branchipus and Artemia. These poorly 
known structures are treated in the section on 
glands. Rieder (1977) described well-devel
oped integumental glands in notostracans that 
consist of three cell types, a rather large secre
tory cell, a collarlike intermediate cell, and 
duct cells extending up through the epidermis 
(Fig. 15). Rieder (1977) suggested that these 
glands function in the secretion of the epicuti
cle, but Stevenson (1985) doubted this be
cause of the inadequate number and distribu
tion of these glands and because other studies 
(e.g., Neville, 1975) indicated epidermal se-
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Fig. 10. Integument of the spinicaudatan Leptestheria dahalacensis. (From Rieder et al., 1984.) A: 
Posterior end of valves showing accumulated layers of cuticle retained after ecdysis (forming "growth lines" 
on the carapace). x43. B: New cuticle, consisting at this stage of only the epicuticle and upper layer of the 
exocuticle, replacing old at edge of carapace, x 32,000. aC, old cuticle; Ep, epicuticle; En, endocuticle; Ex, 
exocuticle; nC, new cuticle. 
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Fig. 11. Integument of the spinicaudatan Le/jf^jf^en'fl t^o^aiflcenjw. (FromRiederet al., 1984.) A: Newly 
forming cuticular ribs (nR) visible under ribs (R) of older carapace. X4,800. B,C: Examples of accumulated 
layers of old cuticle (not shed during ecdysis). B, x 12,000; C, x 13,600. 
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Fig. 12. Integument of Tn'op.? cancn/or/nw (Notostraca). (FromRieder, 1972b.) A: Wedge-shaped "molt
ing suture." B: Exocuticle (Ex) and endocuticle (En), distinguished by density and contrast. C: Laminations 
of the exo- and endocuticle. Ep, old epicuticle; Epn, newly formed epicuticle; Eu, exuvial chamber between 
old and new integument layers; Ex, newly formed cuticle; S, secretory droplets; small arrow, rare archlike 
structure. 
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Fig. 13. Integument of Triops cancriformis (From Rieder, 1972b.) A: Old endocuticle (En) with lamellae 
in partial cross and longitudinal section and showing funnel-like pores (arrows) ending at the surface of the 
new epicuticle (Epn). B: Exuvial chamber (Eu) just beginning to develop between old and new layers of 
integument. Exn, newly formed cuticle; Po, pore channel; S, secretory droplets. 



50 MARTIN 

Fig. 14. Specialized areas of integument, Triops cancriformis. (From Rieder, 1972b.) A: Integument 
surrounding a sensory seta is basically similar to that of the trunk. B: Criss-crossing microfibrils forming 
several of the 60-80 layers in a nearly tangential section from the endocuticle of an endite, with nearly 
perpendicular orientation of microfibrils (arrows). Scale bar = 0.5 |i.m. En, endocuticle; Ep, epicuticle; Eu, 
exuvial chamber; Ex, exocuticle. 
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Fig. 15. Integumental gland.s in Triops cancriformis (Noto-
straca). (After Rieder, 1977.) A: Section through duct cell (GZ) 
and epidermal cell (EP). B: Exit duct of integumental gland 
showing secretory product (S). C: Diagram of integumental 
gland based on sections. ACU, old cuticle; dc, duct cell; ep and 
EP, epidermal cell; ic, intermediate cell; nc and NCU, new 
cuticle; oc, old cuticle; sc, secretory cell. 

cretion of the epicuticle in other crustaceans. 
A separate section is devoted to discussion of 
the dorsal organ, a cuticular specialization 
found in all branchiopods but understood in 
relatively few. 

Cuticular Specializations 

Cuticular specializations are numerous, 
and include such various structures as the 
spines and cuticular cones on the male anost-
racan antenna (Wolfe, 1980; Tyson and Sulli

van, 1979a, 1980a; Tyson et al., 1991), un
usual components of conchostracan claspers 
(e.g., Martin, 1989b), and a variety of differ
ent setal types. Almost all types of setae 
known in other crustaceans (e.g., see 
Jacques, 1989; Watling, 1989) can be found 
in branchiopods, which additionally bear sev
eral possibly unique setal types. As one of 
many possible examples of branchiopod setal 
diversity, Martin et al. (1986) illustrated eight 
structurally and functionally different setal 
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types on one thoracopod in the genus Lynceus 
(Laevicaudata). Sensory setae are discussed 
in the section on the nervous system. 

DORSAL ORGAN 
One interesting component of the integu

ment in branchiopods is a structure termed the 
dorsal organ, Nuchalorgan, neck organ, Hapt-
organ, neck shield, cephalothoracic organ, or 
salt gland. It is found on the anterior region of 
the cephalic shield or head in all branchiopod 
taxa (Walossek, in press) at least at some 
point in development (Figs. 16, 17), but in 
some it degenerates before adulthood. The 
extensive literature on this structure in Ar-
temia usually describes it as a larval salt 
gland, because it is restricted to larval stages 
in that genus and its function in hypo-osmo-
regulation is well known. But the term salt 
gland may be inappropriate for marine taxa 
that need not osmoregulate, and it exists in 
adults in many taxa (e.g., Leptodora). Addi
tionally, ion regulation, although clearly the 
function of this organ in some orders, has yet 
to be demonstrated for others, and other func
tions (e.g., attachment in Sida) are known or 
suspected. The rather vague term dorsal or
gan is used here (see also Martin and Laver-
ack, in press). Although there are similarities 
in structure and location, homology is uncer
tain, either among branchiopod orders (but 
see Walossek, in press, for arguments in favor 
of homology) or between branchiopods and 
other classes that have a similar organ (e.g., 
syncarids and larval stages of decapods; Bar-
rientos and Laverack, 1986; Laverack, 1990; 
Martin and Laverack, in press). 

In anostracans the organ is known from 
larval Artemia (Fig. 16A) and from adults in 
several families (Figs. 16B,C, 17A) (Martin 
and Laverack, in press). It probably occurs in 
larval stages of all families but persists to the 
adult stage (where it may not be functional) 
only in some species. It has been thoroughly 
studied in nauplii of Artemia, where it is par
ticularly obvious in early stages, as evidenced 
by several scanning electron microscopical 
(SEM) studies such as Conte et ai. (1972), 

Hootman et al. (1972), Hootman and Conte 
(1975), Conte (1984), Lowy and Conte 
(1985), Schrehardt (1986, 1987a), and Go 
etal. (1990). 

In nauplii of Anemia, the organ is a dome-
hke structure on the cephalon (Fig. 16A), ap
proximately 130-200 \xMi across, composed 
of 50-60 to perhaps 75 cuboidal epithelial 
cells that are larger than the surrounding epi
dermal cells (Hootman et al., 1972; Hootman 
and Conte, 1975; Conte, 1984; Lowy and 
Conte, 1985). The organ changes during on
togeny from a flat, caplike structure to a 
raised, domed organ with deep invaginations 
coursing through the epithelium, with the en
tire organ covered by a thin layer of cuticle 
(Hootman et a!., 1972; Conte, 1984). The 
organ is demarcated from the adjacent cuticle 
by a border of thicker cuticle termed the tran
sition band (Hootman et al., 1972; Lowy and 
Conte, 1985). The epithelial layer, from api
cal (cuticular) surface to hemocoel, is 25-30 
(xm thick (Hootman and Conte, 1975; Conte, 
1984). 

The epithelial cells (Figs. 18, 19) are 
cuboidal or even nearly spherical, with a di
ameter of approximately 34 (xm (Lowy and 
Conte, 1985). In many ways the cells are sim
ilar to epithelial "chloride" cells of the tho
racic limb epipods, which also function in ion 
regulation (see section on respiration). These 
similarities include extensive plasma mem
brane amplification (Figs. 19, 20), a "hall
mark of epithelial cells destined to transport 
electrolytes" (Conte, 1984: 74). Infoldings of 

Fig. 16. Ijocation of dorsal organ (arrows) in selected branchi
opods. A: Nauplius of Anemia. (From photograph in Schre
hardt. 1985.) B: AduhBranchineciapaludosa. C; Frontal view 
of head of Branchinecta paludosa. (B,C after Sars, 1896.) O: 
Hatching larva (metanauplius) stage of Triops cancriformis. E: 
Later ("neonatal") stage ai Lepidurm arclicus. F: Dorsal view 
of eyes and organ in adult notostracan {Triops cancriformis). 
(D-F after Longhurst, 1955.) G; Lateral view of head of adult 
limnadiid clam shrimp (Spmicaudata). (After Martin. 1989a.) 
H: Dorsal view of "heilophore" larval stage of Lynceus 
(Laevicaudata). (After Gumey, 1926.) 1: Lateral view of 
head of adult laevicaudatan. (After Martin, 1989a.) 
J: Leptodora kindtii (Haplopoda). (After Caiman, 1909, from 
LiUjeborg. 1901.) K: Female Evadne spinifera (Onychopoda). 
hi Female Pleopis polyphemoides (Onychopoda). (K,L after 
Smirnov and Timms, 198 J.) 
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Fig. 17. SEM of dorsal organ in Anostraca, Spinicaudata, and Laevicaudata. A: Branchinecta conservatio 
(Anostraca). B: Limnadia lenticularis, with cuticular edges of organ marked (arrows). C: Paralimnetis 
mapimi. Note four peripheral depressions. D: Lynceus gracilicornis. Note four peripheral "bumps" (arrows) 
and possibly fifth, more central, bump. 

the apical plasmalemma form irregular loops 
that are not closely associated with mitochon
dria, and the plasma membrane extends into 
large numbers of irregular tubular tufts that 
differ from true microvilli (Conte, 1984; 
Lowy and Conte, 1985). Basal and lateral 
infoldings form an extensive network of tubu
lar reticulum, termed the cytoplasmic laby
rinth, that is in direct contact with the hemo-
coel and is closely associated with numerous 
mitochondrial complexes (Fig. 19) (Hootman 
and Conte, 1975; Conte, 1984). These mem
brane infoldings occupy most of the cell 
(Figs. 19, 20) (Hootman and Conte, 1975). 
The cells are also very rich in mitochondria. 
However, unlike the epithelial layer underly
ing the epipod cuticle, and contrary to earlier 

reports that mentioned two distinct cell types 
(light and dark), the salt gland epithelium 
consists of a single cell type that exhibits api
cal to basal polarity (Hootman and Conte, 
1975; Lowy and Conte, 1985; Criel, 1991a). 
These cells also differ from epipod epithelial 
cells in having large numbers of yolk platelets 
(Figs. 18, 19) (each of which contains a 
unique storage product, a symmetrical pyro
phosphate ester) and large quantities of glyco
gen granules (Hootman and Conte, 1975; 
Lowy and Conte, 1985). These two features 
apparently provide the larvae with "unique 
metabolic advantages" for adenosine triphos
phate (ATP) production (see Conte, 1984). 
The cells can be divided into three zones: 
basal, central, and apical (Fig. 19) (Hootman 
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Fig. 18. Low-magnification TEM of an isolated dorsal organ (salt gland) from an Artem/a nauplius. (From 
Lowy and Conte, 1985.) Arrow indicates contact between two cells. Ap, apical surface; Bl , basolateral 
surface; cu, cuticle; dc, damaged cytoplasm (caused by removal of organ from animal); m, mitochondria; n, 
nucleus; tb, transition band; tl, tubular labyrinth; yp, yolk platelets. Scale bar = 10 jjim. 

and Conte, 1975). The basal zone contains 
most of the nuclei, yolk platelets, and other 
storage products. The central zone contains 
lightly staining cytoplasm, an abundance of 
mitochondria, and fewer yolk and storage 
products. The apical zone has darker staining 
cytoplasm than the central area and fewer mi
tochondria. Each cell has a large nucleus with 
two to five prominent nucleoli. Other cyto
plasmic inclusions observed by various au
thors are Golgi complexes, multivesicular 
bodies, and smooth and rough ER. Interest
ingly, most authors state that there is no base
ment membrane underlying these epithelial 
cells (Fig. 19), so that the cells are directly 
bathed by the hemolymph. Consequently, 
their only contact is with adjacent cells (via 
apical septate junctions) and with the overly
ing cuticle, but attachment to the cuticle is 
strong, evidenced by the fact that disruption 
of the cell-cell attachment by removal and 
bending of the entire gland does not result in 
detachment of cells from the cuticle (Lowy 
and Conte, 1985). The hemocoelic cell sur
face is relatively smooth and rounded, with 
slight protrusions possibly representing tubu
lar labyrinth and internal yolk platelets (Lowy 
and Conte, 1985). 

The necessity of a salt regulatory organ in 
Artemia is underlined by the dramatic shift 
from reliance on the larval salt gland to reli
ance on thoracic epipods, accompanied by the 
disappearance of the larval salt gland, which 
occurs immediately upon completion of the 
last instar (Clegg and Conte, 1980). 

Function of the organ is now well known in 
Artemia, where it is justifiably called a larval 
salt gland based on numerous physiological as 
well as morphological studies (e.g., see re
view in Conte, 1984). This function is also 
supported by "micropuncture studies" (Rus-
sler and Mangos, 1978) and by the finding of 
Na"^/K"^-activated ATPase in the organ, 
mostly on the apical and basolateral cell 
boundaries (Conte et al., 1977; Conte, 1984; 
Criel, 1991a). The presence of a small muscle 
that apparently inserts in the central region of 
the gland is curious (Hootman and Conte, 
1975, fig. 1). Lowy and Conte (1985) note 
flexion of the organ, probably as a result of 
this muscle, during naupliar swimming, per
haps helping to force water across the cuticu-
lar surface. The organ probably functions in 
osmoregulation in other orders as well, but 
there may be other functions. Adhesion has 
been suggested in some cladocerans, and oc-
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Fig. 19. Transverse section through dorsal organ (salt gland) of Artemia nauplius in situ. (From Conte, 
1980.) apM, apical membrane amplification; bM, basal cell membrane; Cut, cuticle; Gly, glycogen gran
ules; Hae, hemocoel; IM, lateral cell membranes; N, nucleus; Yok, yolk platelet. x4,800. 

curs at least in Sida, but the ultrastructural 
details of the attachment mechanism, and thus 
the role of the dorsal organ, are unknown. 

Knowledge of ultrastructure in nonanostra-
can orders is restricted to the Spinicaudata 
(Rieder et al., 1984), Anomopoda (Halcrow, 
1982), Onychopoda (Monoyer and Bussers, 
1978; Potts and Duming, 1980; Meurice and 
Goffinet, 1982, 1983), and Haplopoda (Hal
crow, 1985). Rieder et al.'s (1984) descrip
tion of the organ in the spinicaudatan Limna
dia lenticularis, in which the organ is borne 

on a peduncle (diagnostic of the family Lim-
nadiidae. Figs. 16G, 17B), differs from the 
above account of Artemia. For this species, 
Rieder et al. described five different cell types 
in the organ's epithehum (Figs. 21, 22A). A 
central cell, containing many mitochondria 
and ribosomes and having well-developed mi
crovilli, is surrounded by a ring of two other 
cell types, which have fewer organelles. Un
like Artemia, Limnadia has four nerve fibers 
(Figs. 21C, 22A) that extend through the epi
thelium to the overlying cuticle (Rieder et al., 
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Fig. 21. Pedunculate dorsal organ in the spinicaudatan Limnadia lenticularis. (From Rieder et al., 1984.) 
A: Central cell (Z) is rich in mitochondria and appears more dense than surrounding intermediate cells (I, II). 
Note apical microvilli visible at upper right. X3,800. B: Neurons (N) extending through organ and 
branching just beneath overlying cuticle. >• 3,800. C: Higher magnification of neurons (N) extending to 
cuticle. Arrow marks base of dendrites. X9,500. 
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Fig. 22. Reconstruction of dorsal organ in spinicaudatans and 
onychopods. A: Pedunculate dorsal organ of Limnadia lenticu-
laris (Spinicaudata). (After Rieder et al., 1984.) Note pair of 
nerve cells (N) extending to cuticle, central cell (Z), intermedi
ate cells (I, II), and ring cells (R) underlying region of cuticular 
specialization. B: Dorsal and oblique views of organ in Evadne 

nordmanni (Onychopoda) showing eight cells underlying thin 
"window" of cuticle. C: Diagram of possible routes of ion 
movements through dorsal organ in sea water (sw) and fresh 
water (fw). Solid lines imply active transport, dashed lines pas
sive diffusion. (B, from Potts and Duming, 1980, after Dejdar, 
1931; C, after Potts and Duming, 1980.) 

1984), although there is no external indication 
of four sensory pits as seen in decapod larvae 
and syncarids (and perhaps laevicaudatans; 
Martin and Belk, 1988; Martin and Laverack, 
in press). Curiously, Henry (1948) (figure re
peated in Horridge, 1965c) also figured a 
nerve extending to this organ in the notostra-
can Triops (as Apus), possibly suggesting a 
sensory role, and daphniids also have such a 
nerve (Fig. 116A). Based on the ultrastruc-
ture of these cell types in spinicaudatans, 
Rieder et al. suggested that the organ func
tions in the regulation of chloride ions. The 
structure is apparently the same in the family 
Leptestheriidae, although it was not illus
trated (see Rieder et al., 1984). 

The organ is rather well known in develop
ing daphniids (order Anomopoda). Halcrow 
(1982) described the organ in an SEM exami
nation of developing Daphnia magna, in 
which species the organ is known only from 
the first instar, and recognized light and dark 
cells (Fig. 24A,B) plus peripheral cells (Fig. 
23B). As in larvae of Artemia, the cuticle on 
the periphery of the organ (the transition 
band) stains very darkly (Fig. 23B), and the 
surface area of the apical and basal cell mem
branes is greatly increased by microvilli and 
membrane infoldings (Figs. 23A, 24A,B). 
Mitochondria with prominent cristae are 
abundant, much more so in the dark (Fig. 
24A) than in the light (Fig. 24B) cells, and the 
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Fig. 23. Dorsal organ in Daphnia magna. (From Halcrow, 1982.) A: Frontal section of dark and light cell 
microvilli, some of which contain mitochondria (arrows). X23,700. B: Junction of dorsal organ with 
adjacent epidermal cell. Perimeter cell (arrow) separates them and is overlain by densely staining cuticle 
(transition band). X 15,600. 
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Fig. 24. Microvilli of light and dark cells in dorsal organ of Daphnia. (From Halcrow, 1982.) A: Dark cell. 
Note mitochondrion within microvillus (arrow) and branching of some microvilli. x24,100. B: Light cell. 
Note close packing of microvilli (arrow). x35,700. 

two cell types differ also in the type and 
amount of apical microvilli. Dark cell mi
crovilli may branch irregularly, are smaller in 
diameter, and are not as close to one another. 
In most of the above features, the dorsal organ 
of Daphnia resembles that of larvae of Ar-
temia. But they differ in that Daphnia has no 
mitochondrial pump (Copeland, 1966, 1967), 
the microvilli are more distinct and uniform in 
appearance, and mitochondria are found 
within the apical microvilli (Halcrow, 1982). 
The overlying cuticle is lamellate, seen more 
easily in oblique sections (Fig. 23B), but is 
much thinner than that of the surrounding epi
dermal cells. 

The organ in the Haplopoda (Leptodora) is 
a dorsal oval or saddle-shaped structure lo
cated posteriorly to the eye, closer to and be
tween the bases of the second antennae (Fig. 
25A). Halcrow (1985) noted that in gross 
morphology it is similar to the organ in other 
branchiopods, in that the epidermis has two 
types of squamous cells that differ in electron 
density (dark and light cells. Fig. 25B), abun
dant mitochondria containing tubular cristae, 
extensive interdigitations and infoldings of 
the basal membranes (Fig. 25C,D), and a thin 
overlying cuticle separated from surrounding 
cuticle by a narrow, very dense border (Fig. 
25C, arrow). However, the organ in Lepto-
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Fig. 25. Dorsal organ in Leptodora kindtii (Haplopoda). cuticle (transition band of some authors) separating organ from 
(From Halcrow, 1985.) A: Head, silver stained, showing surrounding cuticle. Scale bar = 1 \i.m. D: Transverse section 
heavily stained dorsal organ (arrow). x50. B: Transverse sec- through light cell showing two of several infoldings of basal 
tion through part of dorsdl organ showing junction between light membrane (arrows). Scale bar = 1 \y.m. C, cuticle; H, hemo-
(L) and dark (D) cells. Scale bar = 1 \i.m. C: Transverse section coel; L, light cell; P, perimeter cell, 
through perimeter of organ. Arrow indicates densely stained 
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dora differs in that on the apical surface of the 
cells there are no microvilli, whereas these 
nearly cover the apical epidermal cell surface 
in larvae of Artemia (e.g., Hootman and 
Conte, 1975) and in juvenile Daphnia (Hal-
crow, 1985). Halcrow (1985) suggested that 
this difference might indicate a difference in 
metabolic activity and/or the fact that the or
gan in Leptodora is so large (and therefore 
there is less of a need to increase cell surface 
area to the extent seen in the other ta.xa). 
Function was assumed by Halcrow (1985) to 
be in ion regulation, based on cell structure 
and similarities with the Artemia organ, rather 
than respiratory, as had been suggested earlier 
(e.g., Sebestyen, 1931). 

The marine genera Evadne and Podon (On-
ychopoda) and some related genera also bear 
a dorsal organ (Fig. 16K,L), which earlier 
was assigned a respiratory function (Mor-
dukhai-Boltovskoi, 1968) or a glandular func
tion (Monoyer and Bussers, 1978), but in 
these genera the organ has since been shown 
to function in ion transport (Potts and Durn-
ing, 1980). The cuticular border in both gen
era is obvious (Fig. 22B), and like the above-
mentioned groups there are no pits or pores 
evident. But there are some differences from 
what has been described for the dorsal organ 
of Artemia. In Evadne and Podon, the organ 
consists of only eight cells found "beneath a 
thin window in the exoskeleton" (Potts and 
Duming, 1980) (Fig. 22B). As in Artemia, 
the cells are rich in mitochondria, which, 
along with an elaborate endoplasmic reticu
lum, occupy almost the entire cell. The ER 
tubules or lacunae are confluent with the ex
tracellular fluid through infoldings of the 
basal and lateral cell membranes (Potts and 
Durning, 1980), and in this aspect the cells 
are similar to the salt-regulating cells of Ar
temia % salt gland and thoracic epipods. In
deed, Potts and Duming (1980) assumed ho
mology with the Artemia salt gland and 
believed that the presence of this "larval" or
gan in adult onychopods (which have no lar
val stages) was a case of paedomorphosis. 
Potts and Duming (1980) also discussed other 

circumstantial evidence suggesting an osmo
regulatory function; the osmolarity of the he-
molymph was shown by Khlebovich and Ala-
din (1976) to be equal to that of the 
"marsupial fluid" (within the brood pouch 
fonned by the modified carapace) of Evadne 
prior to development of this organ, after 
which time the brood pouch fluid rose in con
centration compared to the surrounding sea 
water. Finally, Potts and Duming (1980) 
noted how easily an organ specialized for salt 
excretion could be modified for salt uptake, 
the hypothesized role of this organ in freshwa
ter onychopods and perhaps other branchio-
pods (Fig. 22C). 

In some Laevicaudata, the organ displays a 
4 + 1 arrangement of bumps or pits (Fig. 
17C,D) (Martin and Belk, 1988), which is 
remarkably (but perhaps superficially) similar 
to the structure of the dorsal organ in syncar-
ids and larval decapods (Martin and Laver-
ack, in press). In the syncarids and decapods, 
a central pit or pore is surrounded by the four 
peripheral pits, and this is not seen in the 
Laevicaudata. Although a central "bump" is 
sometimes seen (Martin and Belk, 1988), 
there is never a pore. 

It is interesting to note that the Upper Cam
brian Rehhachiella kinnekiillensis from the 
Orsten fauna of Sweden, a marine species 
close to the anostracan lineage of the Branchi-
opoda, may have a dorsal organ (Walossek, in 
press). Early developmental stages of this 
species bear a conspicuous platelike area on 
the head shield, and Walossek (in press) de
scribes two pairs of pits or pores on this plate 
and discusses the similarity of the organ in 
Upper Cambrian and Recent branchiopods. 

GLANDS AND SECRETIONS 

Branchiopods exhibit a wide diversity of 
glands or glandlike stmctures, the function of 
which in many cases is incompletely known. 
Several of these structures are treated in other 
sections (e.g., see Reproductive Components 
for shell and accessory glands; Excretory Sys
tem for antennary and maxillary glands; In
tegument for integumentary glands and dorsal 
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Fig. 26. Labral glands in the Anostraca and Spinicaudata. A: 
Labrum of developing (stage 24) Branchinecta ferox (Ano
straca). (From Fryer, 1983.) B-E: Labral glands of the spinicau-
datan Caenestheriella. (After Larink, 1972.) B: Head of Cae-
nestheriella, showing location of labral and similar head glands. 

C-D: Lateral (C) and dorsal (D) views of labrum of Caenesthe
riella. E: Light microscopy of labrum of Caeiii'\'lheriella. A, 
compact syncytial type A glands and their exit ducts (arrows); 
a l , first antenna; a2, second antenna; B, diffuse type B glands; 
cd, cuticular duct of type A glands; d, duct of type B glands; 
DCLG, duct cell of labral gland; DCN, duct cell nucleus; DLG, 
exit duct of labral gland; ELG, exit of labral gland reservoir; 
FSH, fibrous sheet suspending labral glands; lab, labrum; LG, 
labral gland; m, muscle; RLG, reservoir of labral glands; SC, 
sphincter cells; S Fib, suspensory fibrils; SL, upper (morpholog
ically ventral) surface of labrum. 

organs; and Digestion for digestive ceca). A 
few known glands have been omitted because 
I have been unable to locate adequate anatom
ical treatments; an example is the transitory 
mandibular gland that appears early in ontog
eny but has disappeared by the adult stage in 
Anemia (Warren, 1938). 

Labral Glands 

The labrum in most branchiopods is large 
and fleshy, and labral glands typically exist as 
paired structures with clearly defined ducts 

exiting on the posterior (functionally upper) 
labral surface (e.g., Bernard, 1892; Now-
ikoff, 1905; Cannon, 1922, 1935b; Eriksson, 
1934; Nicholson and Yonge, 1935; Dornesco 
and Steopoe, 1958; Fryer, 1962, 1983, 
1991a; Martin, 1989a). The exception is the 
Notostraca, where the labrum is a flat shield
like plate that apparently contains no glands in 
adults (Fryer, 1987c, 1988). Although labral 
glands might best be considered part of the 
integument, as the ducts actually exit the 
body, or perhaps part of the feeding system, 
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as they clearly play a part in ingestion of par
ticulate matter in several groups, I have 
treated them separately here because their ex
act function(s) remain uncertain in some taxa. 
Labral glands occur in all anostracans. at least 
in developmental stages. Even in nonfiltering 
species such as Branchinecta ferox, the 
glands exist but degenerate by the adult stage, 
not surprising in light of the fact that adults of 
Branchinecta ferox are predators and no 
longer need an entangling fluid for binding 
particulate matter (see Fryer, 1983), but the 
glands persist in filtering species. For early 
stages of Branchinecta ferox. Fryer (1983) 
described three glands (Fig. 26A), with the 
medial one degenerating before the two lat
eral glands during ontogeny. Each gland has 
an associated duct formed by two duct cells 
and exiting on the ventral (functionally upper) 
surface of the labrum, and a rather large reser
voir presumably acting as a storage site for the 
secretory product (Fig. 26A). Labral glands 
are present in all conchostracan families 
(e.g., Shakoori, 1968; Martin et al., 1986; 
Martin, 1989a) and were described in some 
detail by Larink (1972), who recognized, in 
spinicaudatans, two different types (Fig. 
26C-E). Type A glands are compact and form 
a syncytium containing numerous and "often 
ramified" nuclei; Larink (1972) found three of 
these, each with a "cuticular duct," in the 
distal region of the labrum in the cyzicid 
Canestheriella. More basally located are type 
B glands, described by Larink (1972) as being 
diffuse, with small unramified nuclei and 
with no reservoirs but with two ducts per 
gland. Curiously, Larink also reported addi
tional type B glands on either side of the head, 
but these apparently have no connection with 
the labral glands (Fig. 26B). Labral glands are 
also well known for all of the "cladoceran" 
groups (Figs. 27, 28). Cannon (1922) first 
adequately described the gland cells in Simo-
cephalus, and Sterba (1957a) added the ob
servation that the large nuclei of the gland 
cells become highly polyploid through en-
domitosis; indeed at 2,048-ploid these cells 
have "perhaps the highest ploidy of any 

known cells" (Fryer, 1991a: 39). Labral 
glands and their secretions in the Anomopoda 
have been extensively discussed in a series of 
papers by Fryer (1962, 1963, 1968, 1974, 
1991a). Although present in nearly all taxa, 
they may not always be secretory; Fryer 
(1968) mentioned several curious cases, such 
as Alonopsis elongata, in which the labral 
glands and associated ducts are well devel
oped (Fig. 28C) but no secretions have ever 
been observed. It is possible in this and other 
species that copious secretions from the trunk 
limb glands (see below) have assumed the 
role of the labral gland secretions. In some 
macrothricids (Fig. 27A,B), the reservoirs of 
these glands are enormous, sometimes ex
tending dorsally into the head (e.g., some 
species of Macrothrix, Onchobunops, and 
Slreblocerus;Ftyer, 1974). Recent ultrastruc-
tural studies of labral glands in daphniids 
(Zaffagnini and Zeni, 1987) indicate that at 
least some anomopod labral glands exist as 
three "distinct functional units on each .side" 
of the labrum, the units being: (1) several 
cells at the base of the head, (2) two large 
cells at the base of the labrum and a large cell 
("cell A") in the median part of the labrum, 
and (3) one large cell ("cell B"), also located 
medially (Fig. 29A). These three functional 
units, which are comparable to the class 3 
category of insect exocrine glands (Noirot and 
Quennedey, 1974), do not appear to corre
spond closely to Larink's (1972) description 
for cyzicid spinicaudatans. Contrary to previ
ous accounts of cladoceran labral glands, the 
gland cells in Daphnia do not occur in a syn
cytium (Zaffagnini and Zeni, 1987). All cells 
except "cell B" (which contains a distinctive 
and unusual cytoplasmic ultrastructure that is 
not yet fully understood) contain well-devel
oped rough endoplasmic reticulum and Golgi 
complexes (Fig. 29B). Activity of the Golgi 
complexes changes during the molting cycle 
and differs among the cell types. 

Cells at the base of the head have well-
defined plasma membranes and are usually in 
close contact, but occasionally may be sepa
rated by a slight space containing electron-
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dense material (Fig. 29C). Their cytoplasm 
contains free ribosomes, polymorphous mito
chondria (some of which are "giant," accord
ing to Zaffagnini and Zeni), numerous tubular 
cristae, many large Golgi complexes (dictyo-
somes), and well-developed RER organized 
in parallel tubes; the latter are especially obvi
ous in the more interior cells bathed directly 
by the hemolymph (Fig. 29B-D). Those cells 
at the base of the head that are in contact with 
the cuticle additionally contain pinocytotic 
vesicles. 

The pair of large anterior gland cells near 
the base of the labrum bears several interest
ing features (Fig. 30), including a visible 
plasma membrane (in contrast to Cannon's 
[1922] view) that is thin, sinuous, and widely 
separated in the middle region of the zone of 
contact (Fig. 30A), possibly delimiting what 
Cannon (1922) thought was a poorly defined 
reservoir of secretion (Zaffagnini and Zeni, 
1987). However, at the beginning of this zone 
and intermittently along its length, the cell 
membranes are bound by intermediate junc
tions, or "zonulae adherentes" (Zaffagnini 
and Zeni, 1987: 24). Cytoplasm of these cells 
is rich in free ribosomes, RER, Golgi com
plexes (Fig. 30C) with associated electron-
dense microvesicles (some of which are inter
connected by a tubular component) adjacent 
to distal cistemae, variously shaped (some
times cup-shaped) mitochondria, and auto
phagic vacuoles (Fig. 30D) (see Zaffagnini 
and Zeni, 1987, for further details). 

Fig. 27. An example of large labral glands with enormous 
reservoirs in a macrothricid (Anomopoda), Ophryoxus gracilis. 
(From Fryer, 1974.) A: Transverse section through second trunk 
limbs, anterior view. B: Longitudinal section left of midline, as 
seen from inside, showing extent of large reservoir (R1) of trunk 
limb I containing entangling secretion. 4', remotor roller mus
cles of mandible; AM. adductor muscle of carapace; ATLl. 
armature of trunk limb 1; C, carapace; CC, carapace cuticle; 
DMG, duct of maxillary gland; EMG, end sac of maxillary 
gland; END, endoskeleton; EP, epidermis; EP2, epipod of trunk 
limb 2; FG, food groove; FIB, suspensory fibers; GC, gland 
cells: GTL2, gnathobase of trunk limb 2: HT, heart; Mand, 
mandible; MG, midgut; MSH, muscle sheath; Mx, maxilla; 
MxUe, maxillule; NC, left ventral nerve cord; OV, ovary; PGC, 
gland cells within cavity of limb; R1, enormous reservoir of 
trunk limb 1; SIL, setae of inner lobe of trunk limb 1; TL 1-4, 
trunk limbs 1^; VLM, ventral longitudinal trunk muscles. 

The posterior pair of cells (Fig. 31 A) in
cludes two different types (cell A and cell B 
of Zaffagnini and Zeni, 1987). The cytoplas
mic ultrastructure of the anteroventral cell 
(cell A) is very similar to that of the cells of 
the anterior gland cells (above). Cell B differs 
markedly from cell A, and thus from the ante
rior gland cells, in that the cytoplasm between 
the nucleus and the cell membrane closest to 
cell A contains "large circular areas of a 
slightly electron-dense granular matter" 
(Zaffagnini and Zeni, 1987: 27). This area of 
cytoplasm lacks Golgi complexes, has fewer 
and smaller mitochondria, contains large cir
cular areas of electron-dense matter, and 
"probably corresponds to the zone of accumu
lation of secretion vacuoles described by pre
vious investigators" (Zaffagnini and Zeni, 
1987: 27). Remaining cytoplasm in cell B 
bears few, large Golgi apparati, short tubules 
of RER, and normal-sized mitochondria. 

The labral gland secretions were assumed 
by Zaffagnini and Zeni (1987) to flow into the 
hemolymph after accumulation in large inter
cellular spaces, which, if true, is very un
usual. The four larger cells (the pair at the 
base of the labrum and cells A and B) are in 
contact with a duct cell (Fig. 31 A) or possibly 
several duct cells characterized by a marked 
infolding of the plasma membrane (Fig. 
31B,C) (Zaffagnini and Zeni, 1987). A nar
row lumen is formed by the duct cell(s) (Fig. 
31A-C), but no passage of substance from the 
glands to the duct cell(s) was observed. 

The secretory product of the labral glands 
in many branchiopods functions to entangle 
food particles to facilitate handling by the 
mouthparts and ingestion. This function was 
first suggested by H.G. Cannon for a variety 
of branchiopod groups (e.g.. Cannon, 1922, 
1924, 1928, 1933, 1935b) and has been con
firmed for many anomopods (e.g.. Fryer, 
1962, 1963, 1968, 1974, 1991a; Zeni and 
Franchini, 1990). In anomopods, the copious 
secretions are mixed with food particles by 
actions of the maxillules and lobes of the first 
trunk limbs; these secretions may work in 
conjunction with secretions from more poste-
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Fig. 28. Labral glands in the Chydoridae (Anomopoda). (Af
ter Fryer, 1968.) A: Median longitudinal section through 
Pseudochydorus globosus showing limbs modified for grasping, 
dragging, pushing, and forking, and labral gland secretions 
(LGS) near maxillule (Mxlle). B: Horizontal slice through la-
brum of Peracantha truncata showing large reservoirs (RLG) 
storing entangling secretions of labral glands secretory product 
(LGS) exiting from ducts. C: Horizontal slice through region of 
labrum and first trunk limbs of Alonella elongata, showing 
well-developed labral glands, which have not been observed to 
produce secretions, and copious production of entangling secre
tions from trunk limb 1. ACM, anterior carapace margin; 

ADGC, anterior distal gland cells; C, carapace; CC, carapace 
cuticle; DG, duct of labral glands; DS3, distal scraping spines of 
trunk limb 3; EP, epidermis; GP2-5, gnathobasic plate of trunk 
limbs 2-5; H, large hook of trunk limb 1; IGS, internal gna
thobasic spine; K, keel of labrum; L, labrum; LGS, labral gland 
secretions; Mand., mandible; Mxlle, maxillule; OE, esophagus; 
PDGC, posterior distal gland cell; R l , reservoir of trunk limb 1 
containing entangling secretions; RLG, reservoir of labral 
gland; S1, entangling secretion issuing from trunk limb 1; 
SP6-7, modified sixth and seventh spines of endite 2 (see Fryer, 
1968); TL l -5 , trunk limbs 1-5. 



Fig. 29. Labral glands of Daphnia obtusa (Anomopoda), base 
of the head. (From Zaffagnini and Zeni, 1987.) A: Cro'is section 
at the level of the base of the head. Scale bar = 40 |JLm. B: 
Gland cells of the head base in contact with epidermis. Scale 
bar = 1 |jLm. C: Contact zone between gland cells at head base 
showing enlarged portion of intercellular space (is) filled with 
slightly electron-dense matter. Scale bar = 1 |jLm. D: Golgi 

complex of gland cell at head base. Scale bar = 0.5 |JLm. av, 
autophagic vacuole; c, cuticle; do, dilator muscles of esophagus; 
e, epidermis; ec, epidermal cell; G, Golgi complexes; gcap, 
gland cells of anterior pair of labrum; gcbh, gland cells at base of 
the head; gm, giant mitochondrion; m, mitochondria; n, nu
cleus; nu, nucleolus; oc, old cuticle; pm, plasma membrane; rer, 
rough endoplasmic reticulum. 
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Fig. 30. Labral glands of Daphnia obtusa, anterior pair. 
(From Zaffagnini and Zeni, 1987.) A: Detail of central contact 
zone. Membranes are sinuous and far apart, forming wide inter
cellular spaces (is) and joined by intermediate junctions (arrows) 
when in contact. B: Cytoplasm of gland cell showing RER 
arranged in parallel tubules. C: Golgi complex of gland cell. D: 

Features of autophagic vacuoles of gland cells, including struc
tures unique to newly formed vacuoles (a,b), vacuole in which 
the cytoplasmic content is undergoing degeneration (c), and 
vacuole containing one mitochondrion not yet degenerated (d). 
Scale bars = 0.5 \x.m. vG, vesicles from Golgi complex. 
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Fig. 31. Labral glands of Daphnia obtusa, cross section 
through labrum during stage of new cuticle secretion. (From 
Zaffagnini and Zeni, 1987.) A: Low magnification showing 
location of posterior pair of cells (cell A) on either side. Scale 
bar = 40 jjim. B: Cross section of duct cells (dc in A) at same 
level as in A. Note no direct communication between duct cell 
(delimited by new cuticle, nc) and zone of vesicles from Golgi 
complex of cell A. Scale bar = 0.5 \i.m. C: Detail of B showing 

two types of junctions, septate (sj) and intermediate (ij), along 
infolded portion of plasma membrane of duct cell. Scale 
bar = 0.25 \i.m. dc, duct cell; G, Golgi complex; ij, intermedi
ate junction; m, mitochondrion; mb, mandible; mu, muscle; n, 
nucleus; nc, new cuticle of duct; oc, old cuticle; pm, plasma 
membrane of gland cell; rer, rough endoplasmic reticulum; sj, 
septate junction; vG, accumulation zone of vesicles from Golgi 
complex. 
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Fig. 32. Nerve fiber between the two cells of the anterior pair of labral glands of Daphnia. Three 
presynaptic zones are visible (arrows). (From Zeni and Zaffagnini, 1988.) 

rior trunk limb glands in some anostracans 
and anomopod cladocerans (Fryer, 1962, 
1983, 1991a). The secretions are largely gly
coproteins (Zeni and Franchini, 1990). At 
least in daphniids, the secretory product has 
been suggested to contain, in addition, prote
olytic enzymes and possibly even hormones 
(Zaffagnini and Zeni, 1987), although neutral 
polysaccharides that do not seem to be enzy
matic are also present (Fryer, 1991a), and 
Sterba (1957a,b) found no evidence for diges
tive enzymes. Schram (1986), attempting to 
explain why some species that on preliminary 
inspection might not seem to need an aggluti-
nizing agent (e.g., the scavenging Pseudo-
chydorus globosus) nevertheless have large 
glands, suggested the possibility of a surfac
tant in such secretions, but such a compound 
has not yet been identified. Finally, "the idea 
that the labral glands may control the metabo
lism (molt cycle?) and with it the maturation 
of the ovaries" was considered a valid hypoth
esis by Zaffagnini and Zeni (1987: 33). Zaf
fagnini (1964) attributed to these glands (in 

particular to the cells at the base of the head) a 
possible endocrine function, but that has not 
yet been demonstrated. 

Innervation of labral glands was first sug
gested by Cannon (1922) for the daphniid 
anomopod Simocephalus and recently was 
confirmed by Zeni and Zaffagnini (1988) for 
Daphnia obtusa (Figs. 32, 33). Nerve fibers 
innervate both pairs of gland cells of the la-
brum, but not the gland cells at the base of the 
head (which may have some endocrine func
tion, and have even been suggested to aid in 
the formation of cuticle; see Zaffagnini, 
1964, and Zaffagnini and Zeni, 1987); neu
ronal contact is on the cell membranes on the 
surface of the cell or within infoldings of the 
plasma membrane. Axonal processes are ei
ther single or double and lack glial wrappings, 
contacting the cells as naked sheaths (Zeni 
and Zaffagnini, 1988). Nerve fibers contain 
round or oval vesicles that vary in size and 
density, ranging in size from 46-100 nm 
(most often 70-80 nm) for larger, more gran
ular vesicles with electron-dense cores, and 
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Fig. 33. Innervation of the labral glands of Daphnia. (From 
Zeni and Zaffagnini, 1988.) A: Transverse section of two axons 
at level of cell A of posterior pair of labral glands, with one axon 
presenting a presynaptic area (arrow). B: Oblique section of two 
axons deep within infolding of plasma membrane of cell A of 

posterior pair of labral glands. C: Two axons in contact with cell 
B of posterior pair, in proximity of cell A. Black arrow indicates 
presynaptic area facing cell A; white arrow indicates presynaptic 
area facing cell B. A, cell A of posterior pair; B, cell B of pos
terior pair; is, broad intercellular space; p, projections of cell A. 
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23-42 nm for smaller, usually clearer vesi
cles. These vesicles possibly contain biogenic 
amines and are bound by a distinct membrane 
(Zeni and Zaffagnini, 1988). Some areas of 
the axoiemma are characterized by greater 
electron density along the contact zone; these 
hemidesmosomelike areas, roughly 200-300 
nm in diameter, were thought by Zeni and 
Zaffagnini (1988) to be presynaptic special
izations of the axonal membrane, possibly 
neurotransmitter release sites. The report of 
innervation of this gland in branchiopods is 
only the third known case of innervation in 
any crustacean epidermal gland, the other 
cases being in tegumental glands of a mysta-
cocarid and the rosette glands in the gills of a 
decapod (Zeni and Zaffagnini, 1988). The 
finding suggests that the rate of secretion, and 
therefore the rate of ingestion, may be regu
lated by the cerebral ganglion. 

"Giant" Thoracic Gland Cells and Trunk 
Limb Glands 

Anostracans have at the base of each trunk 
limb a "pair of enormous gland cells" (Fryer, 
1983: 307) that can be seen easily in living 
animals (e.g., Spangenberg, 1875; Claus, 
1886; Cannon, 1933; Domesco and Steopoe, 
1958;Benesch, 1969; Fryer, 1983). Although 
both Debaisieux (1952) and Dornesco and 
Steopoe (1958) referred to these "integumen
tary" glands as abdominal, they are clearly 
thoracic (Fryer, 1983). Additional smaller 
gland cells are also present. There is one 
small gland cell "packed with concretions" 
situated between the two larger cells, and two 
other cells that constitute the duct leading 
from the gland to the opening on the wall of 
the food groove (Fryer, 1983). The duct in 
Chirocephalus, and I assume in most anostra
cans, consists of one elongate cell and one 
much smaller cell that connects the proximal 
end of the duct to the small concretion-bear
ing cell (Domesco and Steopoe, 1958). Fryer 
(1983) pointed out that these cells have been 
known since Claus's (1886) time to be "inti
mately associated with the segmental ganglia 
of the ventral nerve cords." These cells appar

ently produce mucus, possibly for entangling 
food particles as do the labral gland secretions 
(Domesco and Steopoe, 1958; Fryer, 1983). 

An arrangement of glandular cells, similar 
to what is described above, also is found 
within the proximal endite (gnathobase) of 
each of the trunk limbs in anostracans. These 
glands have been termed trank limb glands or 
thoracopodal glands by several workers. The 
similarities lead me to believe that these 
glands are homologous to the gland cells of 
the thorax described above. The small cell 
bearing concretions is present, as are the other 
two cells and the duct cells. However, not all 
authors are in agreement as to which of the 
cells bears concretions, and Criel (1991a) 
stated that "all authors find one large and two 
small gland cells" in Artemia, slightly differ
ent from Fryer's (1983) description for tho
racic gland cells of Branchinecta ferox. The 
five-cell arrangement may not be constant; 
Artemia apparently has three or four duct cells 
that link the three glandular cells to the out
side (Criel, 1991a, after Benesch, 1969, and 
Domesco and Steopoe, 1958). The opening 
of the duct is "at the base of a spine on the 
protoendite" (Criel, 1991a). These glands 
produce mucus, although less so than the 
glands at the base of the limb, but their exact 
function is not known (Domesco and Steo
poe, 1958; Fryer, 1983). Their function may 
differ according to habitat; Dornesco and 
Steopoe (1958) noted structural differences 
between these glands in saltwater-adapted Ar
temia and the traly freshwater species of other 
Anostraca. This could also be interpreted as 
indicating some osmoregulatory function. 
Trunk limb glands have not been reported 
from notostracans or either of the two concho-
stracan orders, but there are well-developed 
trunk limb glands, some of which are capable 
of producing and storing vast amounts of 
secretory fluid, in many anomopods. These 
glands and their secretory products have been 
documented and discussed by Fryer in chy-
dorids (1962, 1963, 1968) and macrothricids 
(1974). As an example, in the chydorid 
Alonopsis elongata, there is a trunk limb 
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Fig. 34. Tubular and glandular organs associated with the 
alimentary canal in certain Chydoridae (Anomopoda). (After 
Fryer, 1969.) A: Elongate tubular organ (T) and alimentary 
canal viewed from above right. B-E: Glandular organ. B: Glan
dular organ along alimentary canal, same view as in A. C: Part 
of posterior region of glandular organ showing arrangement of 

vesicles and villiform lining of lumen. D: Transverse section 
through glandular organ near posterior end. E: As in D but from 
adjacent section. A, alimentary canal; D, rectal diverticulum; G, 
glandular portion of tubular organ; L, lumen; M, median strand; 
T, tube of tubular organ; V, vesicles of glandular organ; VC, 
villiform cell; W, thin-walled portion of glandular organ. 

gland in the base of the first trunk limbs that 
opens on the anterior surface of the limb close 
to its dorsal extremity. The reservoir of these 
glands, which in life may appear as a shining 
vesicle (Fryer, 1968), is enormous, extending 
dorsally into the body and posteriorly as far 
back as the level of trunk limb 3. This spe
cies, and species of several other chydorid 
genera (see Fryer, 1968: table 3), also bears a 
similar gland in trunk limb 4, the duct of 
which opens on the inner surface of that limb 
(Fryer, 1963, 1968). The secretory product is 
an entangling fluid, probably similar in func
tion to that produced by the labral glands but 
apparently differing somewhat in chemical 
composition. Fryer (1968) noted that there 
was "no consistency in the staining reactions" 
of the secretions of (1) the labral glands of 
anoraopod cladocerans (Cannon, 1922; Fryer, 
1963), (2) the fourth trunk limb glands of 
Eurycercus (Fryer, 1963) and Alonopsis, and 
(3) the first trunk limb glands of Alonopsis, 
although all of the above secretions always 

stained blue with Mallory's after coming into 
contact with water. 

Tubular and Glandular Organs 

Fryer (1969) described two previously un-
described (although reported by Claus, 1876, 
and Weigold, 1910) organs that are associated 
with the alimentary canal in certain Chy
doridae (Anomopoda) (Fig. 34). Although the 
two organs differ in several structural aspects. 
Fryer assumed homology because of similar
ity in location (alongside the alimentary ca
nal). No taxon was found to have both types 
of organs, and in some chydorid genera nei
ther type exists; in other taxa (e.g., some spe
cies of Alona) there is only a small structure 
that may represent a precursor to, or vestige 
of, the organ(s). 

The first such organ, reported from Chy-
dorus, Peracantha, and Pleuroxus, is an 
"elongate tubular organ," a blindly ended 
tube that lies in the hemocoel, is kept in place 
by the proximity of other organs, and more or 
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less follows the path of, and passes between 
the loops of, the alimentary canal (Fig. 34A). 
Its blind anterior end extends as far forward as 
the level of the transverse mandibular mus
cles, but it turns posteriorly, ending at about 
the level of the loop of the alimentary canal. 
Posteriorly, it unites with the gut in the region 
of the rectum (Fig. 34A). The organ is almost 
circular in cross section, with more or less 
uniform diameter and thin walls throughout. 
It is most complex posteriorly, where it ap
pears more glandular and opens into the rectal 
region of the gut (or into the rectal diverticu
lum when such is present). Staining with Mal-
lory's produces different results (red-purple) 
in this region from what is seen in the anterior 
part of the organ (light blue). Fryer found no 
cellular or other inclusions in the lumen, 
which appeared always to be empty or "filled 
with a thin secretion." 

The second organ, widely distributed in the 
Chydoridae (at least some members of both 
major subfamilies) and reported from species 
of "at least seven, and probably more," chy-
dorid genera, is similar in location to the tubu
lar organ, but is much shorter and is appar
ently glandular in nature throughout its length 
(Fig. 34B), resembling the posterior region of 
the tubular organ described above (Fryer, 
1969; Gunzl, 1991). It differs from the above 
organ in not extending as far anteriorly, in not 
traversing to the right side of the trunk anteri
orly, and in showing histological differences. 
Posteriorly, this organ, which Giinzl (1991) 
refers to as the cecum, merges with the wall 
of the rectal diverticulum. Giinzl (1991) notes 
that both midgut and hindgut take part in cecal 
formation. In the region of the junction the 
walls of the organ are thick, especially dor-
sally, where the wall consists of a series of 
about 20 contiguous vesicles that stain red-
purple with Mallory's. The rest of the wall is 
thinner, and cells lining this region are drawn 
out into "thin-walled, villiform extension into 
the lumen" (Fig. 34C,D) (Fryer, 1969). 
Within each thick-walled vesicle is a non-
staining vertical strip of unknown composi
tion and function, which Fryer (1969) termed 
the median strand (Fig. 34D). The strand ex
tends throughout the entire length of the organ 

and may provide some structural support. A 
recent ultrastructural study (Giinzl, 1991) of 
the cecum (Fryer's glandular organ) of Alona 
affinis, with more detailed observations, illus
trations and micrographs, and documenting 
that the cecum consists of both epidermis and 
gastrodermis and is colonized by bacteria, 
came to my attention too late for inclusion of 
those figures. 

Although the function of the above glands/ 
organs is not known, one possibility sug
gested by Fryer (1969) is that they play some 
role in excretion and/or salt balance, since 
they lead from the open hemocoel to the rec
tum. Gunzl (1991) provides ultrastructural 
evidence, such as highly developed basal lab
yrinths of the five gastrodermal cell types, 
extensive mitochondria, and deep canaliculi 
lined with microvilli, that suggests excretion 
as well as water and solute transport in both 
midgut and cecum. 

CONNECTIVE TISSUE AND MUSCLE 
Endoskeleton 

The tendinous endoskeleton of branchio-
pods is a complex system that is closely 
linked to the development of the muscular 
system but has received little attention (Fryer, 
1983). The endoskeleton, which arises early 
in development from intersegmental bars, 
provides support and anchorage for trunk 
muscles and a site of origin for various extrin
sic muscles (Figs. 35-37). The system is 
composed of a series of struts and braces that 
allows considerable flexibility of the trunk, 
while at the same time providing the rigidity 
and stability necessary for swimming and 
feeding. Ventrally, at least in anostracans, a 
series of transverse intersegmental sheets 
termed transverse connecting ligaments 
(TCL, Fig. 37) by Fryer (1983) lie in a hori
zontal plane and are anchored to the ventral 
exoskeleton above the roof of the food 
groove. These strutlike supports provide ri
gidity to the trunk and brace the food groove 
itself. Additionally, there are tendinous sheets 
and apodemelike projections at intersegmen
tal nodes and a series of ligaments and ten
dons serving as anchorage points for vertical 
dorsoventral muscles, horizontal trunk mus-
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cles, dorsal and ventral longitudinal muscles, 
and muscles of the trunk appendages (see be
low). The endoskeleton in adult anostracans 
iBranchinecta) and its ontogeny were de
scribed in some detail by Fryer (1983), and I 
will not address this topic further here beyond 
reiterating Fryer's comment, which of course 
applies to all crustaceans and not just the 
anostracans: No real understanding of the 
musculature is possible without an under
standing of the endoskeletal system. The no-
tostracan endoskeleton, although not as well 
known as that of anostracans, appears to be 
basically similar to that of the anostracans 
(Fig. 35A). In the cephalic region, there are 
differences in the attachment sites of some of 
the muscles and in the origins and extent of 
development of certain intersegmental nodes 
and apodemes, but overall the system resem
bles that of Branchinecta described by Fryer 
(1983). This similarity is surprising in light of 
the "different functional demands made upon 
each system" (Fryer, 1988: 78), and Fryer felt 
this similarity was probably indicative of 
common ancestry rather than being attribut
able to convergent evolution. In the more 
compact conchostracans and cladocerans, 
various reductions and modifications exist. 
Hessler (1964) noted that, in general, the 
branchiopod cephalic endoskeleton is not 
composed of clearly defined transverse bars, 
as is seen in cephalocarids and phyllocarids, 
but rather places more emphasis on medial 
horizontal sheets, which he described as be
ing particularly obvious in the conchostracans 
Lynceus and Eulimnadia. Conchostracans, 
which possess well-developed carapace ad
ductor muscles (both spinicaudatans and lae-
vicaudatans), possess a vertical midsagittal 
sheet from which this large muscle originates. 
Hessler (1964) also noted that "there is great 
variation of morphology of the cephalic en
doskeleton within the branchiopods," and, 
because he did not include any of the former 
cladocerans in his comparative study, that 
variation must be increased when considering 
also the anomopods, ctenopods, onychopods, 
and haplopods. Although illustrations of the 
skeletomuscular system can be found in vari
ous morphological studies (e.g.. Fryer, 

1991a, on Anomopoda), there remains much 
to be learned about morphology and ontogeny 
of this system, particularly in the nonanostra-
can orders. 

Trunk Musculature 

General body musculature has been illus
trated mostly for anostracans (e.g., Claus, 
1886; Cannon, 1926; Hsu, 1933; Cassel, 
1937; Benesch, 1969; Fryer, 1983), while 
other taxa are less known. Selected examples 
of studies on other branchiopod orders in
clude Fryer (1988) for the Notostraca, Binder 
(1932) and Fryer (1968, 1974, 1991a) for the 
Anomopoda, and Shakoori (1968) for the 
Spinicaudata. 

In describing adult musculature in the anos-
tracan Branchinecta ferox, Fryer (1983) em
ployed the terminology used by Hessler 
(1964) in his excellent account on compara
tive crustacean skeletomusculature, and I 
have used that terminology and followed Fry
er's description here. Trunk musculature in 
notostracans (Fig. 35A) and anostracans 
(Figs. 35D,E, 36, 37) is basically similar, and 
is similar also to "a wide range of arthropods 
in which the segments are capable of move
ment relative to one another" (Fryer, 1983: 
280), while at the same time a certain stability 
for swimming must be maintained. There are 
large, paired, dorsal longitudinal muscle bun
dles (DLM) and ventral longitudinal muscles 
(VLM), and within each segment there are 
several dorsoventral and horizontal muscles 
that serve as "an internal girder system" 
(Fryer, 1983: 280) and that are "anatomically 
and functionally continuous with the extrinsic 
muscular system of the thoracic limbs." The 
dorsal longitudinal muscles (which according 
to Hessler [1964] serve no specialized func
tion in anostracans, thus explaining the un-
specialized nature of these bundles and their 
decreased size in the abdomen) originate in 
the head, with the anteriormost fibers in the 
posterior region of the mandibular somite and 
other fibers originating slightly more posteri
orly (Fig. 36). The more anterior of these 
fibers originate on the true endoskeleton, 
whereas some originate on intersegmental 
tendinous sheets, such as between the maxil-
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Fig. 35. Trunk musculature in selected orders. (After Hessler, 
1964.) A: Left half of body of Triops longicaudatus (Noto-
straca) medial view, with most limb muscles omitted. B: Trunk 
musculature of thoracic segments of Triops longUdudatus, same 
orientation as in A. C: Medial view of right half of body of 
Lynceus brachyurus (Laevicaudata) showing region around 
stalk connecting trunk to valves. Not all muscles shown. D: 
Medial view of right half of body of Eubranchipus vernalis 
(Anostraca). Muscles dvv and h insert on dorsal wall of food 

groove, indicated by light dashed line. E: Abdomen oiEubran
chipus vernalis. Not drawn to scale, dim and d l m l - 2 , dorsal 
longitudinal muscles; dva, anteriorly descending dorsoventral 
trunk muscle; dvp and dvpl-2, posteriorly descending dorso
ventral trunk muscles; dvv, vertical dorsoventral trunk muscle; 
dvx, anteriorly descending oblique dorsoventral trunk mus
cle; dvy, posteriorly descending oblique dorsoventral trunk 
muscle; h, horizontal trunk muscle; tadj, trunk adjustor muscle; 
vim and vlml-2, ventral longitudinal muscles. 

lary and first thoracic segments. As the paired 
DLM bundles extend posteriorly, with con
nections to the body wall in each somite, the 
muscle bundles twist with a four-segment pe
riodicity (Figs. 35D, 36), so that every four 
segments the muscle bundles are at the same 
relative position. The entire DLM system is 
suspended by transverse intersegmental tendi
nous sheets (DITS) and by numerous tendi
nous fibrils in each segment (shown only in 

segment four in Fig. 36). A slender, dorsal 
muscle bundle, the superior dorsal longitudi
nal muscle (SDLM), extends from approxi
mately the posterior region of the head poste
riorly throughout the abdomen, dorsal to the 
DLM system (Figs. 36, 37). The VLM are 
similar to the DLM in that they extend into, 
and are anchored in, the head, again originat
ing in the posterior end of the mandibular 
segment. This system is also suspended by 



BRANCHIOPODA 79 

SPM 1-3 DLM PDVM 

SFib 

Fig. 36. Median longitudinal section showing anterior trunk 
musculature and aspects of associated endoskeleton in develop
ing (stage 24) Branchinecta ferox (Anostraca). (After Fryer, 
1983.) 3, mandibular promotor; 4, mandibular re motor; 5c, 
transverse mandibular muscles; Al , antennule; A2, antenna; 
ADVM, anteriorly descending oblique dorsoventral muscle; 
AF, anchoring fibrils of endoskeletal sheets and ligaments; AS, 
anterior suspensory ligaments; Ca, gut ceca; CVLM, cephalic 
ventral longitudinal muscle; DAEM, dorsally originating ante
rior extrinsic trunk limb muscles; DIN, dorsal intersegmental 
node of endoskeleton; DITS, dorsal intersegmental tendinous 
sheet of endoskeleton; DLM, dorsal longitudinal muscle; 
DPEM, dorsally originating posterior extrinsic trunk limb mus
cles; E, compound eye; Endo, endoskeleton; Fib, tendinous 
fibrils; HM, horizontal muscle; L, labrum; Mand, mandible; 
Mand M, mandibular margin; Mx 1-2, first and second maxil

lae; Mxl PM, maxillulary promotor muscle; PDVM, posteriorly 
descending oblique dorsoventral muscle; PS, posterior suspen
sory ligament; Rem D, remnants of dorsal antennary muscles; 
SDLM, superior dorsolongitudinal muscle; S Fib, suspensory 
fibrils; SPM 1-3, suspensor muscles of ventral endoskeletal 
sheet; SPOB, suspensor of postesophageal bar; STMT, suspen
sor of transverse mandibular tendon; TLl, trunk limb 1; TMT, 
transverse mandibular tendon; TS, boundary of thoracic somite; 
VA, ventral anchor; VAEM, ventrally originating anterior ex
trinsic trunk limb muscle; VBDLM, ventralmost bundle of dor
sal longitudinal muscles; VDVM, vertical dorsoventral muscle; 
VIN, ventral intersegmental node of endoskeleton; VITS, ven
tral intersegmental tendinous sheet of endoskeleton; VLM, ven
tral longitudinal muscle; VPEM, ventrally originating posterior 
extrinsic trunk limb muscle. 

transverse intersegmental tendinous sheets 
(VITS) and is attached to the trunk limbs by 
ventral anchoring fibrils that are part of the 
endoskeleton (see Fryer, 1983). There is a 
similar four-segment periodic twisting of the 
ventral muscular bundles, a pattern that, as in 
the DLM, breaks down as the muscles 
traverse the abdomen. The dorsoventral and 
horizontal trunk muscles (ADVM and HM, 
Fig. 36) in each segment are rather more com
plex and are continuous with the appendage 
musculature. Each dorsoventral muscle set 
consists of a compound vertical dorsoventral 
(VDVM), an anterior descending obligue 
(ADVM), and a posterior descending oblique 
(PDVM), as in the cephalocarids (Hessler, 
1964; Fryer, 1983). The horizontal muscle 

(HM) extends in each segment from the ven
tral intersegmental node of the endoskeleton 
(VIN) laterally and slightly dorsally to insert 
on the lateral intersegmental tendinous sheet 
(UTS). 

In the Notostraca, which Hessler (1964) 
felt most closely approached the cephalocarid 
condition, the DLM bundles attach on each 
segment as they extend posteriorly toward 
their termination on the anterior of the telson 
(Fig. 35A,B). Each VLM originates in the 
two maxillary segments rather than in the 
mandibular segment, as in anostracans. In the 
region of the abdomen, both DLM and VLM 
bundles expand to more or less entirely sheath 
the cylindrical abdominal somites, a condi
tion not seen in anostracans, where both the 
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Fig. 37. Cross section Uken between thoracic somites 1 and 2 
showing aspecis ol" muscujaiure and endoskeleton in developing 
(stage 24) BntiKtii>u-<!ii t'-rox. (After Fryer, 1983.) ADVM, 
anteriorly descending oblique dorsoventral muscle; AF, anchor
ing fibrils of endoskeletal sheets and ligaments; CE, cut edge; 
DAEM, dorsally originating anterior extrinsic trunk limb mus
cles; DIN, dorsal intersegmental node of endoskeleton; DITS, 
dorsal intersegmental tendinous sheet of endoskeleton; DLM, 
dorsal longitudinal muscle; FG, food groove; FGW, food 
groove wall; FLITS, fibrils of lateral intersegmental tendinous 

sheet; GSl, gnathobasic setae of trunk limb 1; HM, horizontal 
muscle; IS, intersegmental strap; LITS, lateral intersegmental 
tendinous sheet; MG, midgut; MLITS, muscles of lateral inter
segmental tendinous sheet; SDLM, superior dorsolongitudinal 
muscle; TCL, transverse connecting ligament of endoskeleton; 
VDVM, vertical dorsoventral muscle; VIN, ventral interseg
mental node of endoskeleton; VITS, ventral intersegmental ten
dinous sheet of endoskeleton; VLM, ventral longitudinal mus
cle; VPEM, ventrally originating posterior extrinsic trunk limb 
muscle. 

DLM and VLM diminish in size in the abdo
men. Fryer (1988) listed several features 
unique to the notostracan muscle system, in
cluding the absence of the typically branchio-
pod 5c muscles of the mandible, although 
these are present in early developmental 
stages (Fryer, 1988). 

The above description obviously does not 
apply to the smaller bivalved branchiopods, 
the former conchostracans and cladocerans, 
which have been considerably shortened or 
otherwise modified, nor can it apply to the 
onychopods and haplopods. In conchostra
cans, although the VLM is similar to the 
above groups, the DLM is greatly modified in 
the area of the first and second thoracic seg
ment. Here, large fibers extend from the 
DLM upward through a cuticular "stalk" 
(Nowikoff, 1905; Hessler, 1964) to attach to 
the carapace (Fig. 35C), where they serve to 
position the body within the valves of the 
carapace. This large muscle is unique to the 

Laevicaudata and Spinicaudata, although a 
somevv'hat similar muscle exists in some cla
docerans (e.g., the anomopod Acanthole-
beris. Fryer, 1974: fig. 6). The bundle con
sists of two pairs of fibers. The posterior pair 
originates from the intersegmental tendon be
tween the first and second thoracic segments 
and extends anteriorly to the stalk; the anterior 
pair originates from the intersegmental tendon 
between the maxillary and first thoracic seg
ment, thus rising slightly posteriorly to meet 
the stalk. Also unique to the "conchostracan" 
orders is the enormous adductor muscle for 
closing the valves of the carapace (Figs. 3D, 
38A). Many cladoceran orders also possess 
anterior and posterior adductors (e.g.. Fig. 
27A), but these are not as extensive as those 
of the conchostracan orders and their homol
ogy is uncertain, and similar muscles, the ho
mology of which also is uncertain, can be 
identified in the corresponding segments in 
several other crustaceans (see Hessler, 1964). 



Fig. 38. Feeding structures, maxillary gland, and selected 
musculature in the laevicaudatan Lynceus gracilicornis. (From 
Martin, 1989a). A: Schematic view of cross section taken just 
anterior to mandibular somite. Heavy arrows represent water 
and food influx from surrounding medium; smaller downward 
directed arrows indicate transfer of food particles along food 
groove via coxal lobe of thoracopods, through maxillules and 
mandibles and into mouth. B: Right maxillary gland, lateral 
view. C: Typical thoracopod with selected setal types drawn for 
coxal lobe, with axis of folding indicated by dashed line and 

endites numbered. D: Maxillule and "duct" (d) of uncertain 
function, with examples of serrate and plumose setae. E: Man
dibular apparatus with sclerotized areas indicated in black. Fig
ures not drawn to scale, am, adductor muscle of carapace; ed, 
efferent duct; en, endopod; ep, epipod; esc, end sac; exd, dorsal 
lobe of exopod; exv, ventral lobe of exopod; fg, food groove; 
hp, hepatopancreas; la, labrum; lag, labral glands; m, mouth; 
mg, midgut; si, suspensory ligament of mandibles; th, thoraco
pod; tmm, transverse mandibular muscles. 
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The adductor muscle of the conchostracans 
originates from a vertical mid-sagittal sheet of 
connective tissue (Hessler, 1964). 

Anomopod musculature can be seen in a 
series of papers by Fryer (1968, 1974, 
1991a). Although quite complex, many as
pects of the anomopodan musculature can be 
compared to the muscles of other orders. A 
typical attachment site of muscle to cuticle in 
an anomopod is shown in Figure 39. 

Limb Musculature 
Branchiopod limb musculature has been 

described by various authors (e.g., Binder 
[1932] and Fryer[1963, 1968, 1974, 1991a] 
for the Anomopoda; Shakoori [1968] for the 
Spinicaudata; Zaddach [1841] and Fryer 
[1988] for the Notostraca). An overview was 
presented by Preuss (1957), and an excellent 
comparison with the musculature of cephalo-
carids was given by Hessler (1964). Accord
ing to Preuss (1951, 1957), there are two 
types of basic limb musculature, one that ap
plies to the anostracans (Fig. 40B) and an
other that is shared by the other orders (Fig. 
40A). Differences mentioned by Preuss in
volved the amount of muscle fibers, the origin 
of the muscles, and the function of different 
limbs, leading Preuss (1957) to conclude that 
this difference is of phylogenetic significance; 
however, Walossek (in press) dismisses these 
differences as erroneous homologization by 
Preuss. In all orders, some of the dorsal ex
trinsic muscles have anterior origins but pos
terior insertions, and vice versa, although 
most of the origins of the dorsal extrinsics are 
concentrated in the center of the segment. In 
Eubranchipus and Lynceus, one dorsal extrin
sic muscle originates in the preceding seg
ment (Hessler, 1964). There are no endopodal 
muscles except in specialized limbs, such as 
the male claspers. There are numerous in-
traprotopodal muscles. Only the basal endite 
contains enditic muscles (Hessler, 1964); 
flexors of the basal endite in notostracans and 
anostracans are doubled and have posterior 
origins and insertions (Hessler, 1964). Mus
culature of the limbs is complex even at very 
early developmental stages (e.g., see Fryer, 

1983, for musculature of the anostracan nau-
plius). 

I am aware of very few studies on the ultra-
structure of branchiopod limb muscles. I as
sume that all muscle fibers are "surrounded by 
a sarcolemma composed of a plasmalemma 
membrane, an outer basement membrane, 
and collagen fibers," as are all other known 
crustacean muscle fibers (Chappie, 1982). 
Reger (1962) described, but did not illustrate, 
the limb musculature of Artemia, and most 
subsequent workers have cited his paper. 
Reger's very short description is repeated be
low in its entirety: 

The sarcolemma of the Artemia limb 
muscle fiber is longitudinally infolded at 
regular intervals (2-8 |xm) around the 
circumference of the fiber. These folds 
profusely penetrate the entire depths of 
the muscle fiber, branch extensively and 
come to lie between myofibrils of un
equal cross-sectional diameters. The sar-
colemmatic basement membrane is con
tinued into the folds as they extend 
throughout the fiber. At the level of the 
A band the folds make contact with cis
ternal elements of the sarcoplasmic re
ticulum. The region of contact (triad) ex
tends the full length of the A band. The 
sarcoplasmic reticular cistemae sur
rounding individual myofibrils have the 
usual web-like structure. Significantly 
apparent in the above relationship be
tween sarcolemma and the sarcoplasmic 
reticulum is the repeating pattern, which 
is consistent with findings on some pre
viously described vertebrate and inverte
brate striated muscle. At the area of sar-
colemmal and sarcoplasmic reticular 
contact the membranes exhibit increased 
electron density, and at their areas of 
apposition are regularly plicated. The in
terspace distance is 10 to 15 nm and the 
interposed area shows a much greater 
electron density than elsewhere in the 
sarcoplasma. 

The myofibrils are composed of inter-
digitating hollow primary and secondary 
filaments; the secondary sharing two pri-
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Fig. 39. Longitudinal section of a typical muscle attachment to (MT) and sparse mitochondria (M). The exterior surface of these 
cuticle in Da/j/inia/jw/ex. (From Schultz and Kennedy, 1977.) cells is regularly modified with conical hemidesmosomes 
Myofilaments (MF) form a belt desmosome (BD) membrane (CHD) that are continuous with tonofibrils (TF). The tonofibrils 
modification with the specialized epidermis (SB). The special- pass through the procuticle (PC) to attach to the epicuticle (EC), 
ized epidermal cell contains numerous parallel microtubules xll,(X)0. 
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Fig. 40. Schematic view of trunk limb musculature of a spini-
caudatan and an anostracan. (After Preuss, 1957.) A; Estheria 
(Spinicaudata). B: CJttirocephalus (Anostraca). ep, epipod. 

mary filaments. Attachments between 
any one primary and its surrounding 6 
secondary filaments occur every 30 A. 
At the level of the Z lines the secondary 
filaments arise from cylindrical tubes ap
proximately 175 to 200 A in diameter. 

Thus, each thick filament is surrounded by 
six thin filaments, and the photographs of 
Criel (1991 a) show that fewer thin filaments 
surround each thick filament in somatic mus
cle (Fig. 41A) than in visceral muscle (Fig. 
41B). 

Details of the heart musculature are pre
sented in the section on circulation, and other 
muscles can be seen in the figures accompa
nying several other sections such as those 
covering integument, digestion, and repro
duction. 

Phagocytic Storage Cells 

Criel (1991a) discussed the phagocytic 
storage cells of Anemia as components of the 
connective tissue, although recognizing that 
these cells may have several functions, some 
concerning reproductive systems and some 
possibly involved with excretion. These 
large, poorly understood cells (Fig. 42) have 

been given a variety of names in the past, and 
it is not entirely clear if there is a single type 
of cell that varies in form and possibly func
tions in several different capacities, or if there 
are several types of cells present. Lochhead 
and Lochhead (1941) reviewed early studies 
of these cells and synonymized many previ
ously used names for them, including fat 
cells, nephrocytes, cellules phagocytaires, 
and phagocytes, and selected the term phago
cytic storage cell to embrace all of these dif
ferent names. The cells apparently have many 
functions, and Criel (1991a) considers them 
the functional equivalent of the combined 
nephrocytes and fat bodies of insects. In Ar-
temia, the precursors of these cells are recog
nizable by their chromatin-loaded nuclei early 
in developmental stages (Benesch, 1969), 
where Criel (1991a) referred to them as "pre
sumptive connective tissue." From these 
cells, two other cell types differentiate, both 
with chromatin-rich nuclei. The first type sur
rounds muscles, nerves, and gonads, and con
tains small nuclei. The second type consists of 
large cells (up to 200 (xm in length) with large 
nuclei that are connected to each other, to 
other organs, and to the cuticle by long cyto
plasmic processes (Criel, 1991a) (Fig. 42). 
These cells are found throughout much of the 
body in adult anostracans (most easily seen in 
the antennae, according to Lochhead, 1950), 
and have been credited with "uptake of pig
ment granules and other foreign particles" 
(Lochhead, 1950), and so possibly have some 
excretory function. They also are known to 
store fat and glycogen in well-fed Anemia 
(Fig. 42A), perhaps indicating more of a stor
age role. The location of these cells changes 
with ontogeny, but they seem most abundant 
in the labrum and bases of the cephalic ap
pendages (Criel, 1991a). These cells are 
probably what Benesch (1969) called fat-stor
ing cells. Among the cytoplasmic inclusions 

Fig. 41. Muscle ultrastructure in Anemia. (Courtesy of G. 
Criel.) A: Transverse section through somatic muscle. B: Trans
verse section through visceral muscle. Note greater number of 
thin filaments surrounding each thick filament in visceral muscle 
(B). Scale bars = l(X)nm. 
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Fig. 42. Light micrographs of phagocytic storage cells in Artemia. (Courtesy of G. Criel.) A: Loaded with 
fat in well-fed animal. B: In underfed or physiologically stressed animal. Scale bars = 20 |j.m. N, nucleus. 

are many large and small vacuoles thought to 
contain fat (in the form of droplets) and dis
solved glycogen (Criel, 1991a). Curiously, 
these cells are both larger and more numerous 
in females, leading several workers to suspect 
some role in ovarian development, and Van 
Beek et al. (1987) have identified lipovitelline 
in these cells. Also supporting some role in 
the female reproductive cycle is the work of 
Lochhead and Lochhead (1941), who noted 
the appearance of brown granules in these 

cells when normal vitellogenesis was experi
mentally halted; yet these same workers credit 
the cells with phagocytosis, stating that they 
sometimes ingest whole blood cells (Loch
head and Lochhead, 1941; Criel, 1991 a). Ty
son (1975) described highly branched amebo
cytes in the hemocoel of Artemia that may be 
these same cells. The most salient features of 
these amebocytes were the abundant granular 
endoplasmic reticulum, electron-dense lipid 
droplets (up to 6.5 (xm diameter) that lacked a 
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bounding membrane, and numerous mem
brane-bound "digestive vacuoles." These 
vacuoles were found in several instances to 
contain infecting spirochetes, which appeared 
to have been morphologically altered (com
pared to spirochetes in the hemocoel) by their 
inclusion, suggesting to Tyson that these cells 
function in phagocytosis and digestion of mi
croorganisms and possibly other material. 

In Daphnia, these cells, which are closely 
associated with the ventral surface of the dor
sal endoskeletal sheet (Fryer, 1991a; his fig. 
40), were described in detail (as fat cells) by 
Zaffagnini and Zeni (1986), who noted their 
occurrence throughout the body and in the 
limbs. The "fat" cells oiDaphnia are charac
terized by a well-developed RER, indicative 
of intense protein synthesis, as well as free 
ribosomes and small Golgi complexes (Zaff
agnini and Zeni, 1986). They have a baso
philic cytoplasm usually containing lipid 
droplets, and vesicles containing flocculent 
material (interpreted as lysosomes) associated 
with RER were seen. As in Artemia, these 
cells are intimately involved with the repro
ductive cycle, since lipid and glycogen 
amounts vary in relation to the parthenoge-
netic reproductive cycle (Jager, 1935; Sterba, 
1956; Zaffagnini and Zeni, 1986; Zaffagnini, 
1987). Zaffagnini and Zeni (1986) felt that 
similarities between these cells and the fat 
cells of insects and other (peracarid) crusta
ceans support the hypothesis that these cells 
synthesize vitellogenin, although expected 
"essential modifications of the cytoplasmic 
ultrastructure" were not observed during am-
phigonic oocyte growth. This difference is 
possibly attributable to the fact that females of 
Daphnia have no resting period between par-
thenogenetic and amphigonic reproduction. 
There is a rapid shift from parthenogenesis to 
amphigony, and vice versa, which would re
quire a delicate relationship between the fat 
cells and the ovary (Zaffagnini and Zeni, 
1986; Zaffagnini, 1987). The cells contained 
few, scattered glycogen granules when the 
ovaries contained parthenogenetic oocytes, 
but abundant glycogen when the ovaries con

tained one viteJlogenic, amphigonic egg 
(Zaffagnini and Zeni, 1986), interpreted to 
reflect the fact that yolk production in am
phigonic eggs is mosdy endogenous. 

VASCULAR SYSTEM AND BLOOD 
Heart 

The branchiopod heart is a rather simple, 
thin-walled, often tubular structure that lies in 
the open hemocoel dorsal to the gut. In some 
taxa (not anostracans) it is attached by thin 
strands of connective tissue to the alimentary 
canal and body wall (e.g., Greene, 1924). 
Anteriorly, the heart opens near the base of 
the antenna, although there are controversies 
concerning the exact anterior and posterior 
terminations of the heart in some taxa (e.g., 
Artemia; Criel, 1991a). The heart of the lae-
vicaudatan Lynceus, somewhat intermediate 
between the elongate heart of anostracans and 
notostracans and the bulbous saclike hearts of 
most cladocerans, and thus perhaps approach
ing a "typical" branchiopod heart, is illus
trated in Figure 43A. The posterior end of the 
heart in all taxa terminates in a valved open
ing, the caudal ostium. There are paired ostia, 
the number differing with the taxon, opening 
laterally, one per somite, along much of the 
length of the heart. Conchostracans have four 
(Spinicaudata) or three (Laevicaudata) pairs 
of lateral ostia, the first more or less within 
the head and the others in the first few trunk 
somites. Notostracan hearts have 11 paired 
ostia and are unusual in that apparently there 
are three anterior openings through which 
blood is discharged into the cephalon 
(Schram, 1986). In Artemia, there are 14 or 
15 paired ostia, and 13-18 in other anostra
cans, each of which has a valvelike aperture 
as seen in the posterior ostium (probably true 
for lateral ostia in other taxa) and there are no 
internal cardiac valves (Greene, 1924). In 
some of the more compact taxa (e.g., Ano-
mopoda and Ctenopoda) the heart is often re
duced to a small bulb with a single pair of 
lateral ostia, and blood is pumped directly 
into the head sinus (there is no anterior elon
gation of the heart, or "aorta"), although 
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Fig. 43. Heart anatomy. A: Short tubular heart of Lynceus 
hrachyurus (Laevicaudata), dorsal view, with three pairs of 
lateral ostia (arrows). (After Sars, 1896.) B,C: Drawings of the 
heart of Artemia salina (Anostraca). (After 0kland et al., 1982.) 
B: Pseudotubular heart in thorax, closed dorsally by epidermis 
and basement membrane. Ventral pericardium (pc) lacks muscle 

fibers. x700. C: Tubular heart in abdomen. The heart is partly 
surrounded by epidermal cells (ep). x 13,000. bm, basement 
membrane of epithelium; c, cuticle; ep, epithelium; mf, myo
fibrils; my, myocardium; n, nucleus of epithelial cell; pc, peri
cardium; s, somatic muscles. 

Leptodora has a short anterior "bulbous arte
riosus" (Schram, 1986). A pericardial septum 
was described in earlier literature; I have not 
been able to confirm these reports. 

Details of the heart ultrastructure are avail
able for the Anostraca (four genera; 0kland 
et al., 1981, 1982), Notostraca {Lepidurus; 
Tj0nneland et al., 1980), and Anomopoda 
{Daphnia; Stein et al., 1966; Steinsland, 
1982). 

In the Anostraca, 0kland et al. (1982) 
found general agreement among the four gen
era studied {Anemia, Branchinecta, Branchi-
pus, and Streptocephalus). In contrast with 
earlier statements, 0kland et al. found that the 

heart is tubular only in its posterior end, with 
the rest of it being more troughlike (0kland 
et al., 1982). The anterior (thoracic) region of 
the heart (Fig. 43B) is bordered dorsally not 
by heart tissue but by the basal lamina of the 
overlying epithelial cell layer, to which the 
interdigitating edges of the myocardium are 
anchored firmly (0kland et al., 1982). Ven-
trally and ventrolaterally, the heart consists of 
a thin layer of cells, the myocardium, and a 
thin pericardium that lacks muscle fibers (Fig. 
43B). 0kland et al. (1982) felt that the myo
cardium was so thin it is likely that somatic 
muscles "play a major part in hemolymph cir
culation." In the posterior region, the heart is 
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indeed tubular, with a dorsal myocardium 
separated from the overlying basement mem
brane of the epidermal cells, and the myocar
dium is obviously thicker (Fig. 43C). All four 
genera were found to lack an endocardium 
and an epicardium, so that the heart wall con
sists of a single layer of strongly polarized 
cells (the myocardium) with luminal projec
tions that contain the nucleus and granular 
material. The myocardium consists of slen
der, branching myofibers, and is bordered 
both on the luminal and hemocoelic side by a 
basal lamina. Muscle fibers are arranged cir
cularly, and cell nuclei are found most often 
near the luminal side of the cell (0kland 
et al., 1982). The sarcomeres have clear A-
and I-bands, diffuse and wide Z-bands, and 
no H- or M-bands (Figs. 44, 45) (0kland 
et al., 1982). Interior couplings, dyadic and 
triadic, are found at Z-levels, which is also 
where invaginations of the sarcolemma, both 
at luminal and pericardial sides, occur. Inter
calated discs are infrequent and "of a simple 
type" (0kland et al., 1982), sarcoplasmic re
ticulum is well organized, and T-tubules are 
anchored to the Z material (see 0kland et al. 
for further details). 

The notostracan heart, as described by 
Tj0nneland et al. (1980), is similar to that of 
anostracans in having a thin myocardium con
sisting of large, strongly polarized cells. The 
arrangement of mitochondria and contractile 
material also is similar to that seen in the 
Anostraca (0kland et al., 1982). However, 
the notostracan heart is truly tubular, and as a 
result there is a thick layer of mitochondria 
and a massive layer of contractile material as 
compared with that of anostracans (Tj0nne-
land et al., 1980; 0kland et al., 1982). Addi
tionally, notostracans (at least Lepidurus) 
have a thin and incomplete epicardial layer, 
absent from the anterior part of the anostracan 
heart, although "cells of a similar type" occur 
in the tubular part of the anostracan heart 
(0kland et al., 1982). The two layers are 
separated by fibrous material. The layer of 
myocardial cells is 10-50 |xm thick, with the 
myofibrillar part facing the epicardium. Myo

cardial cells contain a membrane system of 
considerable complexity, more complex than 
that seen in anostracans. Diffuse Z-bands are 
common, and relaxed sarcomeres show a hex
agonal arrangement of six thin filaments 
around a thick filament. Intercalated discs of 
the "simplest possible type to merit the name" 
occur, as do "button-to-button" interior and 
exterior couplings. Nexuses and desmosome-
like structures exist between epicardial cells, 
but not between the epicardium and the myo
cardium (Tj0nneland et al., 1980). Protein 
secretion was inferred by Tj0nneland et al. 
(1980) on the basis of the rich granular ER of 
the epicardial cells. 

The Daphnia heart (Stein et al., 1966; 
Steinsland, 1982) is similar in that it lacks 
epi- and endocardium. The myocardium is 
single layered, varying in thickness from 0 . 1 -
5.5 |xm, and the cell surface has indentations 
on both the luminal and pericardial sides 
(Figs. 46, 47A). No polarization is evident 
(Figs. 46A,C,E), which differs from the de
scriptions of the Anostraca and Notostraca 
heart, and the cell nucleus is not restricted to 
any part of the myocardial cell, occasionally 
being found near the luminal side (Fig. 46E). 
Myofibrils, which may be tightly grouped to
gether or separated by mitochondria and/or 
cytoplasm, form an extensive network (Figs. 
46B,C), and sometimes appear to be curved 
or bent. In the relaxed or normally contracted 
sarcomeres, Z-, I-, and A-bands (Stein et al., 
1966) and H-bands (Steinsland, 1982) are vis
ible (Figs. 46C, 47D), with the H-bands, 
known in no other branchiopod, often diffuse. 
The Z-bands, which are wide (140-170 nm) 
and often diffuse in contracted sarcomeres 
(Figs. 46F, 47A-C), are not necessarily 
aligned in parallel myofibrils (Fig. 47C). 
Transverse sections of relaxed or normally 
contracted sarcomeres revealed thick and thin 
filaments in a hexagonal pattern; this pattern 
is not evident in supercontracted sarcomeres 
(Steinsland, 1982). Longitudinal sections oc
casionally revealed a marked difference in the 
orientation of the thick and thin filaments 
within the same sarcomere (Figs. 46F, 47A-
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Fig. 44. Heart of Anemia salina. (From 0kland et al., 1982.) A: Dorsal part of myocardium with 
disorganized contractile material indicating myogenesis and myofilaments (arrows). x24,000. B: Narrow 
dorsal gap closed by basal lamina (arrows). X 8,000. C: Closed ventral part with nexuses (arrows), x 8,000. 
D: Partly closed ventral gap (arrows) and myocardial protrusions (asterisks). X4,000. Arrowheads, cuticle 
in B, pericardium in C,D; E, epidermal cell in A, epicardial cell in D; L, lumen of heart; Z, Z material. 
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Fig. 45. Heart ultrastructure in Branchinecta schaejferi 
(Anostraca). (From 0kland et al., 1982.) A: Myofiber with Z-
(Z), I- (I), and A-band (A), peripheral couplings (arrows), and a 
triadic interior stray coupling (arrowhead), x 30,000. B: The 
Z-band (Z) attached to the sarcolemma is wide and diffuse. 

Mitochondria (M) and peripheral couplings (arrows) are found 
on the luminal (L) side. X26,000. C: Supercontracted sarcom
eres with dyadic interior couplings (asterisks) at Z-level (Z). 
x32,000. C, collagen matrix; L, lumen of heart; M, mitochon
dria. 
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C). Invaginations of sarcolemma occur only 
in Z-band levels on both sides of the myocar
dium (Figs. 46C, 47A). These invaginations 
begin as clefts or Tz-tubules (Steinsland, 
1982) to which the Z-band material is an
chored (Fig. 46F). These Tz-tubules are wide 
(up to 350 nm) and covered by a basal lamina 
(Fig. 47C). Steinsland (1982) stated that com
munications between the luminal and the peri
cardial sides occur. The Tz-tubules branch 
into longitudinal tubules (LT) that run within 
or between myofibrils (Fig. 47C). The LT 
system "is continuous with the T system of 
neighboring sarcomeres and the intercellular 
space in intercalated discs" (Steinsland, 
1982). The sarcoplasmic reticulum (SR) does 
not encircle the myofibrils, but there are 
transverse tubules at the Z- and A-Lband lev
els (Figs. 46F, 47C) (Steinsland, 1982). The 
transverse SR tubules at the Z levels form 
"interior couplings" with Tz-tubules and are 
interconnected with LT, which they follow, 
and with which they form the interior cou
plings between tubules at A-band levels 
(Figs. 46F, 47A-C). The intercalated discs, 
which Steinsland (1982) found in connection 

Fig. 46. Heart of Daphniapulex. (From Steinsland, 1982.) A: 
Cross section showing intercalated disc at ventral side of heart. 
Fascia adherentes (Fa) are common. x26,000. B: Cross section 
of myofibrils showing low electron density of core of thiclt 
filaments (small arrowhead) and hexagonal arrangement of thin 
filaments around thiclt. Peripheral couplings between sarcoplas
mic reticulum and exposed sarcolemma (arrow) and internal 
coupling with longitudinal T-tubule (double-headed arrow) are 
seen. Thin basal lamina (small arrows) is indicated. x33,0O0. 
C: Longitudinal section of myofibrils showing distribution of 
contractile material (no polarization). Z-bands (Z) and I-band 
(small arrow) indicated. Some myofibrils appear bent (arrow
head). Peripheral couplings at A-band levels (arrows) and in
vaginations at Z-band (asterisks) are also seen, x 20,000. D: 
Cross section of myofibril showing membrane systems. Tz tu
bules (arrowheads) invaginate at Z/I-band level and make inter
nal coupling with sarcoplasmic reticulum (arrow), x 34,500. E: 
Nucleus (Nu), with nuclear pore indicated (arrow), adjacent to 
lumen (Lu). No polarization of myocardium evident, x 20,000. 
F: Longitudinal section of myofibril showing distribution of 
sarcoplasmic reticulum (SR). Transverse SR system at the 
Z-band level (arrowhead), which makes internal couplings with 
Tz tubule (small arrow), and at the A-band level (double-headed 
arrow) indicated. Diffuse Z-band material (Z) is anchored to the 
Tz tubules (arrow). Note direction of contractile material (dou
ble arrowhead). Tz is a transverse tubule at the Z-band level. 
X26,000. M, mitochondria. 

with the ventral ridge, are of the "normal inter-
digitating type" found in other nonmalacost-, 
racans (Steinsland, 1982). Fasciae adherentes 
are common (Fig. 46A) and desmosomes, 
which lack a central dense line, are also 
present (Fig. 47B,E). 

Thus, Daphnia has a thinner myocardium 
than does Lepidurus; Lepidurus also has 
"very unorganized contractile material and 
membrane systems" (Steinsland, 1982). The 
extensive, complicated system of T-tubules 
seen in Lepidurus differs slightly from the 
more regular Tz and LT system of Daphnia. 
Branchipus almost lacks an LT system, al
though there is a regular transverse system 
with invaginations at the Z-band level. The 
SR in Daphnia and in Branchipus is regular 
with transverse systems at the Z- and A-I-
band levels, which form couplings with the 
exposed sarcolemma (Steinsland, 1982). 
Transverse tubules are interconnected with 
longitudinal tubules between or within 
myofibrils; the SR system in Lepidurus also 
makes some peripheral couplings. Attach
ment plaques, which Steinsland (1982) de
scribed as a "primitive condition found in the 
myocardial cells of molluscs," are known 
only in Lepidurus (Tj0nneland et al., 1980). 
Other differences, such as the nature of the 
myofibril patterns, couplings at Z- and A-
band levels, etc., are discussed by Steinsland 
(1982) and 0kland et al. (1982). 

Circulation 

Other than the heart, branchiopods have no 
true blood vessels, instead having an open or 
lacunar system, as do all Crustacea. How
ever, there are recognizable channels that are, 
according to Greene (1924), "well marked 
and fairly definite," and the movement of the 
blood cells can be followed through the body 
and into the appendages (Greene, 1924; 
Vehstedt, 1940). Two mechanisms are re
sponsible for movement of the blood: regular 
pumping of the heart musculature and general 
body movements, mostly those of the append
ages. Heart contraction is rhythmic and peri-



MARTIN 

/rUgPf. !| C^f>>. 

1^ f f '^iVJlx^^a^iA^^ 

Mat-. ; -;-^-'5f 

Lu ^ ziBK.-«ift[ /J 

Fig. 47. Heart oiDaphniapulex. (From Steinsland, 1982.) A: 
Longitudinal section of supercontracted sarcomeres showing 
wide Z-bands (Z) and invaginations at Z-band levels (asterisks) 
on both luminal and pericardial sides. Peripheral couplings be
tween sarcoplasmic reticulum and exposed sarcolemma (large 
arrows) are seen. Internal couplings between sarcoplasmic retic
ulum (double-headed arrow) and transverse tubules (arrow) and 
with longitudinal tubular system (arrowhead) are indicated. 
X 20,000. B: Longitudinal section of sarcomere showing inter
nal couplings between longitudinal tubule and sarcoplasmic re
ticulum (arrowhead). Note invagination at Z-band level (aster
isk) and diffuse Z-bands (Z). Desmosome (arrow) indicated. 

X33,000. C: Longitudinal section of myofibrils showing inter
nal couplings between sarcoplasmic reticulum and Tz tubules 
(small arrows) and longitudinal tubular system (small arrow
heads). The longitudinal tubular system branches off Tz (large 
arrowhead). Diffuse Z-bands (Z) in neighboring myofibrils not 
necessarily aligned. Basal lamina in Tz indicated (double-
headed arrow). Note direction of contracted material (double 
arrowhead). x20,000. D: Section showing H-bands (arrows). 
X 1,600. E: Cell border with desmosome (arrow). x33,000. 
Lu, lumen of heart; M, mitochondria; Tz, transverse tubule at 
Z-band level; Z, Z-bands. 
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Staltic, with the wave beginning at the poste
rior end and running anteriorly. Rate varies 
with size and external conditions; a rate of 
125 beats per minute was recorded for Ar-
temia under normal conditions (Greene, 
1924), whereas Daphnia s rate is 300 to 450 
beats per minute (Kaestner, 1970; Postmes 
et al., 1989). Interestingly, heart rate in 
Daphnia is affected by changes in illumina
tion even when compound and naupliar eyes 
are removed, suggesting myogenic heart con
trol (see also Postmes et al., 1989). Con
versely, illumination of the eyes alone elicits 
no response (Schultz, 1928; Peters, 1987; 
Ringelberg, 1987). Blood flows into the heart 
through the valved posterior and lateral ostia 
and out through the anterior ostium. The gen
eral direction of blood flow is from the ante
rior "aorta" into the head, and then posteriorly 
along the gut and into the caudal lymph 
spaces (Greene, 1924), with lateral blood 
flow into the appendages easily observed as 
well. In the "respiratory plates" (the epipods, 
discussed in the section on respiration), 
Greene (1924) thought that the open vascular 
lacunae were in the form of "quite definite 
capillary-like patterns," and he described the 
movement of blood cells into the limb epipod 
on one side and back via adjacent smaller 
spaces. Possibly what Greene saw was the 
reticulated pattern of the epithelial cells of the 
epithelium of these epipods (see Holliday 
et al., 1990), and if indeed movement of 
blood is visible around these cells, then the 
view of Moens et al. (1991) that the epipods 
do function in respiration by providing direct 
contact between the hemolymph and cuticle 
in intercelluar spaces receives support. 

Blood-Forming Organs 

I have been unable to locate any detailed 
study of the organs that form new blood cells 
subsequent to that of Lochhead and Lochhead 
(1941), who discredited previous suggestions 
that new blood cells are formed by cellular 
division of circulating old cells. The blood-
forming organs are, at least in Artemia and 
Branchipus, small (50-150 |xm length). 

poorly defined nodules located at the base of 
each trunk appendage (Fig. 48A) (there are 22 
in Artemia) (Cassel, 1937; Lochhead and 
Lochhead, 1941). Each nodule consists of a 
group of rounded cells, which differ in size 
and in nuclear activity (because of different 
stages of mitosis), surrounded by a thin mem
brane, probably connective tissue, approxi
mately 1 |xm thick and showing occasional 
discontinuities (Fig. 48A,B). There are no 
"stroma" cells, the cells within a nodule being 
all of one type, and in this respect the organs 
differ from similar blood-forming organs de
scribed in decapods (Lochhead and Loch
head, 1941; Criel, 1991a). In cells closer to 
the periphery of the nodule, the cytoplasm 
increases with respect to the nucleus, which 
appears smaller than in the inner (less active) 
cells. Occasionally "necrotic" nuclei, darker-
staining and oval, are seen. In the spaces ad
jacent to the blood-forming organs are blood 
cells in intermediate stages of development, 
phagocytic storage cells, and muscles of the 
limb (Fig. 48A,B). Each nodule is located 
between the two nerves that run from the ven
tral segmental ganglion of that somite into the 
limb. 

Blood Cells 

Circulating blood cells differ from those in 
the periphery of the blood-forming organs in 
having more cytoplasm and numerous inclu
sions, especially the refringent granules. Prior 
to development of these blood-forming or
gans, primary hemocytes, which resemble 
fat-storage cells and contain yolk droplets 
(Criel, 1991a), can be detected in early nau
pliar stages (Benesch, 1969). 

Circulating blood cells are ameboid and 
vary considerably in size (Fig. 48C,D) (Criel, 
1991a). The cell nucleus is small, and the 
cytoplasm is typically filled with large re
fringent granules of unknown composition 
(Lochhead and Lochhead, 1941; Criel, 1991a). 
These large inclusions appear in electron 
micrographs as an electron-dense crescent 
against a lighter background matrix (Fig. 
48E) (Criel, 1991a). The capacity for phago-
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Fig. 48. Blood-forming organs and blood cells ofArtemia. A: 
Frontal section through bases of six trunk limbs showing blood-
forming organ in each limb. Muscles and phagocytic storage 
cells (latter with large black nuclei) shown in second limb from 
top. B: Blood-forming organ and adjacent muscles and sarco-
plasm. Scale bar = 10 |xm. C: Different types of blood cells 

seen in sectioned material. Scale bar = 10 jim. D: Blood cell as 
it appears when adhering to tissues in living animal. Scale 
bar = 5 \xm. (A-D, from Lochhead and Lochhead, 194L) 
E: TEM through Artemia blood cell. Scale bar = 2 \x.m. (Cour
tesy of G. Criel.) m, mitochondria; n, nucleus; rg, refringent 
granules. 

cytosis attributed to the blood cells by earlier 
workers (e.g., by Kollman, 1925; Tyson, 
1975) possibly results from confusion with 
the phagocytic storage cells (discussed with 
connective tissue); it is unlikely that true 
blood cells have the capacity for phagocytosis 
(Lochhead and Lochhead, 1941; Benesch, 
1969; Criel, 1991a). Blood cells are actively 
involved in clotting and healing, as would be 
expected, but some workers have attributed to 
them some additional function in vitellogene-
sis (Lochhead and Lochhead, 1941). The 
blood cells contain no respiratory pigments, 
since these are extracellular in branchiopods 
(see section on respiration). 

DIGESTION AND ABSORPTION 

Few areas of branchiopod biology have re
ceived so much attention and yet have been so 
misunderstood as the feeding mechanisms. 
The confusion has sprung mostly from gener
alizations that cannot encompass the variation 
among extant orders, such as assuming that 
all anostracans and all anomopods are filter-
ers. The mechanics of feeding—i.e., the mor
phology and function of the mouthparts and 
associated feeding structures and the various 
feeding behaviors—are beyond the scope of 
this review, but a brief synopsis follows to 
emphasize the diversity of feeding modes 
among extant orders. Most anostracans are 
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filter feeders, but some species of Chiroceph-
alus feed on larger particles; camivory is 
known in species of Branchinecta; and the 
mode of feeding may change with ontogeny. 
Reviews of anostracan feeding can be found 
in the works of Cannon (1928, 1933, 
1935a,b) and Fryer (1966, 1983). Notostra-
cans are benthic scavengers or predators, with 
mouthparts designed for tearing or grasping 
(Home, 1966; Fryer, 1988; Martin, 1989a). 
Feeding in the "conchostracans" orders was 
reviewed by Martin (1989a). Spinicaudatans 
include scrapers, detrital grazers, tme filter 
feeders, and probably several other feeding 
types. Martin's review of laevicaudatans was 
erroneous; they do scrape and graze, but the 
antennae are in no way used in feeding and 
filtering does not occur (G. Fryer and J. Mar
tin, unpublished data). Haplopods and ony-
chopods are all planktonic or littoral {Poly
phemus) predators, with apparent omnivory 
in some onychopods (R. Bamhisel, personal 
communication). Anomopods and ctenopods 
include a variety of feeding modes, including 
filtering, scraping, scavenging, and parasit
ism (Eriksson, 1934; Fryer, 1968, 1974, 
1987a-c, 1991a; Lampert, 1987). 

The branchiopod gut lies in the open hemo-
coelic cavity. The alimentary tract is basi
cally, and probably primitively, a simple 
straight tube that is abmptly curved where the 
esophagus joins the midgut (e.g., anostracans 
and notostracans; Fig. 49A). But this simple 
design has been modified in those taxa with 
short bodies, so that the gut is C-shaped in 
some of the smaller bivalved taxa (Fig. 49B). 
It is even convoluted or looped in some of the 
anomopods (Fig. 49C,D). The gut is com
posed of three regions: the anterior foregut 
(= esophagus, stomodaeum), the midgut, 
and the hindgut (= rectum, proctodaeum) 
(see Dall and Moriarty, 1983, for a review of 
crustacean gut terminology). 

The following discussion is based primarily 
on the works of Kikuchi (1971), Hootman and 
Conte (1974), Snyder and Wolfe (1980), Fos
ter and Wolfe (1986), Criel (1991a), and es
pecially Schrehardt (1987b), from which 

many of the figures were taken. All of the 
above studies are on Artemia, a filter feeder 
living in high salinity waters. Because in Ar
temia the gut is also employed in salt balance 
(Hootman and Conte, 1974; Conte, 1984; 
Holliday et al., 1990), possibly not the case in 
the other (freshwater) groups, the ultrastmc-
ture may not apply to other taxa (see Schultz 
and Kennedy, 1976, for Daphnia; Giinzl, 
1991, for Alona qffinis). 

Foregut 

The foregut (or esophagus) (Figs. 50, 51, 
52A) is derived from stomodeal ectoderm and 
hence is lined with very thin cuticle (about 
0.25 \xm in Artemia). In Artemia, the only 
areas of the body with comparably thin cuticle 
are the hindgut and epipods, suggesting to 
Claus (1886) that respiration might occur 
across esophageal and hindgut cuticle, but 
this is unlikely considering the thickness of 
the foregut and hindgut epithelium (Schre
hardt, 1987b). Epithelial cells underlying this 
thin layer of cuticle are cuboidal anteriorly, 
becoming more columnar as the esophagus 
approaches its junction with the midgut. Ad
jacent cells form apical zonulae adherentes 
and basal tight junctions (Schrehardt, 1987b). 
The nucleus of these cells is 6-7 (jim long and 
contains a single conspicuous nucleolus 
(Schrehardt, 1987b, fig. 10). Cytoplasm 
tends to be electron-dense and contains ribo-
somes along the nuclear membrane, free ribo-
somes, cistemae of RER, mitochondria, and 
Golgi apparati (Fig. 50A-D). Small amounts 
of glycogen and lipids occur as inclusions 
(Fig. 50C). As the epithelial cells become 
closer to those of the midgut, a finely granular 
substance, the function of which is unknown 
but possibly connected with cuticle deposi
tion, can be seen between the apical cell 
membrane and the cuticle (Fig. 51A,B). The 
basal lamina separating these cells from the 
hemocoel is finely granular and monolayered 
(Schrehardt, 1987b). Longitudinal and circu
lar muscle fibers surround the esophagus and 
provide for its contraction. This is seen also in 
the conchostracans (e.g., see Martin, 1989a, 
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Fig. 49. General form of the alimentary canal in selected orders. A: Branchinecta paludosa (Anostraca). 
(After Sars, 1896.) B: Lynceus gracilicornis (Laevicaudata), with arrows showing general direction of food 
movement. (After Martin, 1989a.) C,D: Acantholeberis curvirostris (C) and Streblocerus serricaudatus 
(D), two anomopods with convoluted or looped guts. (Both after Fryer, 1974.) c, carapace; fg, food groove; 
fgt, foregut (placement slightly incorrect); g, gut; gc, gastric ceca; hp, hepatopancreas (= gastric ceca); lag, 
labral glands; mb, mandible; mg, midgut; r, rostrum. 
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Fig. 50. Cells of the esophagus (foregut). (From Schrehardt, 
1987b.) A: Apical portion of an esophagus cell with Golgi 
complex. Scale bar = 1 ĵim. B: Ribosome field of apical por
tion of esophagus cell. Scale bar = 1 ̂ jim. C: Transverse section 
through axon (ax) and adjacent circular muscle cell, separated 
from esophagus epithelium by basal lamina (bl). Note synaptic 
vesicles of the axon and the large lipid droplet of the muscle cell. 

Scale bar = 2 ĵim. D: Apical portion of secretory cell near 
junction of midgut and esophagus. Note secretion of granular 
matrix. Scale bar = 1 ̂ jim. E: Tangential section through dilator 
muscle of esophagus. Scale bar = 2 ĵim. ax, axon; g, Golgi 
apparatus; gm, granular matrix; he, hemocoel; 1, lipid; m, mito
chondrion; myf, myofilaments; ri, ribosomes; sc, secretory cell. 
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Fig. 51. Junction of esophagus with midgut. A: Transition to the midgut is evidenced by loss of foregut cell 
cuticle and microvillous border of midgut epithelium. (From Schrehardt, 1987b.) Scale bar = 5 |xm. B: 
Junction between foregut and midgut epithelia showing long septate desmosome (arrow). (From Hootman 
and Conte, 1974.) x 8,400. bl, basal lamina; cb, cytoplasmic body; Cu, cu, cuticle; F, foregut; 1, lipid; lu, 
lumen; mv, microvilli; n, nucleus; nu, nucleolus; sc, secretory cell. 



Fig. 52. Sagittal sections through gut of female Lynceus gra-
cilicornis (Laevicaudata). (Modified after Martin, 1989a.) A: 
Head region showing mouth, esophagus, midgut, and extensive 
hepatopancreas (gastric ceca). B: Posterior region showing 
packed midgut, anal somite, and thoracopods (th). C: High 

magnification of midgut; arrow indicates convoluted lining of 
gut wall. Scale not given, as, anal somite; c, carapace cuticle; cl, 
coxal lobe of thoracopods; e, egg; es, esophagus; la, labrum; 
lag, labral glands; m, mouth; mb, mandible; mg, midgut; mx, 
maxilla; r, cuticle of rostrum. 
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Fig. 53. Paraffin carved section through gut in posterior region of thorax of Triops longicaudatus (Noto-
straca). Visible are circular muscles, cuticle at top of food groove, and thora^iv limb gnuthnhxscs. (Courtesy 
of B. Felgenhauer.) 

for Lynceus). Cells of the circular muscles 
contain "typical striated myofibrils" and are 
"innervated by mostly multipolar neurons" 
(Schrehardt, 1987b). These muscle cells also 
contain mitochondria, cistemae of RER, 
small amounts of glycogen, and often large 
lipid globules. Longitudinal muscles are sim
ilar in their ultrastructure (Fig. 50E). Interest
ingly, Schrehardt (1987b) stated that both cir
cular and dilator (longitudinal) muscles are 
covered by a basal lamina apparently continu
ous with the lamina underlying the epithelial 
cells. The esophagus in anostracans probably 
functions in simple transfer of food to the 
midgut, as there are no mechanical structures 
to facilitate further breakdown of food. How
ever, in the Spinicaudata, Schlecht (1979) re
ported unusual "cuticular ledges" that may 
play a role in mechanically breaking down 

food prior to absorption across the midgut 
epithelium. 

Midgut 

The midgut is endodermally derived and 
consequently is the only region of the gut 
unlined by cuticle. It is large, occupying 
nearly all of the body cavity in conchostracans 
(Fig. 52B) and notostracans (Fig. 53). Transi
tion from the esophagus to the midgut is obvi
ous (Fig. 51A,B), marked not only by the loss 
of overlying cuticle but by the conspicuous 
morphology of the midgut epithelial cells. 
Cells of the midgut, including those of the 
protruding gastric ceca, are all of one basic 
type in Artemia, although there may be re
gional specialization (Schrehardt, 1987b; 
Criel, 1991a). However, cells of the Artemia 
ceca were assigned to three different types by 
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Foster and Wolfe (1986), depending upon 
their electron density, and Giinzl (1991) de
scribed three cell types in the midgut of an 
anomopod. Schlecht (1979) also found light 
and dark cells in the midgut of Daphnia and 
the spinicaudatan Leptestheria, attributing 
some of the differences to development (the 
lighter cells being younger), but noted that 
some of the light cells appeared mature and 
had two free cilia (Figs. 58, 59A,B) {Leptes
theria only). This feature, midgut cells with 
apical cilia, is unique, an apparent synapo-
morphy of the "Conchostraca" (Rieder and 
Schlecht, 1978; Schlecht, 1979), although 
their presence has not been documented in the 
Laevicaudata (Martin, 1989a). The apical 
borders of the midgut epithelial cells are lined 
with numerous, long (up to 8 ixm), cylindrical 
microvilli, which become progressively 
shorter from the front to the back of the mid
gut (Criel, 1991a) (Figs. 51, 54, 55A, 56A, 
57). In the midgut oi Artemia, the microvilli 
are arranged regularly, approximately 0.25 
|jim apart (center to center) in a "hexagonal" 
pattern (Schrehardt, 1987b), and apparently 
they are coated with a mucopolysaccharide 
material (Kikuchi, 1971; Schrehardt, 1987b). 
A regular arrangement of microvilli is also 
seen in midgut cells of conchostracans (Fig. 
58C,D) (Schlecht, 1979). Each microvillus 
contains fine filaments extending from its 
center into the apical cytoplasm (Figs. 55A, 
56A), the arrangement of which has been 
termed the terminal web (Schrehardt, 1987b; 
Criel, 1991a). The apical cell membrane be
tween the microvilli is indented, forming 
small (up to 250 nm) pinocytotic pits (Schre
hardt, 1987b). Nuclei of these cells (midgut 
and hepatopancreatic) are oval, averaging 
8 \x.m in diameter, and most have two con
spicuous nucleoli (Fig. 54). Small amounts of 
heterochromatin are seen scattered through
out the cytoplasm (Fig. 55A,B) and adhering 
to the inner nuclear membrane. Large lipid 
globules, more obvious in well-fed animals, 
can occupy so much of the cell that other cell 
components appear distorted (Schrehardt, 
1987b). Beneath the apical web, the cyto

plasm is rich in mitochondria and additionally 
contains numerous vesicular bodies, ribo-
somes, and glycogen particles (Schrehardt, 
1987b) (Figs. 55A, 56A). Cistemae of the 
RER occur in the supranuclear region. Ribo-
somes can be seen on the outer nuclear mem
brane and free in the cytoplasm, the latter 
often aggregated into polysomes (Fig. 56A). 
Electron-dense granules up to 300 nm in di
ameter, of unknown function, occur in mid
gut cells near the esophageal junction. These 
are found close to the nucleus and are sur
rounded by many ribosomes. Golgi bodies 
consisting of three to five cistemae are also 
found in the supranuclear cytoplasm (Schre
hardt, 1987b). Details of midgut cells in the 
anomopod Alona ajfinis differ in several re
spects (Giinzl, 1991). 

Absorption occurs across midgut epithelial 
cells, as indicated by the presence of micro
villi and multivesicular bodies (Foster and Wolfe, 
1986). In Artemia, the gut is the site of uptake 
of water, Na, CI, K, Mg, and SO4 (Conte, 
1984; Holliday et al., 1990). All midgut cells 
contain a phagolysosomal cytoplasmic body 
(Fig. 56A), indicative of intracellular diges
tion (Criel, 1991a). Digestive enzymes are 
known at least in Artemia (Kikuchi and 
Shiraishi, 1969) and Daphnia (Hasler, 1935, 
1937; Lampert, 1987). Giinzl (1991) suggests 
functions of water and solute transport and 
excretion in Alona. 

The midgut cell basal lamina has two lay
ers, thus differing from that of the foregut 
and hindgut (Figs. 54, 55B, 56B). The 
basalmost layer (exposed to the hemocoel) 
is thin, finely granular, and does not extend 
into the infoldings of the cell membranes, 
whereas the inner layer is thicker, densely 
packed with granules and amorphous ma
trix material, and extends into infoldings of 
the basal cell membrane (Kikuchi, 1971; 
Schrehardt, 1987b; Criel, 1991a; Gunzl, 
1991). 

The midgut is surrounded by circular mus
cle fibers at regular intervals but no longitudi
nal muscles (Hootman and Conte, 1974; Fos
ter and Wolfe, 1986; Schrehardt, 1987b). The 
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Fig. 54. Portions of four midgut cells in A/-?̂ OT/a. (From Hootman and Conte, 1974.) bl, basal lamina; CM, 
circular muscle in cross section; Gly, glycogen fields; H, hemocoel; m, mitochondria; mv, microvilli; N, 
nucleus; Y, yolk droplets. 
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Fig. 55. Apical and basal portions of midgut cells in Artemia. (From Schrenhardt, 1987b.) A: Apical 
portion showing extensive mitochondria and glycogen fields. Scale bar = 2 )xm. B: Basal portion with 
infoldings of basal and basolateral cell membrane. Scale bar = 2 jim. ba, basal labyrinth; bl, basal lamina; 
gy, glycogen; he, heterochromatin; m, mitochondria; mv, microvilli; n, nucleus; nm, nuclear membrane; np, 
nuclear pore. 
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Fig. 56. Higher magnification of apical and basaH-egi6ns of midgut cells in/IrreOTia. (After Criel, 1991a.) 
A: Extensions of microvilli into apical cell region forming "terminal web" (tw). Note phagolysosomes (p) 
coalescing to form large phagolysosomal body (PC). Scale bar = 1 \i.m. B: Close association between 
mitochondria and basal infoldings of the cell membrane. Clear spaces (*) caused by loss of glycogen during 
fixation. Scale bar = 200 nm. G, Golgi apparatus; m, mitochondrion. 
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Fig. 57. Details of midgut cells in Artem/a. (From Hootman and Conte, 1974.) A: Junction of two midgut 
cells showing septate desmosome (SD). x 26,500. Note fusion of one of the multivesicular bodies (mb) with 
plasma membrane (arrow). B: The basal lamina (bl) separates circular muscle (CM) from the hemocoel. 
X28,000. F, filaments that extend into microvilli (mv); N, nucleus of midgut cell. 
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Fig. 58. Ultrastructure of the midgut region, Leptestheria dahalacensis (Spinicaudata) nauplius. (From 
Schlecht, 1979.) A: Single cell of the midgut wall. B: Cytoplasm extending into the intestinal lumen. C,D: 
Cross sections through the microvilli showing different patterns of arrangement. B, basal lamina; eM, 
electron-dense material; M, mitochondria; Mv, microvilli; N, nucleus; tw, terminal web. 

circular muscles in Anemia lie directly on the 
surface of the bilayered basal lamina of the 
epithelial cells (Figs. 54, 58A). Each muscle 
cell contains a long nucleus, striated myo
fibrils, smooth endoplasmic reticulum (SER) 
cisternae, and few mitochondria (Schrehardt, 
1987b). Unlike muscle cells of the gastric 

ceca, these cells are innervated by multipolar 
neurons (Schrehardt, 1987b; figs. 42^4) . 
This circular muscle in anostracans is charac
terized by having nine filaments surrounding 
a central thick filament (Kikuchi, 1971) rather 
than the 6 + 1 arrangement seen in anostra-
can appendage musculature (Reger, 1962). 
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All of the midgut, including the covering 
layer of circular muscles, is covered by a thin 
layer of connective tissue separating it from 
the hemocoel. 

In most groups, the surface area of the mid
gut is further increased by having paired gas
tric ceca or hepatopancreatic ceca (Figs. 
49A,B, 52A, 60) that branch from the ante
rior region of the midgut and often extend into 
the head and/or labrum. In daphniids, these 
are simple evaginations of the midgut 
(Schultz and Kennedy, 1976). In anostracans, 
these relatively simple pouches receive food 
from the esophagus and anterior midgut via 
contraction of esophageal and midgut circular 
muscles and closure of the esophageal sphinc
ter. Upon contraction of the muscles lining 
the ceca (Figs. 60, 6IE), food is then pro
pelled posteriorly into the midgut (Snyder and 
Wolfe, 1980). As noted above, there is some 
controversy concerning the number of recog
nizable cell types in these ceca in Anemia, 
with Schrehardt (1987b) recognizing only one 
type, morphologically nearly identical to cells 
lining the midgut, but with Foster and Wolfe 
(1986) recognizing three (Fig. 62). Although 
Schrehardt (1987b) did not recognize differ
ent cell types in the midgut as opposed to the 
gastric ceca, he did observe slight differences 
(Fig. 61). These included, in the midgut cells, 
shorter microvillous borders, longer nuclei 
(10-11 ĵim), a single nucleolus, and only 
scattered small lipid drops, glycogen being 
the main storage product. Cellular inclusions 
in general (i.e., ribosomes, Golgi complexes, 
ER cisternae) are less common in the midgut 
cells, and the basal cell membranes exhibit 
narrow infoldings, with associated mitochon
dria, that extend into the cytoplasm to about 
the level of the nucleus (Fig. 63A,B). In addi
tion, Schrehardt (1987b) noted that occasion
ally peroxisomes with a fine granular matrix 
are seen in cells of the hepatopancreas. The 
three cell types of Foster and Wolfe (1986), 
termed dark, light, and mature light based on 
staining properties (Fig. 62), differ in the cy
toplasmic inclusions. Darker staining cells 
contain multivesicular bodies and more exten
sive RER and glycogen granules. Light cells 

contain RER and glycogen but in smaller 
amounts. Mature light cells consist of a large 
vacuole, an apical complex, and deep tight 
junctions, and these cells were sometimes 
seen to empty their contents into the lumen 
(see below). Foster and Wolfe (1986) equated 
these cells with the three cell types of true 
digestive glands in higher crustaceans, the 
dark cells being equivalent to Restzellen, 
light cells to Fibrillenzellen, and mature light 
to Blasenzellen. If these cells function as do 
those of higher crustaceans, then the ceca are 
digestive glands and not merely storage areas 
to increase surface area for better absorption. 
Foster and Wolfe (1986) suggested that the 
dark ceils absorb nutrients into the multivesic
ular bodies, where they are broken down by 
lytic enzymes from the RER, and also store 
lipids and glycogen. Light cells produce di
gestive enzymes and store them in large vacu
oles, eventually becoming mature light cells 
that pinch off their apical regions, emptying 
the vacuolar digestive contents into the lumen 
(Foster and Wolfe, 1986). In some taxa (e. g., 
Notostraca and almost all conchostracans), 
the hepatopancreatic ceca can be extensively 
developed, with numerous convolutions al
most filling the head (e.g., Figs. 3B,E, 52A), 
and so must function in a different manner 
from the relatively simple "storage" function 
assigned by some workers to the anostracan 
gastric ceca. Lipid is the main storage sub
stance in Artemia cecal cells and is arranged 
either as nearly circular drops (Fig. 64) or as 
irregular fields, and glycogen is also stored in 
small amounts. Adjacent cells are joined by 
septate desmosomes and tight junctions 
(Schrehardt, 1987b). The underlying basal 
lamina is finely granular and bilayered. Bun
dles of striated muscles circle the ceca (Fig. 
60), but Schrehardt (1987b) could not detect 
any innervation of these muscle cells, as op
posed to those of the midgut. As in the mid
gut, the overlying muscle fibers are covered 
by a thin basal lamina that appears continuous 
with the basal layer of the basal lamina of the 
epithelial cells (Schrehardt, 1987b). 

Schrehardt (1987b) described an unusual 
process of cell degradation and degeneration 



Fig. 59. The gut of a larval spinicaudatan Leptestheria dahalacensis, showing unique cilia-bearing cells 
(CZ) in midgut. A: Sagittal section through foregut and anterior region of midgut. (From Schlecht, 1979.) 
B,C: Sections of the midgut. (From Rieder et al., 1984.) B: Several midgut cells, those bearing two cilia 
(arrow) appearing less dense. Inset (upper right) is a cross section through the two cilia of one cell and the 
microvilli of adjacent cells. x3,500 (inset x 19,000). C: The large, low-density cell bearing two cilia. 
X 11,000. Cu, thin cuticle of foregut; CZ, cilia-bearing cells; Mv, microvilli. 
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Fig. 60. The hepatopancreatic (gastric) ceca in anostracans are simple globular protrusions from the 
anterior margin of the midgut. Note circular muscles (cm) apparently lacking innervation. (From Schrehardt, 
1987b.) Scale bar = 100 iJim. be, adhering blood cells; HC, hepatopancreatic ceca; Md, dilator muscle of 
esophagus; oe, esophagus. 

in the gastric ceca, and less frequendy in the 
midgut, oi Anemia. Epithelial cells from time 
to time are seen to extend out into the cecal or 
midgut lumen, and Schrehardt (1987b) 
marked this as the onset of cell degeneration 
(Fig. 65). Associated with the intrusion of the 
cell into the lumen is the synchronous break
down of the microvillous border and cisternae 
of the ER, deformation of the nucleus, and 
loss of glycogen and lipid as storage products 
(Fig. 65). Lysosomes surrounded by an "in
creasingly electron transparent" border ap
pear in the cytoplasm. Following these ultra-
structural changes, the cell extends further 
into the lumen (Fig. 65B), at which point only 
the nucleoli, a few mitochondria, and some 
lipid drops are still visible (Fig. 65C,D). Fur
ther decay involves breakdown of the remain
ing products and continued extrusion into the 
lumen, culminating in release of cytoplasm 
into the gut (Fig. 65C,D), with only cytoplas
mic rudiments, themselves eventually re
leased into the lumen later, remaining where 
the cell used to be (Fig. 65E). This cell degen
eration may be what Foster and Wolfe (1986) 

saw (their fig. 3) in cells of the ceca, stating 
(1986: 29) "some mature light cells were 
found emptying their vacuolar contents into 
the lumen of the gut." A similar process is 
seen in Schlecht's (1979) figure of the gut of 
the spinicaudatan Leptestheria dahalacensis, 
where some cells extrude their cytoplasm into 
the gut lumen (Fig. 58B). This process is in 
some ways similar to the action of presumed 
secretory cells described in the midgut of 
higher crustaceans (Dall and Moriarty, 1983), 
although differentiation of midgut cells into 
two or more distinct types does not occur in 
Artemia. 

Schrehardt (1987b) did not mention the 
peritrophic membrane described for Artemia 
by Snyder and Wolfe (1980) and Foster and 
Wolfe (1986)., A peritrophic membrane has 
been noted at least in Artemia (Snyder and 
Wolfe, 1980; Foster and Wolfe, 1986), in the 
Spinicaudata {Leptestheria), and in Daphnia 
(Schlecht, 1979). In Artemia, the peritrophic 
membrane (Fig. 67A,B) can extend posteri
orly behind the animal several times the 
length of the animal's gut (e.g., 80 mm past 



Fig. 61. Cells of the gastric ceca in Anemia. (From Schre-
hardt, 1987b.) A: Glycogen field. Scale bar = 1 (xm. B: Part of 
a cytoplasmic body containing a myelin body (mb). Scale 
bar = 2 (xm. C: Tangential section through basal portion of cell 
showing infoldings of the basal labyrinth. Scale bar = 2 (xm. D: 

Finely granular bilayered basal lamina just below infoldings of 
basal labyrinth. Scale bar = 1 (xm. E: Circular muscle separated 
from epithelium by basement membrane, ba, basal labyrinth; bl, 
basal lamina; cm, circular muscle; gy, glycogen; is, intercellular 
space; 1, lipid; m, mitochondrion; mb, myelin body. 
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Fig. 62. Epithelial cells of gastric ceca of Anemia. (After Foster and Wolfe, 1986.) A: TEM of light (L) 
and dark (D) cells with microvilli (M) along apical surface and multivesicular bodies (B). x 18,000. B: TEM 
of light (L) and dark (D) cells showing rough endoplasmic reticulum (E), glycogen granules (G), and free 
ribosomes (R). x26,000. 
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Fig. 63. Apical region of gastric cecal cells of Artemia. (From Hootman and Conte, 1974.) A: Cell 
surfaces and microvilli (mv) are less rigidly structured than are those in cells of the midgut, x26,000. B: 
Golgi complexes (G) and mitochondria (m) are numerous in the apical cytoplasm, x35,000. SD, septate 
desmosome. 
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Fig. 64. Transverse section through central regions of two gastric cecal cells of Artemia. (From Hootman 
and Conte, 1974.) m, mitochondrion; N, nucleus; Nu, nucleolus; Y, yolk droplets, x8,400. 
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Fig. 65. Degeneration of cecal cells in Anemia. (From Schre-
hardt, 1987b.) A: Beginning degeneration of a hepatopancreatic 
cell. Scale bar = 5 jjim. B: SEM of degenerating cells. Scale 
bar = 40 jjim. C: Advanced degeneration of a hepatopancreatic 
cell. Note electron-transparent cytoplasm and degeneration of 
organelles. Scale bar = 5 jim. D: More advanced degeneration 

in epithelial cell. Note disintegration of the apical cell mem
brane (arrows). Scale bar = 5 jim. E: Cytoplasmic rudiments of 
degenerated cell after releasing of the cell body. Scale bar = 10 
jjim. dc, degenerating cell; ER, endoplasmic reticulum; GE, 
gland epithelium; he, heterochromatin; 1, lipid; ly, lysosome; 
m, mitochondrion; mv, microvilli; n, nucleus; nu, nucleolus. 
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the anus of a 6-mm animal; Foster and Wolfe, 
1986). This "membrane" (Fig. 67A,B) is ac
tually produced by the cells of the midgut, not 
in any specialized region but by cells all along 
the length of the midgut (Snyder and Wolfe, 
1980; Foster and Wolfe, 1986). The secretory 
droplets seen in midgut cells probably consist 
of mucus, which acts as a lubricant for the 
food mass (Foster and Wolfe, 1986), and pos
sibly explains why Foster and Wolfe (1986) 
could not detect any fibrillar pattern to the 
peritrophic membrane, whereas Schlecht 
(1979) documented extensive fibrillar pat
terning in the peritrophic membrane of 
Leptestheria. The peritrophic membrane sur
rounds fecal matter in the gut, and possibly 
aids with its elimination. 

The interesting process of taking in water 
via the rectum, or "anal drinking," occurs at 
least in some anomopods (Fryer, 1970; 
Giinzl, 1991), some of which have a divertic
ulum partially lined with cuboidal epithelial 
cells stemming from the posterior region of 
the midgut. It occurs also in laevicaudatans 
(personal observation), which have no poste
rior gut diverticulum, and in Anemia 
(Croghan, 1958d). Although not entirely un
derstood, the process may aid in maintaining 
body turgor pressure and in the retention of 
digestive products, which otherwise would be 
lost with defecation, by recirculating water 
and ingested particles into the anterior region 
and even the ceca of some species where they 
can be absorbed (Fryer, 1970). Hypo-osmotic 
regulation has been suggested for some anos-
tracans (Croghan, 1958d), whereas Giinzl 
(1991) suggests removal of excretory prod
ucts. 

Hindgut 

Columnar epithelium of the midgut stops 
abruptly, marking the beginning of the ecto-
dermally derived (and thus cuticle-lined) 
hindgut (Fig. 66A,B). InArtemia, the cuticle 
is as thin as in the esophagus (approximately 
0.25 |JLm; Schrehardt, 1987b). Epithelial cells 
are again cuboidal, as in the esophagus, and 
almost identical in their ultrastructure and in 
the surrounding muscle layers. 

Both foregut (esophagus) and hindgut basal 
lamina are single-layered, and the cuboi
dal epithelial cells that underlie the cuticle 
contain less lipid and glycogen than the mid
gut cells (Schrehardt, 1987b). There are also 
occasional tendinous cells for the attachment 
of the gut to the dilator musculature (Criel, 
1991a; fig. 8). 

RESPIRATORY SYSTEM AND 
OSMOREGULATION 

Considering that the name Branchiopoda 
(literally "gill footed") stems from the pre
sumed ability of these crustaceans to ex
change oxygen across limb surfaces, it is sur
prising how little is known about gas 
exchange across the cuticle. Physiological 
studies on respiration abound (e.g., for Ar-
temia see Eriksen and Brown, 1980, and re
views by Clegg and Conte, 1980; Decleir 
et al., 1980; Moens et al., 1991; and papers 
cited therein), and many have assumed that 
gas exchange occurs across the very thin cuti
cle of the epipods of the thoracic appendages. 
Indeed, these structures are often referred to 
as gills or branchiae, and the constant rhyth
mic beating of the thoracic limbs in most taxa 
has been cited as evidence of the need to pro
duce a constant flow of oxygenated water 
over the limb surfaces (in addition to bringing 
in food particles in some taxa). However, 
there is a growing body of evidence, some of 
which has existed for quite some time, sug
gesting that the thoracic epipods cannot bear 
the full responsibility for respiration and in
deed may be less well equipped for this role 
than other parts of the body. Peters (1987) has 
pointed out that in Daphnia, although the cu
ticle of the "branchial sacs" (epipods) is very 
thin (0.2-0.5 ixm) compared to other parts of 
the leg (the cuticle of which is usually 1-3 [jim 
thick), the epithelium underlying this cuticle 
may be 15-20 |JLm thick, compared to ordi
nary epithelial layers elsewhere in the body 
that are only 3-5 |JLm thick. Thus, total diffu
sion distance is greater here, and it seems 
unlikely that these epipods could be the pri
mary site of gas exchange. Physiological 
studies also support the idea that thoracic limb 
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epipods are not crucial to gas exchange. For 
example, the rate of limb beating in Daphnia 
is independent of ambient oxygen concentra
tions, and oxygenation of the hemolymph 
does not increase with an increase in limb 
activity (see Peters, 1987). In a now-famous 
series of papers on Anemia, Croghan 
(1958a-d) demonstrated that the cuticle of the 
epipods is extremely permeable to salts, and 
is osmoregulatory in function rather than res
piratory, and he also demonstrated (1958c) 
that "burning" the surface of the gills with 
KMn04 did not unduly affect survival of ani
mals in isotonic sea water, some surviving a 
week or more despite the "browning and dis
tortion of the epithelium of the first ten pairs 
of branchiae" (Croghan, 1958c: 236). How
ever, surviving Artemia did lose the ability to 
osmoregulate. This finding has been sup
ported by Holliday et al. (1990), who demon
strated by silver staining of the epipods (Fig. 
68A-C) that these structures are much more 
permeable than any other part of the body to 
chloride and/or silver ions (although the max
illary gland and midgut were also implicated 
in osmoregulation by having high Na^/K^-
ATPase enzyme-specific activities). Staining 
of the epipods occurred in a reticulated pat
tern, possibly suggesting the pattern of the 
epithelial cells underlying the cuticle (see dis
cussion of light and dark cells of the epipod 
epithelium). Moreover, crude homogenates 
of the epipods had very high Na^/K^-
ATPase enzyme-specific activity that in
creased in proportion to the salinity of the 
medium (and thus in proportion to the need to 
transport ions out of the epipods). Analyses of 
hemolymph ions and transepithelial potential 
differences showed that chloride is trans
ported out, whereas sodium is "very close to 

Fig. 66. Abrupt transition of midgut and beginning of hindgut 
in Artemia. A: Median sagittal section showing posterior of 
midgut and start of hindgut. (From Hootman and Conte, 1974.) 
B: Hindgut epithelial cells and overlying cuticle. (Courtesy of 
G. Criel.) Arrow, dense apical rod characteristic of tendonal 
cells; C, cuticle; CM, circular muscle; Cu, cuticle lining hind
gut; DE, dorsal ectoderm; G, Golgi complex; H, hindgut; I, gut 
epidermal cell; II, tendonal cell; M, midgut; N, nucleus; p, 
peritrophic membrane. 

Fig. 67. The peritrophic membrane oi Artemia. (After Snyder 
and Wolfe, 1980.) A: Diagram of cross section through second 
abdominal segment of male showing peritrophic membrane (P) 
within gut. B: Longitudinal section of gut showing peritrophic 
membrane (?) between simple columnar epithelial cells (E) and 
food mass (F). DM, dorsal longitudinal muscles; DV, dorsal 
vessel (heart); T, testes, VM, ventral longitudinal muscles. 

electrochemical equilibrium" on either side of 
the cuticle, and Holliday et al. (1990) noted 
the apparent functional similarity of the Ar
temia cells to the branchial chloride cells of 
teleost fishes. Obviously, oxygen exchange in 
Artemia must occur across other areas of the 
integument, as suggested to be the case in 
Daphnia (Peters, 1987), whereas ion trans
port occurs almost exclusively across the epi
pod cuticle (and to some extent across the 
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Fig. 68. Presumed respiratory and osmoregulatory surfaces. 
A: Dorsal view of four adult Artemia with silver-stained epi
pods, indicating permeability to salts. Note darker staining of 
epipods of two animals at right, caused by acclimation to higher 
salinity (400% sea water) (compared to 50% sea water for two 
animals on left) prior to staining. (Courtesy of C. Holliday.) B: 
Ventral view of young Artemia with thoracic limb epipods (ar
rows) silver-stained. (Courtesy of C. Holliday.) C: Thoracic 

limb epipods 6-11 showing reticulated staining pattern after 
silver staining. Note 11th pair never stains. (Courtesy of C. 
Holliday.) D: Laevicaudatan Lynceus gracilicornis, ventral 
view with "respiratory membrane" (inner layer of cuticle) show
ing (arrows). E: Inflated epipods (ep) of the spinicaudatan 
Leptestheria dahalacensis. (From Scanabissi Sabelli and Tom-
masini, 1990b.) Scale bar = 0.3 mm. 

midgut and maxillary gland epithelium) in 
adults. Thoracic "respiratory" epipods are 
lacking in the Onychopoda and Haplopoda 
(Leptodora) (and on some thoracic limbs of 
the ctenopod Holopedium). In these taxa, gas 
exchange obviously occurs across the thin cu
ticle of some other area of the body. Finally, 

some groups use the epipods as reproductive 
structures, storing the ripe eggs. While this is 
hardly a sacrifice in the Notostraca, where it 
could be argued that there are plenty of re
maining epipods that could handle respiratory 
demands, it is harder to explain the benefit to 
leptestheriid conchostracans, which employ 
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four or five epipods per side as egg storage 
and transfer devices (Tommasini and Scan-
abissi Sabelli, 1989). If the epipods were crit
ical to respiration, then committing this many 
on each side of the body would seem a high 
price. 

We are left with the assumption that oxy
gen uptake and carbon dioxide elimination are 
occurring by way of passive diffusion (as in 
all Crustacea; McMahon and Wilkens, 1983) 
across the general body surface, possibly over 
the thin, permeable cuticle overlying the epi
pods but more likely across the cuticle of 
other parts of the body. One such area is the 
thin layer of cuticle that lines the inner surface 
of the carapace in the bivalved taxa (Fig. 
68D) and in the Notostraca. This thin layer 
has been termed a respiratory membrane or 
respiratory organ in some conchostracans and 
cladocerans and has been suggested to be a 
probable site for gas exchange (e.g., Kaest-
ner, 1970; Schram, 1986). Respiratory areas 
on the inner surface of the carapace are known 
in branchiurans (e.g., McLaughlin, 1980, 
1983), and something similar may occur in 
branchiopods; patterns of blood flow within 
the carapace folds of the Notostraca were dia
gramed as long ago as 1841 (Zaddach, 1841: 
pi. 1). The location of the inner carapace fold 
would seem to favor such a role, since fresh 
oxygenated water brought into the area be
tween the valves would directly contact this 
thin layer of cuticle. This function has yet to 
be demonstrated. In larval stages of Artemia, 
the cuticle may be only 0.1-0.3 |xm thick 
(Freeman, 1989), and epipods are not yet de
veloped. Gas exchange must occur across the 
general body surface, and this is probably the 
case in many of the very small branchiopods. 

However it arrives, once in the he-
molymph, oxygen can then bind to the extra
cellular respiratory pigments, which in bran
chiopods consist of three structurally different 
hemoglobins that range from 230,000-
700,000 molecular weight units (Weber, 
1980). Although a review of the structure of 
these pigments is beyond the scope of this 
treatise, I mention them briefly here because 
they are of phylogenetic and comparative im

portance, since they differ from known respi
ratory pigments in all other arthropods. In 
Terwilliger's (1980) review of invertebrate 
hemoglobins, he noted that hemoglobin is 
known in the Anostraca, Notostraca, Concho-
straca (spinicaudatans only, although lae-
vicaudatans certainly appear red and probably 
contain hemoglobin also; personal observa
tion), and anomopod cladocerans (Terwil-
liger, 1980: table 2). Branchiopod hemoglo
bin is polymeric and similar in some ways to 
that of several insects. For example, it con
tains 1 heme per 17-20,000 grams of protein. 
However, branchiopod hemoglobin forms 
larger polymeric aggregates, not known 
among insects, and there is tremendous varia
tion in molecular weight of the smallest sub-
unit, ranging from 15,500 in the spinicauda-
tan Cyzicus, 23,000 in the cladoceran Moina, 
30-35,000 in the notostracan Lepidurus, to 
125,000 in Artemia. It is possible that bran
chiopod hemoglobin is unique among arthro
pods (Terwilliger, 1980) in not being divisi
ble into heme-containing subunits of 
15-17,000 dalton units. 

In cysts or resting eggs, which in anostra-
cans, notostracans, and (to a lesser extent) 
conchostracans have been shown to be re
markably resistant to extreme temperatures, 
low pressure, extreme dehydration, and irra
diation (Moens et al., 1991) during the resting 
or "dormant" state, respiratory metabolism is 
either completely halted (Clegg and Conte, 
1980) or occurs at very low levels. This fasci
nating phenomenon is not reviewed here; for 
reviews of cyst metabolism and respiration 
(mostly in Artemia) see Clegg and Conte 
(1980), Clegg and Jackson (1989), Moens 
et al. (1991), and papers in Persoone et al. 
(1980) and Decleir et al. (1987). 

The "respiratory" epipods of the thoracic 
appendages are treated next, but as osmoreg
ulatory rather than respiratory structures in 
light of the above discussion. 

Thoracic Limb Epipods 

The "respiratory" epipods (= branchiae, 
gills, metepipods, metepipodites) are naked, 
balloonlike processes that stem from the bases 
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of the thoracic appendages just proximal to 
the exopod. They may be oval and flattened, 
or elongate and nearly tubular (Fig. 68E). 
They have been illustrated for many taxa and 
are easily recognizable. In Artemia, the epi-
pods have been described as having a "finely 
dimpled" surface (Copeland, 1967; Moens 
et al., 1991), but that condition might result 
from slight wrinkling during critical-point 
drying (see Felgenhauer, 1987), because in 
some taxa the surface of the epipods appears 
smooth (e.g.. Fig. 68E). Apparently the cuti
cle overlying the epipods is extremely thin, 
only 0.2-0.5 ixm thick on the epipods of 
Daphnia (Peters, 1987). Additionally, the cu
ticle here may not contain all three layers of 
the typical crustacean integument (see Integu
ment). 

Light and Dark Cells of the 
Epipod Epithelium 

A single layer of epithelial cells lies just 
internal to the epipodal cuticle. Copeland 
(1967) classified these cells in Artemia into 
two types based on electron density: dark 
cells, which contain numerous mitochondria, 
and light cells, with few mitochondria (Fig. 
69). The dark and light cells occur in approx
imately equal numbers and are arranged in 
"an alternate interdigitating manner" (Cope
land, 1967; Criel, 1991a). Both cell types 
have marked indentations of the plasma mem
brane of the cell surface that faces the cuticle, 
but otherwise they differ markedly in their 
morphology. 

Dark cells contain large numbers of mito
chondria, some of which are very flattened 
and in close association with the cell mem
brane, forming the "mitochondrial pumps" of 
Copeland (1967). Dark cells are more or less 
columnar, and in frontal sections they appear 
to surround the light cells. Consequently, 
their microtubules, which are more numerous 
than in the light cells, and microfibrils are 
oriented more or less perpendicular to the cu
ticle (Fig. 69), to which they appear to be 
anchored by thin fibers that extend from distal 
infoldings of the plasma membrane into the 
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Fig. 69. Schematic view of "mitochondrial pump" of thoracic 
epipod epithelium of Artemia. (After Copeland, 1967.) Cuticle 
is at bottom of picture, af, anchor fibers connecting cell to 
cuticle; bi, basal indentations of light and dark cell membranes; 
bm, basement membrane; dm, dense membrane between light 
and dark cells; f, light cell interdigitation with rough ER; m, 
mitochondria; mp, mitochondrial pumps; mt, microtubules and 
microfibrils; rer, rough endoplasmic reticulum; star, intercellu
lar spaces. 

cuticle. Dark cell cytoplasm is separated from 
that of the light cell (apically, prior to the first 
intracellular interdigitation) by the two ap
posed plasma membranes; the space between 
these membranes, which extends from the cu
ticular area to the level of the first cellular 
interdigitation (Copeland, 1967), contains a 
dense material. At the cuticular end of this 
dense region, the membranes are connected to 
one of the basal indentations (an unfortunate 
term, as the indentations are at the apical end 
of the cell) by a "simple, compact desmosome 
(zonula occludens)" (Copeland, 1967). Fur
ther from the cuticular surface, in the area of 
interdigitation of dark and light cell pro
cesses, the dense material between the mem
branes exhibits periodicity more characteris
tic of septate desmosomes (Copeland, 1967). 
Thin cytoplasmic processes, recognizable as 
belonging to dark cells by their electron den
sity and numerous mitochondria, extend "be-



BRANCHIOPODA 123 

^is\ 

® 
Fig. 70. Osmoregulatory epithelium of thoracic limb epipod of Anemia. (From Conte, 1980.) Transverse 
section through epipod of adult. Note membrane amplification (apM) and prominent array of mitochondria 
(Mit) adjacent to hemocoelic cavity (Hae). bM, basement membrane; Cut, cuticle; IM, lateral membrane. 

tween evaginations of the light cell" (Cope-
land, 1967: 370) and surround similar 
processes of the light cells. Only the dark 
cells have sinusoids (extensions of the extra
cellular space) and are in direct contact with 
the circulating hemolymph. 

The mitochondrial pumps of Artemia dark 
cells were defined by Copeland (1967: 380) as 
"a metabolically linked ion pump located in 
the cell plasma membranes intimately associ
ated with the mitochondrial membranes at a 
distance of several hundred angstroms or 
less." These areas are characterized by the 
flattened mitochondria, the shape of which 
affords a larger surface area for association 
with lamellar membranes (Figs. 70, 71). The 
lamellar spacing is remarkably constant, 
ranging from 15 to 20 nm, suggesting to Cope-
land (1967) some sort of physical binding or 
molecular attraction between these layers. 
The gap between the lamellar membrane and 
the outer mitochondrial membrane is also 
constant (10-15 nm). 

Light cells appear more cuboidal, lack mi
tochondrial pumps, contain fewer mitochon
dria (the ratio of dark to light mitochondria is 
15 or 20:1), do not fix well (possibly indicat
ing that they are more highly hydrated; Cope-
land, 1967), and their apical plasma 
membrane indentations are less regularly or
ganized than those of dark cells. However, 
they have a more regular pattern of RER that 
could serve a transfer function (Copeland, 
1967). Light cells are always separated from 
the hemocoel by at least a thin sheet of dark 
cell cytoplasm, and they contact the he
molymph only indirectly, via intracellular 
canaliculi that penetrate the dark cells. 

Although Daphnia epipod epithelium also 
contains dark and light cells, the former with 
many mitochondria and the latter with few, as 
in Artemia, the ultrastructure of these cells 
differs from the above description (Kikuchi, 
1982a,b, 1983, 1984). Osmoregulatory prob
lems faced by Daphnia and other freshwater 
branchiopods are opposite to those faced by 
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Fig. 71. Detail of mitochondrial pump and associated infoldings of plasma membrane in "dark" cell of 
Anemia epipod. (From Conte, 1980.) Note unique array of mitochondria and juxtaposition of plasma 
membranes, a, sinusoidal system of "dark" cell; b, tubular labyrinth; IM, lateral membrane; Mit, mitochon
dria; arrows, lamellar spaces. 

brine-inhabiting Anemia. Water entering by 
osmosis must be removed, and internal ion 
concentrations must be maintained by inward 
transport of ions. This has been demonstrated 
for Na^ uptake in Daphnia (Stobbart et al., 
1977), and the site of inward transport has 
been assumed to be the epipod epithelium 
(Gicklhom and Keller, 1925; Stobbart et al., 
1977). Consequently, differences in the ultra-
structure of the transport mechanism of Daph
nia and Anemia might be expected. 

In epipod epithelial cells of Daphnia, there 
is an elaborate system of cytoplasmic tubules 
of two types. Large (about 130 nm diameter) 
tubules contain flocculent material, have a 
spiraled, ridgelike surface coat (Kikuchi, 
1982a), and are directly connected with the 
basal and lateral cell membranes. These were 

regarded by Kikuchi (1982a, 1983) as exten
sions of the basal and lateral cell membranes. 
Therefore, the lumen of these tubules corre
sponds to the extracellular spaces and surface 
coat of the cell membrane. Smaller cytoplas
mic tubules (about 70 nm diameter) occur in 
bundles and seem to be smooth-surfaced ER. 
The dark cells have a unique cell membrane 
lined with repeating subunits on the cytoplas
mic side of the apical cell border (Kikuchi, 
1982b, 1983), and are known to accumulate 
chloride ions on their apical surfaces beneath 
the cuticle (Kikuchi, 1983). The apical mem
brane of the dark cells forms microvilli in the 
"subcuticular space" (Kikuchi, 1982b), un
like Anemia. There are microvillous projec
tions on the lateral and basal surfaces of dark 
cells as well. And although the dark cells have 



BRANCHIOFODA 125 

numerous "ordinary" mitochondria, they also 
have "giant" mitochondria (up to 3 [xm, com
pared to a width of about 0.5 jxm for ordinary 
mitochondria) that contain "crystalline matri
ces" (Kikuchi, 1984). The crystalline matrices 
were seen as hexagonal, pentagonal, or irreg
ular in profile (Kikuchi, 1984). As in Ar
temia, the dark cells were suggested by Kiku
chi to play the more important role in 
osmoregulation, but obviously in reverse di
rection from what occurs in Artemia (Kiku
chi, 1983). 

There is also a relationship between the 
salinity of the habitat and the morphology of 
these cells. At low salinities, there is a pre
dominance of light cells (few mitochondria), 
and the epithelial layer is thin; Artemia raised 
in dilute sea water (approximately isotonic 
with body fluids) have normal-sized epipods 
with a greatly reduced epithelial lining with 
few mitochondria. In more saline waters the 
epithelial cell layer is thicker, there are many 
more mitochondria, and cellular complexity 
is greater (Copeland, 1967). This finding sup
ports the mitochondrial pump hypothesis 
(Copeland, 1966, 1967). The function of 
these two cell types is in the regulation of 
salts. This has been demonstrated by several 
workers and is now well accepted (e.g., see 
Copeland, 1967; Holiiday et al., 1990). Thus, 
this epithelial layer perhaps should be dis
cussed under the heading Excretion, but I 
have elected to discuss it here because of the 
possibility (unproven) that some gas ex
change does occur across the epipod cuticle, 
and therefore across this cell layer, and be
cause of the historical precedent of referring 
to the thoracic epipods (erroneously it now 
seems) as gills or branchiae. Moens et al. 
(1991: 210) stated that "oxygen has only to 
cross the cuticle of the metepipodites [epi
pods]; once in the intercellular space of the 
monolayer it reaches the hemolymph and can 
bind to the respiratory pigments," thus infer
ring that the epithelial cells have occasional 
gaps between them through which he
molymph can contact the cuticle directly. Di
rect contact between hemolymph and cuticle 

has been implied for the cells of the larval salt 
gland of Artemia, which are morphologically 
very similar to epipod cells. Hootman and 
Conte (1975: 373) noted that "sinusoids from 
the labyrinth open directly into the hemocoel 
. . . providing numerous avenues by which 
hemolymph may enter the tubules." If true for 
the epipod epithelial cells, this might explain 
the reticulated staining pattern noted by Holi
iday et al. (1990) and others, although the 
work of Croghan (1958a^) firmly estab
lished the fact that Artemia, if indeed it em
ploys the epipods for any gas exchange, cer
tainly is not dependent upon them for such; he 
also demonstrated that the epipods are the 
sites of active ion excretion in a hypertonic 
medium and probably of active uptake in hy
potonic media, being permeable to Na*, K *", 
andMg^"^. 

In larvae, where the epipods have not yet 
developed, ion regulation (at least in Artemia) 
is by the dorsal organ (= salt gland; see sec
tion on Dorsal Organ). 

EXCRETORY SYSTEM 

Excretion occurs across general body sur
faces and by several organs, the functions and 
development of which change during ontog
eny. Although this section is devoted to spe
cific organs of excretion, Peters (1987) noted 
that, at least in Daphnia, it is unlikely that 
most solutes would be excreted by a single 
organ or at a distinct site. Rather, Peters sug
gested that daphniids, because of their small 
size and short diffusion distances, exhibit "di
rect release to the environment," supported 
indirectly by studies showing constant, slow 
release of nitrogen and phosphorus, rather 
than pulses of these products that would be 
more indicative of glandular secretion. It is 
possible that this sort of excretion occurs also 
in other branchiopods, in addition to the doc
umented excretory activity of the glands dis
cussed below. Salt regulation via the epipods 
of thoracic limbs (in those taxa having epi
pods) and dorsal organ (in larval stages) is 
discussed under Respirator^' System and Os
moregulation (epipods) and Dorsal Organ. 
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Antenna! Glands 
Excretion in developing branchiopods is 

probably via the antennal (or antennary) 
glands, which are present in all larval branchi
opods (although not all taxa have larvae) but 
degenerate with the onset of development of 
the maxillary glands (Warren, 1938; Loch-
head, 1950; Criel, 1991a). These glands are 
conspicuous in larval stages of anostracans 
(e.g., see Warren, 1938: fig. A; Fryer, 1983: 
figs. 14, 17, 19; Conte, 1984) and are present 
and presumably functional in stage 2 larvae of 
Anemia (Conte, 1984) and in the notostracans 
Triops cancriformis (Crasser, 1933) and by 
stage 4 in Triops longicaudatus (Fryer, 
1988). Fryer (1988) refers to these glands in 
notostracans as "transient" and illustrates (his 
fig. 116) the end sac and tubules in a stage 4 
larva. In some taxa, a vestige of the gland can 
be seen in adults; the rudiment of the end sac 
(clearly nonfunctional, as the duct is no 
longer present) is evident in Artemia and other 
anostracans (e.g., Claus, 1886; Cassel, 1937; 
Warren, 1938; Lochhead, 1950) and in cer
tain anomopods and other "cladocerans" 
(e.g., see discussion in Fryer, 1969). The 
gross anatomy is similar to that of the only 
other segmental excretory organ, the maxil
lary glands (see below), as the antennal gland 
consists of a blind end sac and an efferent 
duct. In naupliar larvae of Artemia, these 
glands are located on either side of the head in 
the area where the second antenna arises and 
open at the base of the antennal protopodite 
(Cassel, 1937; Warren, 1938). Reports of the 
number of cells constituting the end sac vary 
from 1 H 4 (Cassel, 1937) to 16 (Warren, 
1938) in Artemia, whereas the larval efferent 
duct is composed of three or four syncytial 
cells and an intracellular duct (Warren, 1938; 
Cassel, 1937; Benesch, 1969; Criel, 1991a). 
The excretory function is transferred to large, 
well-developed maxillary glands, which be
come functional by about the sixth naupliar 
instar in anostracans (Warren, 1938). 

A poorly known gland referred to by War
ren (1938) as the mandibular gland is also 
transitory, present in the first and second in-

star nauplius of Artemia (Conte, 1984) but 
disappearing by about the sixth instar. This 
gland may have some excretory function as 
well, although Warren (1938) could not lo
cate any external opening of the duct, and 
Conte (1984) expressed doubts as to its func
tion as a renal organ. 

Maxillary Glands 
Excretion in adults is primarily via large, 

paired maxillary glands. These glands consist 
of a central blind end sac, around which is 
coiled a rather long efferent excretory duct. 
The gland lies in the open hemocoel, con
nected to the adjacent cuticle by strands of 
connective tissue, and is bathed by the he-
molymph. The efferent excretory duct or tu
bule terminates in a short, ectodermally de
rived (and, hence, cuticle-lined) exit duct 
(Goodrich, 1945; terminal duct of Tyson, 
1968), which eventually leads to an opening 
on the maxilla. 

These glands are present and conspicuous 
in all eight extant orders. Although differ
ences exist in the shape of the gland in the 
various orders, the overall arrangement is 
roughly similar (Cannon and Manton, 1927) 
(Fig. 72). In both conchostracan orders, the 
end sac and ducts are arranged within the 
folds of the carapace around the rather large 
carapace adductor muscles (Fig. 72C,D; see 
also Fig. 38B for Lynceus). In notostracans, 
which lack comparable carapace adductor 
muscles, the coils of the efferent duct are 
slightly more compressed and the gland is 
consequently elongated in an anterior-poste
rior direction (Fig. 72B). Notostracans also 
display slight differences in the gross struc
ture of the end sac, which is produced into 
three small lobes, two of which project into 
the trunk cavity and one that is an elongated 
"fenestrated lobe" (Cannon and Manton, 
1927), which Claus (1873) mistook for an 
adductor muscle. In the onychopods (e.g., 
Polyphemus, Fig. 72F), despite the fact that 
the carapace is greatly reduced and displaced 
posteriorly, and the reduced adductor muscle 
now attaches to the coils of the gland rather 
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Fig. 72. General form of the maxillary gland. (After Cannon and Manton, 1927.) A: Chirocephalus 
(Anostraca). B: Lepidurus (Notostraca). C: Estheria (Spinicaudata). D: Lynceus (Laevicaudata). E: Sida 
(Ctenopoda). F: Polyphemus (Onychopoda). G: Leptodora (Haplopoda). e, end sac; x, y, and z refer to 
regions believed homologous in the various orders by Cannon and Manton (1927). 

than to the ectoderm of the carapace, the max
illary gland nevertheless shows similarities to 
the Estheria type described by Cannon (1924) 
and Cannon and Manton (1927). In the haplo-
pod Leptodora, the situation is very different. 
The end sac and one small coil of the efferent 
duct lie in folds of the posterolaterally dis

placed carapace, but from that point the effer
ent duct is uncoiled and rather large (Fig. 
72G) and empties on the body wall (Cannon 
and Manton, 1927). In ctenopods and anomo-
pods, the coils of the efferent duct are often 
straightened out to the point that the coils 
appear as long tubes with rather sharp bends 
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Fig. 73. Light micrograph of section through maxillary gland of Anemia. Centrally located end sac is 
surrounded by coils of the efferent duct (ed). (Courtesy of G.Criel.) G, gut. 

at their anterior and posterior extremities 
(e.g., Sida, Fig. 72E). In anostracans, these 
glands are seen externally as slight bulges just 
posterior to the mandibles (Lochhead, 1950). 
Because the glands in anostracans are not 
bound by the confines of the carapace folds, 
they are free to extend into the body cavity, 
where the loops of the efferent duct may over
lap (e.g., Chirocephalus, Cannon and Man-
ton, 1927, and Artemia, Warren, 1938; Ty
son, 1969a; Criel, 1991a). In notostracans, 
conchostracans, and most cladocerans, the 
end sac and coils of the efferent duct are lo
cated within the folds of the carapace, and are 
shaped according to available space between 
the inner and outer layers of cuticle. Thus 
they may appear somewhat more elongate in 
notostracans than in smaller conchostracans 
and cladocerans, but no functional or phylo-
genetic significance is attributable to this dif
ference (Fryer, 1987c). In the ctenopods and 
anomopods, the glands also are found in the 
folds of the carapace, much as in the "concho
stracans." 

Detailed studies on the maxillary glands 
exist only for the spinicaudatan Estheria 

(Cannon, 1924) and for Artemia (Warren, 
1938; Tyson, 1968, 1969a,b; Criel, 1991a). 
In Artemia, the gland consists of a centrally 
located, slightly enlarged end sac, around 
which the efferent excretory duct makes three 
loops before passing to the maxilla (Fig. 73). 

The end sac is anchored in place by thin 
strands of connective tissue running from the 
outer layer of the end sac to the coils of the 
efferent duct (Tyson, 1968). Furthermore, 
and more interesting, adjacent coils are con
nected via "intercoil connections," where the 
basal laminae of cells in the two coils are 
continuous and where one or more cytoplas
mic extensions from one cell may form a 
bridge to the cell in the adjacent coil (Fig. 79) 
(Tyson, 1969b). Connecting processes are 
branched, and the interdigitation of the two 
cells is quite complex, similar in some ways 
to the interdigitations seen between cells in 
the distal efferent duct (Tyson, 1969b: fig. 
13C). The connecting cytoplasmic processes 
do not penetrate the basal lamina and enter the 
hemocoel. At the site of these connections, 
the basal laminae of the two adjacent coils are 
"clearly continuous with one another, thereby 
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Fig. 74. Epithelium of maxillary gland end sac oi Anemia. (From Tyson, 1968.) A: TEM of basal end of 
epithelial cell, x 14,500. B: Higher magnification of foot process. X42,300. bm, basement membrane; ecs, 
extracellular spaces; fp, foot processes; les, lumen of end sac. Arrows denote spiny coated pits in A, 
junctional specializations between adjacent foot processes in B. 

preserving the integrity of the basal lamina as 
an uninterrupted layer separating the cells of 
the tubular epithelium from the haemocoel" 
(Tyson, 1969b: 55). 

The epithelium lining the lumen of the end 
sac (Figs. 74, 75, 80A) consists of a single 
layer of large, highly branching cells that are 
remarkably similar to the podocytes (or vis
ceral epithelial cells) of Bowman's capsule of 
a vertebrate nephron. Cell height is variable, 
but tends to be greatest where there is a nu

cleus (e.g., Tyson, 1968: fig. 2). Large cyto
plasmic protrusions of these cells may branch 
often before "coming to rest on the basement 
membrane as small foot processes" (Tyson, 
1968: 133). Interdigitation of neighboring 
foot processes is common and rather orderly, 
with the processes lying approximately equi
distant to each other at the level of the basal 
lamina (Fig. 74) (Tyson, 1968). Between ad
jacent cytoplasmic extensions and branches 
(Fig. 75), there are often wide extracellular 
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Fig. 75. Cytoplasmic inclusions of epithelial cell of maxillary gland end sac of Anemia. (From Tyson, 
1968.) A: Area of cytoplasm containing several different inclusions. B: Part of two membrane-bound 
inclusions, each of which contains short, cylindrical elements (arrows), ecs, extracellular spaces; fp, foot 
processes, ger, granular endoplasmic reticulum; m, mitochondria; mbi, membrane-bound inclusions. 

spaces that at times appear to be in direct 
contact with the end-sac lumen. The cell sur
face bordering these extracellular spaces often 
displays specializations such as shallow pits. 
Between adjacent foot processes are junc
tional specializations that Tyson (1968) felt 
were similar to the "filtration slit membranes" 
of the podocytes of vertebrate Bowman's cap
sules, strongly suggesting that primary urine 
formation is by ultrafiltration. There is typi
cally one such junctional element visible be

tween any two adjacent foot processes, al
though two, three, or more were reported by 
Tyson. The distance between the foot pro
cesses at the level of these junctional modifi
cations is approximately 40 nm (Tyson, 
1968). Nuclei of end-sac epithelial cells are 
irregular, often with deep clefts. Oval to rod-
shaped mitochondria, often bearing one to a 
few electron-opaque granules, are present but 
not abundant. The most obvious inclusions in 
the end-sac epithelial cells are large, mem-
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brane-bound bodies (Fig. 75A,B). These 
sometimes appear lobate, giving the impres
sion that they formed by fusion of several 
smaller inclusions. Their origin and function 
are unknown. It is not clear whether they are 
all of one type vs. a variety of functionally 
unrelated membrane-bound bodies. Tyson 
(1968) noted that considerable variation exists 
in the size, shape, density, and texture of 
these inclusions, even within individual ani
mals. Associated with these inclusions are 
Golgi elements, which may be found in the 
cytoplasm between the inclusions or (more 
often) in the cytoplasm surrounding a group 
of inclusions (Tyson, 1968), Granular endo
plasmic reticulum (GER) is also found associ
ated with these inclusions, and Tyson noted 
some similarities between the material in the 
lumen of the GER and that in the inclusions. 
Although that similarity might suggest that 
the inclusions contain some sort of secretory 
product, it is most likely that ultrafiltration is 
the method of urine formation. As is true of 
the decapod green gland, primary urine is a 
blood ultrafiltrate that is secondarily modified 
by reabsorption and perhaps secretion to form 
the definitive urine (Kirschner and Wagner, 
1965; Tyson, 1968). 

The efferent duct is divided into two mor
phologically and functionally distinct regions: 
a proximal efferent tubule, which connects to 
the end sac, and a distal terminal duct that 
leads from the efferent tubule to its opening 
on the maxilla (Tyson, 1969a). In Artemia, 
the efferent tubule departs from the ventral 
margin of the end sac. At the point where the 
efferent duct connects to the end sac, there are 
bundles of filaments that Tyson (1969a) inter
preted as contractile elements. These are very 
likely what Cannon and Manton (1927) ob
served in Chirocephalus and referred to as a 
"very well defined muscular sphincter" valve 
of the end sac. These filaments are parallel to 
one another within a group, but no cross 
banding is evident. Tyson {1969a) suggested 
that these filaments act in some way like a 
sphincter muscle, similar to the valvehke ap

paratus that is seen in the segmental excretory 
glands of higher crustaceans (Goodrich, 
1945). 

The walls of the efferent tubule are lined 
with large, flattened epithelial cells (Fig. 
80B,C). The tubule wall thickness (cell 
height) varies from about 5-25 \x.m. The most 
obvious features of these epithelial cells are 
their apical microvillous border (Fig. 77A) 
and, more basally, membranous folds and ex
tensions (Figs. 76, 77B, 78,. 80B,C). These 
basal processes may be of two types. The first 
type is large, deep infoldings of the basal 
plasma membrane within a single cell. The 
second type is interdigitations with these 
same processes from adjacent cells, and also 
with similar plasma membrane processes 
from lateral cell surfaces (Tyson, 1969a). All 
three of these features—microvillous border, 
basal infoldings, and basal and lateral inter
digitations with adjoining cells—serve to 
markedly increase surface area of these cells. 
Cytoplasm near the basal infoldings and lat
eral processes contains large numbers of mi
tochondria. Elements of granular endoplas
mic reticulum are found, usually in the form 
of vesicles scattered throughout the epithelial 
cells, although Tyson (1969a) cautioned that 
some of these vesicles could be artifacts of 
poor fixation. Golgi complexes are most often 
found in the apical part of the cells, and gran
ular endoplasmic reticulum elements are often 
abundant in the nearby cytoplasm. Between 
these epithelial cells of the tubules are found 
two types of speciaUzed zones of cell contact 
in the apical region. Zonulae adherentes of 
approximately 0.15-0.65 \i.m length occur 
most distally, and may form a continuous 
sheath around the perimeter of the apical part 
of the cell. Basal to these are found much 
longer (and possibly continuous) septate des-
mosomes (Fig. 78C) that may even extend 
completely around each cell (Tyson, 1969a). 

After its final (third in Artemia) loop 
around the end sac, the efferent tubule passes 
through a plate or ring of connective tissue 
(Warren, 1938) before passing medially and 
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Fig. 76. Basal region of epithelial cell in proximal region (first coil) of efferent tubule, maxillary gland of 
Anemia. (From Tyson, 1969a.) Note extensive infoldings of basal plasma membrane associated with 
numerous mitochondria, bl, basal lamina; ger, granular endoplasmic reticulum; m, mitochondria; n, nucleus; 
arrows, blind endings of three infoldings of plasma membrane. 

connecting with the terminal duct. The junc
tion between the efferent tubule and the termi
nal duct is marked by a decrease in tubule 
diameter and a marked change in ultrastruc-
ture of the epithelium. The cells of the termi

nal duct have none of the surface-increasing 
specializations of the efferent tubule epithe
lium and lie beneath a thin (usually less than 
0.5 |JLm), ectodermally derived cuticle that is 
similar in ultrastructure to the animal's exter-
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Fig. 77. Apical region of cell of efferent tubule, maxillary gland of Anemia. (From Tyson, 1969a.) A: 
Microvillous border from distal region (third coil) of tubule. Note branched micnivilli. B; Basal region of 
epithelial cell of third coil. Note electron density of cytoplasm of cell of third coil (cy^) a-N conipanid to that of 
cell of first coil (cy'). bl, basal lamina; m, mitochondria; mg, mitochondrial granules. Arrows denote course 
of convoluted basal cell membranes. 

nal cuticle (Fig. SOD). Lateral cell margins 
are relatively simple, without infoldings or 
interdigitations with adjacent cell mem
branes. Mitochondria of these cells are 
smaller and less numerous than those of effer
ent tubule cells and are not found in close 
association with the plasma membrane. Golgi 

elements are present, but not near the apical 
border. Elements of granular and agranular 
endoplasmic reticula are found, with the 
former more abundant. Terminal duct cells 
also possess loose particles, which may be 
ribosomes or primary glycogen particles, and 
membrane-bound bodies, which may be oval. 
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Fig. 78. Epithelial cells of efferent tubule, apical region, and cell junctions. (From Tyson, 1969a.) A: 
Lateral region of contact between two cells, one of which contains a vacuole (v). B: Apical bleb (ab) 
extruding into lumen of tubule. C: Septate desmosome (sd) and zonula adherens (za) between two cells of the 
first coil. 

round, or irregular, containing a "flocculent 
material of low electron-density" (Tyson, 
1969b: 159). Based on the nature of the epi
thelial cells of these two regions, and because 
ultrafiltration appears to take place in the end-
sac cells of this gland, Tyson (1968, 1969a,b) 
postulated that selective reabsorption occurs 
in the efferent tubule, with the terminal duct 

acting more or less as a passive conduit for the 
final urine after modification by the efferent 
tubule. However, she noted also that the ter
minal duct may play some role in the synthe
sis of organic components of the overlying 
cuticle, based on the presence of well-devel
oped RER in conjunction with conspicuous 
Golgi elements. 



Fig. 79. Intercoil connections between epithelial cells in first and third coils of the efferent tubule, 
maxillary gland of Artemia. (From Tyson, 1969b.) A: Low-magnification montage of region of connection. 
Note difference in electron density of cytoplasm of cells of the two coils, and "islands" of lighter cytoplasm 
among the more dense cytoplasm of third coil cell. B: Higher magnification of area similar to that in 
rectangle in A. bl, basal lamina; cp, connecting process; h, hemocoel; Ic', lumen of first coil; Ic ,̂ lumen of 
third coil; m, mitochondrion; n ,̂ nucleus of cell in coil 3. 
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Fig. 80. Diagram of epithelial cells from various regions of the maxillary gland. (From Tyson, 1969b.) A: 
End sac. B: Efferent tubule, proximal region. C: Efferent tubule, distal region. D: Terminal duct (lined with 
cuticle). Apical end of cell is at top in each figure. 

Holliday et al. (1990) found high Na^/K"^-
ATPase enzyme-specific activity, indicating 
that the maxillary glands in Artemia function 
also to some extent in osmoregulation. This 
finding lends support to Potts and Barry's 
(1964) statement, based on a study by Med-
wedwa (1927), that Artemia may produce a 
hyperosmotic urine. However, Conte and co
workers (see Conte, 1984) have found that the 
urine is always isosmotic, and believe the 
maxillary glands incapable of producing hy
perosmotic urine (Conte, 1984). If true, then 
their role in salt regulation must be aided by 
other organs (thoracic epipods and larval salt 
glands) (Conte, 1984). Daphnia and other 
freshwater taxa take in much water by oral 
and anal drinking, and probably by osmosis, 
so it is difficult to believe that the large 
amount of urine that must be produced is al
ways isosmotic. 

Phagocytic Storage Cells 

There is also a possibility that the large 
phagocytic storage cells circulating in the 
open hemocoel aid in the excretory process. 
Lochhead (1950) credited these cells with 
"uptake of pigment granules and other foreign 
particles." Lochhead and Lochhead (1941) 
credited these cells with phagocytosis, and 
Criel (1991a) considered them the functional 
equivalent of the combined nephrocytes and 
fat bodies of insects (see section on connec
tive tissue and musculature). 

REPRODUCTIVE COMPONENTS 

Branchiopod reproduction is an extremely 
complex subject and has been the subject of 
numerous studies. The following is a very 
brief review. 

Most populations of anostracans reproduce 
sexually, although parthenogenesis and her-
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maphrodism are known in some species of 
Artemia (Wolfe, 1971; Fryer, 1987c; Belk, 
1991; Criel, 1991a). Wolfe's (1971) state
ments concerning parthenogenesis and her-
maphrodism in genera other than Artemia ap
parently are incorrect (D. Belk, personal 
communication). Polyploidy is fairly com
mon. Sexual populations of Artemia have a 
chromosome number of 42 (except for one 
diploid species), whereas parthenogenetic 
populations have diploid, triploid, tetraploid, 
and pentaploid forms, with several ploidy 
numbers and even aneuploidy known from a 
single population (Abreu-Grobrois, 1987; 
Browne and Bowen, 1991). Notostracans are 
either sexual (habitually so in some species) 
or hermaphroditic (Fig. 88), and in some of 
the hermaphroditic species the reproductive 
mode can vary as a function of geography 
(Longhurst, 1954, 1955; Fryer, 1987c, 
1988). Although most previous accounts of 
parthenogenesis in the Notostraca are proba
bly incorrect (Fryer, i987c, 1988), Zaffag-
nini and Trentini (1980) provide evidence for 
automictic parthenogenesis in European pop
ulations of Triops cancriformis that are classi
fied by them as "rudimentary hermaphro
dites." In part, their reasoning was based on 
previous evidence for automictic partheno
genesis in another branchiopod, the spinicau-
datan Limnadia lemicularis, a species that, 
like notostracans, has testis lobes present in 
the female reproductive system (Zaffagnini, 
1969). Most spinicaudatan populations repro
duce sexually, although it is not uncommon to 
find highly skewed numbers of males and fe
males (usually with many more females), and 
both selfing hermaphroditism and sexual out
crossing are known in the Limnadiidae 
(Sassaman, 1989). In some taxa {e.g., Limna
dia, Cyclestheria) males are either extremely 
rare or unknown. For example, there are no 
known males in any populations of Cyclesthe
ria in Australia (Timms, 1986) or India (e.g., 
Nair, 1968), although males are known from 
North America (Sissom, 1980). Cyclestheria 
is known to exhibit sexual reproduction (re
sulting in the production of resting eggs) or 
parthenogenesis (resulting in eggs that de
velop in a dorsal brood pouch), depending on 

the population and possibly on the time of 
year, and the same may be true for popula
tions of Limnadia lenticularis (but with rest
ing eggs always the result). Laevicaudatan 
populations always have both sexes, as far as 
is known, and reproduction is assumed to be 
sexual. In the Ctenopoda, diploid partheno
genesis is universal. In anomopods, onycho-
pods, and haplopods, diploid parthenogenesis 
resulting in brooded eggs is nearly universal 
(Fryer, 1987c). Some Caspian Sea popula
tions of cercopagid onychopods lack males 
and sexually reproducing females, and many 
cladocerans (especially among the daphniids) 
are obligate parthenogens (Hebert, 1987; 
Zaffagnini, 1987), but sexual reproduction re
sulting in "resting" eggs often occurs, and 
many populations are known to alternate be
tween parthenogenetic and sexual reproduc
tion within a single annual cycle (e.g., 
Leptodora and many anomopods, e.g.. see 
Hebert, 1987, reproduce parthenogenetically 
during the summer but sexually, producing 
resting eggs, in the fall). 

Female System 
The ovaries are typically paired, tubular 

organs located on either side of the gut, often 
just dorsal or even slightly ventral to it, and 
usually originating anterior to the genital 
somite. In many taxa, they extend posteriorly 
from the genital somite into at least some of 
the "abdominal" somites (e.g., Fig. 81A,B). 
In notostracans, the ovaries (or "ovatestes" in 
some species or populations) extend along 
nearly the entire length of the body (Wing-
strand, 1978; Tommasini et al., 1989). In cte-
nopods, the ovaries consist of a row of large 
cells; these cells originate anteriorly, and ex
tend posteriorly as long, single-cell rows, 
with each cell being flanked by one nurse cell 
in front and two behind, or vice versa (Fryer, 
1987a). In the anomopods, the ovarian cells 
originate posteriorly, are not in a single uni-
seriate row, and each cell is found in a cluster 
with three nurse cells (Rossi, 1980; Fryer, 
1987c). In haplopods, the ovary, which is a 
single (unpaired) lobular organ, is confined to 
the postgenital somites (Wingstrand, 1978; 
Rossi, 1980). 
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Oviducts lead from the ovaries to openings 
at the base of thoracic limbs (Notostraca, 
Spinicaudata), to openings within a dorsal 
"brood pouch" formed by the (sometimes re
duced) carapace (Anomopoda, Ctenopoda, 
Onychopoda, Haplopoda), to an ovisac 
(sometimes termed the "uterus") within a 
large ventral brood pouch (Anostraca, Fig. 
81A,B), or to the base of flaplike lamellar 
extensions of the body wall (Laevicaudata). 
In anostracans, a unique ventral brood pouch 
is present for storage of shelled eggs. In other 
taxa, storage is accomplished via modified 
limbs (Notostraca and at least some Spinicau
data) or within the confines of the carapace 
chamber, which may be modified for this pur
pose. 

Formation of the outer (tertiary) egg mem
brane occurs via a variety of mechanisms, 
including secretion by epithelial cells lining 
the ovaries or oviduct and from specialized 
shell glands adjacent to the ovisac (Anostraca 
only). 

Oogenesis 
A comparison of oogenesis in the major 

orders provides a striking example of branchi-
opod diversity and of how misleading gener
alizations on their anatomy can be. Although 
the resulting egg is often rather similar in the 
major groups, formation of the egg follows 
different pathways in different taxa. Gener
ally the ovarian cells begin as a cluster of four 
follicular cells, three of which become "ali
mentary" or "nurse" cells, aiding in the devel
opment of the fourth cell, the true oocyte, but 
further details vary with the taxa. 

Anostracans have been studied extensively 
with regard to oogenesis and other aspects of 
the female reproductive system but should not 
be considered representative for all branchio-
pods. Most information stems from studies on 
Artemia, Chimcephalm, Eubranchipus, Strep-
tocephalus, and Tanymastix (e.g., Fautrez-
Firlefyn, 1951; Under, 1959; Anteuniset al., 
1966; Lochhead and Lochhead, 1967; Gar-
reau de Loubresse, 1974; Criel, 1980a,b, 
1989, 1991a; Munuswamy and Subramo-
niam, 1985, and papers cited therein). In 

these taxa, the germinal zones are located in a 
ventral strip along the tubular gonad, i.e., 
they are not confined to discrete "follicular" 
areas. 

In Artemia, and probably in most other 
anostracans, the cells of the ovaries show cy
clical changes correlated with events of vitel-
logenesis (Criel, 1980a, 1989, 1991a). Early 
in vitellogenesis the ovaries appear translu
cent, becoming opaque and more granular as 
development proceeds. Two different cell 
types, the somatic cells (Lochhead and Loch
head, 1967; Criel, 1989, 1991a) and germ 
cells, are identifiable (Fig. 82). Germ cells 
include both oogonia and cells that later dif
ferentiate into oocytes and nurse cells (Criel, 
1989, 1991a). The somatic cells, some of 
which contain irregular dense inclusions, 
form "an interrupted layer of clear cells facing 
the gut and separating the clusters of germ 
cells" (Criel, 1989: 100, fig. 1) and are found 
closer to the gut. Oogonia, forming islands 
between the vitellogenic oocytes, are found 
more lateral to the gut. Germ cells between 
the oogonia and somatic cells are more mature 
closer to the gut (Criel, 1989). Early previtel
logenesis is marked by an increase in cell size 
and the transformation of the cluster of young 
oocytes into a long "ribbon" (Fig. 83) (Criel, 
1989), each of which consists of a maximum 
of about 32 oocytes (Criel, 1989). 

Differentiation between oocytes and nurse 
cells is obvious by the increase in cytoplasm 
of one oocyte of the ribbon toward the termi
nation of previtellogenesis. The nucleus of 
that oocyte is transformed into a large eccen
tric "germinal vesicle," and a "yolk nucleus" 
appears in the cell's center (Fig. 84A) (Criel, 
1989, 1991a). Smaller "accessory nuclei" can 
then be found spread over the surface of the 
oocyte (Criel, 1991a). Four yolk products 
have been reported (Fig. 84B): protein yolk 
platelets, lipid droplets, vesicular bodies, and 
small intracisternal granules (Criel, 1991a). A 
continuous layer ofsomadc cells underlies 
the basal lamina, and more or less sur
rounds the oocyte—nurse cell complexes. 
These cells acdvely phagocytose the degener
ating nurse cells and probably play a role in 
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Fig. 81. Asjjects of the female reproductive system in Ano-
straca (A-C) and Notostraca (D,E). A: Lateral view of female 
Eubranchipus bundyi. Note "uterus" (ovisac) within median 
ventral brood pouch. (After Linder, 1959.) B: Ventral view of 
ovaries and long ovisac within brood pouch of Branchinecta 
paludosa. (After Sars, 1896.) C: Relationships of ovaries, ovi
ducts, lateral pouches, shell glands, and median ovisac (here 
containing shelled eggs) in Chirocephalus nankinensis. (After 
Hsii, 1933.) D: Triops cancriformis "germarium" showing 

stages in nurse cell development. Note gradual increase in size 
of three nurse cells as compared to relatively smaller oocyte 
from stage 1 to 4. (After Trentini and Sabelli Scanabissi, 1978.) 
E: Diagram of Triops cancriformis gonad with three follicle 
ducts (fd). (After Trentini and Sabelli Scanabissi, 1982.) e, egg; 
ef, empty follicle; em, eggshell material; gp, genital pore; Ip, 
lateral jx)uch of oviduct; o, oocyte; oc, od, ovi, oviduct; of, 
oocyte follicle; ov, ovary; sg, shell glands; tz, testicular zone of 
notostracan follicular duct; u, "uterus" (ovisac). 
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Fig. 82. Longitudinal section through the ovary of Anemia during vitellogenesis. (After Criel, 1991a.) o, 
maturing oocytes; n, nurse cells; s, somatic cells. Scale bar = 50 |xm. 

transport, as indicated by their well-devel
oped network of indented plasma membranes 
(Criel, 1991a). The nurse cells eventually be
come polyploid, degenerate, and are phago-
cytosed by the surrounding somatic cells 
(Criel, 1991a). Engulfing of the nurse cells by 
developing oocytes, described earlier by 
Fautrez-Firlefyn (1951) using light micros
copy, has not been confirmed or supported by 
more recent transmission electron microscop
ical (TEM) studies (Criel, 1991a). 

The oviducts of Artemia depart from the 
ovaries in the region of the third abdominal 
(postgenital) somite and extend ventrally and 
anteriorly to open into the anterolateral border 
of the ovisac. Each oviduct is lined with 
secretory epithelium consisting of two cell 
types, with and without secretory granules 
(Fig. 85) that undergo secretory cycles (Criel, 
1980a,b). The oviducts are surrounded by cir
cular and longitudinal muscle fibers (Criel, 
1991a). Laterally, the oviducts may become 
distended and are sometimes termed lateral 
pouches; apparently these lateral pouches are 

separated from the median and frontal parts of 
the ovisac by a "shutter" mechanism (Fig. 86) 
that is partly cellular in composition and 
partly fibrous (Criel, 1980a, 1991a). 

Developing eggs pass down the oviduct 
into the lateral pouches and finally into the 
median ovisac, known only in anostracans. 
The median and frontal parts of the ovisac 
retain sperm and thereby function as a sort of 
seminal receptacle between copulation and 
fertilization. Sperm stored in these areas of 
the ovisac continue to mature and may acquire 
peripheral arms or may disintegrate (Criel, 
1980a, 1991a). Specialized shell glands 
(Figs. 81A-C, 87) responsible for secretion 
of the final egg coating and opening into the 
ovisac also are unique to the Anostraca. These 
glands consist of clusters of two or four cells 
that vary in color depending upon the stage of 
the reproductive cycle. From each cluster 
there is a short duct, the lumen of which is 
lined with a chitinous membrane. The pres
ence of a chitinous lining, plus the similarity 
of the gland's organization to integumental 
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Fig. 83. TEM through a ribbon of developing oocytes in Artemia. (After Criel, 1980a.) cb, cytoplasmic 
bridge; chr, chromatin; n, nucleolus. Scale bar = 2 jjim. 

glands, led several workers (e.g., Benesch, 
1969) to claim an ectodermal origin for both 
ovisac and shell glands. These glands may 
appear white or even colorless to a dark 
brown (Anderson et al., 1970; Fautrez and 
Fautrez-Firlefyn, 1971; De Maeyer-Criel, 
1973), and it has been suggested that they 
play some role in the determination of ovipa
rous vs. ovo viviparous development. How
ever, the exact role remains unknown (Criel, 
1980a, 1991a). Among white shell glands, at 
least two different types have been recognized 
by characteristics of the secretory granules. 
The two cell types are thought to be related to 
development of naupliar larvae vs. formation 
of the thin shell of embryos that will hatch just 
after oviposition (Criel, 1980a, 1991a; De 
Maeyer-Criel, 1973). 

Notostracan oogenesis was the focus of 
several excellent papers by Trentini and Sa-
belH Scanabissi (1978, 1982), SabelH Scan-
abissi and Trentini (1979), Tommasini and 
Scanabissi Sabelli (1989), and Tommasini 
et al. (1989). In Triops, oocytes are produced 
in blind tubules coming off the longitudinal 
oviduct (Fig. 81D,E). The germinal zones are 
located at the distal end of each tubule, and 
produce four cells that increase in size, even
tually forming an ovarian follicle (Figs. 
81D,E, 89). Each follicle bulges out into the 
surrounding hemocoel and is covered by a 
single thin layer of somatic follicular cells 
(Trentini and Sabelli Scanabissi, 1978). The 
four cells in the ovarian follicle are a true 
oocyte and three nurse cells. The quartet is 
produced by two mitoses of the original oogo-



142 MARTIN 

Fig. 84. The Anemia oocyte in early vitellogenesis. (After Criel, 1989.) A: Low magnification of oocyte 
in early vitellogenesis. Yolk nucleus (yn) is in cell center with several accessory nuclei (an) around periphery 
of oocyte. Scale bar = 5 ixm. B: The four known yolk products: lipid yolk droplets (ly), proteinaceous yolk 
platelets (py), vesicular yolk bodies (vy), and ER cistemae with granular material (arrow). 



Fig. 85. The Artemia oviduct. (After Criel, 1980b.) A: Part of oviduct just after descent of eggs. Scale 
bar = 5 (xm. B: Apical protrusions of oviduct cells 76 h after release of eggs into uterus. Note demarcation 
(arrow) between cell body and apical protrusion. Scale bar = 5 (xm. ic, intercellular canaliculus; g, Golgi 
complexes; m, mitochondria; za, zonula adherens. 
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Fig. 86. Release of eggs from the lateral pouches of the Anemia oviduct, showing the opened "shutter" 
mechanism (S) and the beginning retraction of the extended oviduct (arrow). Scale bar = 200 |JLm. (After 
Criel, 1980a.) 

nium, each mitosis having incomplete cytoki
nesis. These four cells are connected by inter
cellular cytoplasmic bridges (Figs. 90, 91), 
0.9-1.9 |xm wide, reflecting the incomplete 
cytokinesis. These broad regions of cell com
munication might infer synchronous matura
tion of the four sister-follicular cells, or possi
bly a trophic relationship where nurse cells 
support the oocyte (Anteunis et al., 1966; 
Trentini and Sabelli Scanabissi, 1978). A 
trophic relationship is supported by the obser
vation of Trentini and Sabelli Scanabissi 
(1978) that yolk globules are present in the 
nurse cell cytoplasm, the first report of yolk 
droplets in nurse cells of any arthropod. The 
finding of yolk in the nurse cell cytoplasm. 

and the implication that it is subsequently de
livered via cytoplasmic bridges to the oocyte, 
also supports the theory that the nurse cells 
are abortive oocytes, i.e., they are derived 
from true germ cell precursors that begin 
growth as oocytes but do not undergo meiosis 
following yolk production (Trentini and Sa
belli Scanabissi, 1978). Such cytoplasmic 
bridges are also known from female germ 
cells in the Anomopoda (Daphnia) (Zaffag-
nini and Lucchi, 1965) and Anostraca (Ante
unis et al., 1966). Nurse cells are differenti
ated from true oocytes early in development. 
They increase in size much more rapidly than 
does the oocyte (in contrast to the situation in 
all other branchiopods), and their nuclei con-
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Fig. 87. Anostracan (Artemia) shell glands. (After Criel, 
1980a.) A: Entire shell gland showing nucleus (N) and excre
tory channel (e). Scale bar = 40 ^.m. B: White shell glands. 
Scale bar = 20 ^.m. C: Brown shell glands. Scale bar = 
20 ^.m. 

tain many more nucleoli than does the nucleus 
of the oocyte. Additionally, nurse cell cyto
plasm contains scattered chromatin, many 
free ribosomes (giving it a darker appearance 
than oocyte cytoplasm), few scattered long 
mitochondria, and concentrically arranged 
membranes of SER. The number and nature 
of these cellular components change during 
the stages of follicle development (see Tren-
tini and Sabelli Scanabissi, 1978). In later 
stages, groups of vesicular bodies are seen 
near the larger yolk globules, possibly result
ing from the breakup of large yolk globules at 
the end of the nurse cell growing stage (stage 
IV of Trentini and Sabelli Scanabissi, 1978). 

The oocyte exhibits many similarities with 

the nurse cells, again inferring that the four 
cells had a similar precursor and that nurse 
cells are abortive oocytes. Shared compo
nents include concentrically arranged ER in 
early stages of oocyte development, yolk 
globules, and annulate lamellae (later stages 
only). Oocytes differ in having a single nucle
olus in the nucleus, synaptonemal complexes 
visible in the nucleus (which previously had 
been reported only from crustacean spermato
cytes), annulate lamellae, and other structures 
peculiar to germ cells that are not found in the 
nurse cells (Sabelli Scanabissi and Trentini, 
1979). Although it increases in size, the 
oocyte is still smaller than surrounding nurse 
cells at the end of maturation, which is not the 
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Fig. 88. Hermaphroditic Triops cancriformis (Notostraca) with testicular lobe containing oocyte group 
(og) coming off the follicular duct (fd). (From Zaffagnini and Trentini, 1980.) 

case in other orders. The synaptonemal com
plexes (SC) are 90 nm wide centrally with 
lateral elements of 30 nm, and they are an
chored to the nuclear envelope, which is in
dented at the point of insertion of the SC (Sa-
belli Scanabissi and Trentini, 1979). As the 
oocyte enlarges, several groups of concentri
cally arranged membranes can be seen in the 
cytoplasm; these appear similar to those seen 
in notostracan nurse cells. In later (larger) 
stages of development, the nuclear envelope 
displays many pore complexes, with pores 
regularly spaced and having a constant diam
eter of about 60 nm. Groups of evenly ar
ranged annulate lamellae (AL), consisting of 
up to 20 layers of paired annulated mem
branes, can be seen in the cytoplasm. These 
AL are similar to those previously reported 
for brine shrimp and may indicate a high met
abolic rate for these cells (see Sabelli Scan
abissi and Trentini, 1979). 

As the notostracan oocyte matures, it 
passes down the follicular duct (Fig. 89). This 
duct is lined with a single-layered epithelium 

that also produces the "eggshell" (tertiary en
velope) material. These epithelial cells are 
closely packed, average 28 (xm high x 7 |xm 
wide, possess an elliptical nucleus with (usu
ally) two types of nucleoli, and bear short, 
apical microvilli (Trentini and Sabelli Scan
abissi, 1982). The nuclear envelope has few 
deep infoldings and is always covered with 
ribosomes and pierced by pores. Cytoplasm 
of these cells appears electron-dense, partly 
because of the numerous free ribosomes, but 
mostly because of the extensive development 
of RER, the presumed site of synthesis of the 
eggshell material, a "paracrystalline" sub
stance that is subsequently stored in large vac
uoles before being excreted into the lumen of 
the follicular duct in the form of discrete elec
tron-dense spheres (Trentini and Sabelli Scan
abissi, 1982). Basally, these cells contain 
large (about 2 |xm diameter) vacuoles that 
arise from cytoplasmic membranes in inter
cellular spaces. Maturing oocytes (about 0.3 
|xm diameter) descend along the follicular 
ducts toward the oviduct, and in so doing they 



Fig. 89. Follicular duct of rnopscancn/or/nw (Notostraca). (From Trentini and Sabelli Scanabissi, 1982.) 
A: Low-magnification overview showing germinal zones. X140. B: Longitudinal section. X2,100. BL, 
basal lamina; cEM, condensing eggshell material; EM, eggshell material in duct lumen; FD, follicular duct; 
H, hemocoel; L, lumen; N, nucleus; O, oocyte contacting eggshell material; OF, oocyte follicle; TZ, 
testicular zone; V, vacuoles. 
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Fig. 90. Intercellular bridges (arrowheads) connecting the four follicle cells (oocyte and three nurse cells) 
in Triops cancriformis (Notostraca). (From Trentini and Sabelli Scanabissi, 1978.) x6,400. chr, chromatin; 
NCN, nurse cell nucleus; NO, oocyte nucleus. 

pass through the secreted eggshell material in 
the lumen of the duct. The passage involves 
great dilation of the follicular duct, with a 
resulting flattening of the follicular epithelial 
cells (from 30 down to 3 |xm height). With the 
exception of the loss of the apical microvilli 
and basal vacuoles, the greatly flattened cells 
undergo no changes in ultrastructure. It is 
possible that passage of the oocyte physically 
causes additional secretion of the eggshell 
material. Oocytes are covered by this secreted 
material by the time they reach the oviduct, 
but the final form of the eggshell is not seen 
until this outer layer becomes "vacuolated" on 
its way toward the storage pouch of the modi
fied 11th trunk limb (see below). 

In the Spinicaudata, some taxa display oo
genesis similar to that seen in notostracans. 
Specifically, the limnadiid Limnadia lenticu-

laris has hernialike protrusions of the tubular 
gonad into the surrounding hemocoel, and oo
genesis occurs in these germarium pockets 
(Zaffagnini, 1968). Zeni and Zaffagnini 
(1989) described discrete follicles in Leptes-
theria dahalacensis (Figs. 92, 93), but this 
may not hold true for all spinicaudatans. Oo
genesis occurs not in discrete follicular enclo
sures but is scattered all along the length of 
the tubular gonad, with no clear develop
mental gradient, i.e., the oocytes arise via 
"diffuse gametogenesis" (Eoleptestheria and 
Leptestheria, Tommasini and Scanabissi Sa
belli, 1989; Scanabissi Sabelli and Tomma
sini, 1990a). In these two genera, oocytes are 
formed via karyokinesis that is not followed 
by cytokinesis, resulting in an unorganized 
"Plasmodium" (Scanabissi Sabelli and Tom
masini, 1990a). Synaptonemal complexes are 
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Fig. 91. Development of nurse cells in Triops cancriformis. (From Trentini and Sabelli Scanabissi, 1978.) 
A: Early development (stage II) of nurse cells (NC) with nucleoli (no), x 2,300. B: Flattened follicular cell 
(FC) enveloping ovarian follicle and nurse cell (NC) and separated from hemocoel by basal lamina (bl). C: 
Part of stage III nurse cell with many nucleoli (no) showing first yolk droplets (y). x 4,600. 

present, as is extensive RER. The walls of the 
tubular gonad are composed of long follicular 
cells. The cytoplasm of these cells is reduced 
to a thin strip no more than 0.1 fxm thick, but 
nevertheless contains many of the same com
ponents described above for the Notostraca. 

A basal lamina of about 0.2 fxm separates this 
layer of cells from the hemocoel, but no nurse 
cells or intercellular bridges were described 
(Tommasini and Scanabissi Sabelli, 1989; 
Scanabissi Sabelli and Tommasini, 1990a), in 
contrast to Zeni and Zaffagnini's (1989) find-



Fig. 92. Details of oocytes and nurse cells in Leptestheria 
dahalacensis (^'pmxca.uddXSL). (From Zeni and Zaffagnini, 1989.) 
A: Intercellular bridge between oocyte and one nurse cell. Scale 
bar = 1 |xm. B: Detail of nucleus in a previtellogenic oocyte. 
Scale bar = 0.5 |xm. *, homogeneous material around intracis

temal granule; CL, concentric lamellae of RER; D, desmosome; 
GJ, gap junction; GM, granular mass; IG, intracistemal gran
ules; M, mitochondria; My, myelin figure; N, nucleus; NP, 
nuclear pores; Nu, nucleolus; PM, plasma membrane of oocyte 
contacting nurse cell; RER, rough endoplasmic reticulum. 
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Fig. 93. Peripheral cytoplasm of nurse cell of vitellogenic oocyte in Leptestheria dahalacensis (Spinicau-
data). (From Zeni and Zaffagnini, 1989.) Scale bar — 0.5 \i.m. BM, basal membrane of follicle; FC, follicle 
cell; G|, immature protein yolk globule; IG, intracistemal granules. 

ings for Leptestheria dahalacensis. Even 
more curious is the fact that, according to 
these same authors, the egg envelope is cre
ated by exocytosis of the egg itself, rather 
than by secretions of oviducal cells (Notos-
traca) or shell glands (Anostraca), and this is 
the only egg membrane present throughout 
development. If so, then these two genera 
differ even from other spinicaudatans (see 
Belk, 1987; Zeni and Zaffagnini, 1989). Fi
nally, the eggs are coated with mucus pro
duced by ovarian mucous glands (also 
unique) and then pass into the dilated epipod 
(Figs. 94B, 95) of several posterior thoracic 
appendages, from which they are later dis
charged through a distal medial slit on the 
epipod, to adhere via their mucus coating to 
the mother's body wall (Tommasini and 
Scanabissi Sabelli, 1989; Scanabissi Sabelli 
and Tommasini, 1990a). This use of selected 
thoracic epipods to store and transfer eggs to 
the lateral external body wall may also occur 

in the Laevicaudata, where attempts to locate 
the female genital opening have failed (Mar
tin et al., 1986), and is reminiscent of the role 
of the notostracan female 11th trunk limb. 

Oogenesis in the major cladoceran orders 
was reviewed by Rossi (1980) and Zaffagnini 
(1987, for Daphnia). It is a complex process, 
complicated further by the fact that there are 
cytological differences between comparable 
organs, depending upon whether reproduc
tion is parthenogenetic or amphigonic (sex
ual), and space does not allow a detailed re
view here. Resulting eggs may be of two 
different types, also depending on mode of 
reproduction, with thicker shelled "resting" 
eggs produced by ephippial females as a result 
of sexual reproduction (Zaffagnini, 1987). 
The germarium is at the anterior end of the 
ovary in the Sididae (Ctenopoda), but at the 
posterior end in the Anomopoda, Ony-
chopoda, and Haplopoda. Ovaries and brood 
chamber are confined to the thorax, except for 
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Fig. 94. Oviduct and egg formation in Leptestheria dahalacensis (Spinicaudata). (From Tommasini and 
Scanabissi Sabelli, 1989.) A: Semithin section of oviducal sac showing eggs (E), egg envelopes (arrows), 
and mucus (m). B: Longitudinal section showing eggs as they enter base of thoracic limb epipods (ep). E, 
egg; mt, midgut; O, ovary. 

Leptodora, where they are abdominal. Oo
genesis proceeds in "waves" (Rossi, 1980), 
allowing simultaneous development of eggs 
at several different stages, but direction of the 
wave (i.e., longitudinal or lateral) differs be
tween anomopods (in which oogenetic waves 
arise laterally) and all other taxa (Rossi, 
1980). Rossi (1980) also noted that, although 

all cladoceran orders possess yolk in the 
oocytes, the nature of the yolk differs in 
Leptodora, further supporting the separation 
of haplopods from other cladocerans. 

Resting Eggs 
Many branchiopods produce some form of 

resting eggs (or cysts), although the method 
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Fig. 95. Use of thoracic limb epipods for egg storage/transfer left by egg and residual mucus (m). C: Recently laid eggs 
in Leptestheria dahalacensis (A-D) and eggs of Eoleptestheria 
ticinensis (E-G) (Spinicaudata). (From Tommasini and Scan-
abissi Sabelli, 1989.) A: Epipods (ep) during laying of eggs. 
Note enlargement (arrow) where egg is issuing from epipod. B: 
Opening on interior distal surface of epipod showing opening 

adhering to epipods (ep) via mucus (m).D: Egg mass on lateral 
surface of female's trunk. E: Egg with mucous layer (m) torn. 
F: Mucous layer (m) and vitelline envelope (ve) surrounding 
egg (E). G: Detail of F showing vitelline envelope (ve) and 
mucous layer (m). 

of formation of these eggs varies among taxa 
(see above). Although often assumed to play a 
role in enabling the embryo to withstand des
iccation, the thick external shell (Figs. 96-98) 
plays a more important role in protection 
against physical damage and sunlight 

(Bishop, 1968; Belk, 1970). Resting eggs of 
Artemia do not engage in detectable metabo
lism and contain less than 1 % water by weight 
(Kasturi et al., 1990). Notostracan resting 
eggs can survive temperatures up to within 
1°C of boiling, and in some populations of 
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Fig. 96. Trilaminate structure of the egg in No
tostraca and Spinicaudata. A: Diagram of Triops 
cancriformis egg membranes, showing newly 
formed unstratified eggshell (a), formation of the 
inner layer (b), and construction of the final egg
shell (c). (After Tommasini et al., 1989.) B: Trans
verse section through two eggs of Triops granarius, 
showing cryptobiotic embryo (ec) and alveolar na
ture of tertiary envelope (ca). (From Thiery, 1985.) 
Scale bar = 100 \ym. C: Section through dehy
drated egg of Eulimnadia antlei (Spinicaudata). 
(After Belk, 1987.) Black embryonic mass (EM) 
approximately 0.1 mm across at greatest width. 
EC], embryonic cuticle 1; TE, tertiary envelope. 

Triops (Notostraca) and Streptocephalus 
(Anostraca) high temperatures are required to 
interrupt diapause (Carlisle, 1968). In many 
taxa (e.g., Notostraca, Laevicaudata, and 
most Spinicaudata), production of resting 
eggs is the only mode of reproduction, 
whereas in others (e.g., Haplopoda, many 
Anomopoda, Cyclestheria among the spini-
caudatans, etc.) resting eggs are but one op
tion. The final (tertiary) eggshell is produced 
by distinct shell glands in anostracans, by 
cells of the follicular duct in notostracans and 
at least some limnadiid spinicaudatans, and 
by exocytosis of the oocyte itself in some 

leptestheriid conchostracans (see above and 
also Belk, 1987). 

The dormant resting egg usually consists of 
a thick, external, outer shell, termed a tertiary 
envelope, and one or two inner chitin-con-
taining embryonic cuticles formed by ecdysis 
of the growing embryo after the tertiary enve
lope has formed (Mawson and Yonge, 1938; 
Weisz, 1947; Under, 1960; Morris and Af-
zelius, 1967; Anderson et al., 1970; Garreau 
de Loubresse, 1974; Gilchrist, 1978; Belk, 
1987, for Anostraca; Thiery, 1985; Tommas
ini et al., 1989, for Notostraca; Zaffagnini 
and Minelli, 1970; Belk, 1987, for Spinicau-



BRANCHIOPODA 155 

i 10 /ur 

Fig. 97. Details of the dehydrated cyst of Streptocephalus 
dichotomus (Anostraca). (From De Walsche et al., 1991.) A: 
Cross section through entire cyst. B,C: Details of cyst outer 
wall. Numbered arrows designate: 1, upturned section of inter
nal layer (i.l .); 2, "curtains" of cortical layer (c.l.); 3, thin 
window-like sections of c.l.; 4, externally visible "spokes" of 

window section of c.l. AL, a.l., alveolar layer; As, covering of 
alveolar layer; CL, c.l., cortical layer; e L- , embryonic cuticle; 
EMBC, emb.c , embryonic cells; icm, internal cuticular mem
brane; p.m., peripheral membrane; s.m., spongy mass at foot of 
AL. 

data). The tertiary envelope is composed of 
three layers, termed simply inner, outer, and 
alveolar (e.g., Tommasini et al., 1989, for 
Notostraca; Fig. 96A), and these layers are 
formed around the notostracan oocyte by red
dish fluid secreted by the follicular tubule 
cells (Trentini and Sabelli Scanabissi, 1982). 
Belk (1987) demonstrated that in the Spini-
caudata and in some (but not all) anostracans 
there are two embryonic cuticles produced 

(Fig. 96C), the first one (ECl) inelastic and 
the second (EC2) elastic with outpocketings 
over the developing antennae (termed the "cu
ticular membrane" and "hatching membrane" 
in notostracans by Tommasini et al., 1989). 
Formation of the two cuticles, which are 
fused in the caudal region of the developing 
embryo in Artemia (but not in spinicauda-
tans), is separated by a period of embryonic 
growth (Belk, 1987). The two embryonic cu-
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Fig. 98. Layers of the eggshell in Triops cancriformis (Noto-
straca). (From Tommasini et al., 1989.) A: Single-layered egg
shell. B: Formation of the inner layer. C,D: Eggshell surface 
showing craters. E: Cross section showing increased thickness 
after formation of alveolar layer. F: Pores in final stage of 
eggshell. G,H: Cross sections of the three layers and embryonic 

cuticle. I: Embryonated egg showing alveolar and inner layers 
and hatching membrane. J: Final form of the egg and its layers 
after hatching of larva, al, alveolar layer; ec, embryonic cuticle; 
hm, hatching membrane; il, inner layer; ol, outer layer; white 
arrow in H, alveolar pore; white arrow in I, embryonic cuticle. 

tides differ slightly structurally and chemi
cally (Garreau de Loubresse, 1974). When 
the resting egg is dry, the embryo itself is a 
cuplike mass occupying less than half of the 

space within the tertiary envelope in the Spi-
nicaudata (Bishop, 1968; Belk, 1987), Notos-
traca (Thiery, 1985), and Artemia (Belk, 
1987) (Figs. 96B,C, 97A). Hatching involves 
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shedding of the tertiary envelope, rupture of 
EC 1, and finally rupture of the elastic EC2 to 
release the nauplius (Belk, 1987; Tommasini 
etal., 1989). 

Resting eggs so produced may be of many 
different shapes (Fig. 99), and are often used 
in taxonomic distinctions. In the Notostraca 
(e.g., Gilchrist, 1978; Alonso and Alcaraz, 
1984; Thiery, 1985; Tommasini et al., 1989) 
and Laevicaudata (Martin and Beik, 1989), 
resting eggs are rather unremarkable, being 
spherical and with little external ornamenta
tion (Figs. 98J, 99E). In the Anostraca, there 
is a seemingly endless variety of resting egg 
designs (Figs. 99A-D), ranging from spheri
cal and rather featureless (e.g., Artemia) to 
flat and lenticular (e.g., Tanymastix) to bear
ing elaborate external modifications such as 
ridges, folds, and spines (e.g., Chiroceph-
alus; see Mura et al., 1978; Munuswamy and 
Subramoniam, 1983; Alonso and Alcaraz, 
1984; Mura, 1986; Mura and Thiery, 1986; 
Thiery and Gasc, 1991). In the Spinicaudata, 
the eggs are almost always sculptured to some 
degree, with a diversity of shapes (e.g., see 
Samyiah et al., 1985; Martin and Belk, 1988; 
Belk, 1989; Martin, 1989b). Simple (unoma-
mented) resting eggs are produced by some 
haplopods and onychopods (usually as part of 
an annual reproductive cycle) and in some 
ctenopods, where they are "invested with an 
oviducal secretion" (Fryer, 1987a). The mor
phology of eggs of marine cladocerans was 
reviewed by Onbe (in press). 

In the Anomopoda, one mode of reproduc
tion involves deposition of resting eggs in a 
protective covering called an ephippium, ac
tually a modified portion of the original cara
pace (Fig. 1(X)). In the Macrothricidae, the 
most primitive among the anomopod fami
lies, the ephippium consists of the major por
tion of the carapace, and the number of eggs 
in a single ephippium is variable, with as 
many as 13 eggs known (Fryer, 1972, 1987c). 
In the relatively advanced chydorids (i.e., 
subfamilies other than the Eurycercinae and 
Sayciinae) and in most daphniids, the ephip
pium is composed of a much smaller portion 

of the carapace, and the number of eggs has 
stabilized at one (advanced chydorids) or two 
(daphniids) per ephippium (Fryer, 1972, 
1987c; Fryer and Frey, 1981). The ephippium 
is often modified, with additional structural 
components such as a strengthened dorsal 
ridge or other ornamentation, and in some 
macrothricid species bears long fdaments, ac
tually remnants of the original carapace bor
der, that now aid in entangling the ephippium 
among vegetation (Fig. lOOC) (Fryer, 1972; 
Fryer and Frey, 1981). Ephippia are secreted 
while the amphigonic (resting) eggs are grow
ing in the ovary (Zaffagnini, 1987). Forma
tion begins when the amphigonic oocyte is 
undergoing full vitellogenesis and the associ
ated nurse cells have begun to degenerate 
(Zaffagnini, 1987). It has been suggested 
(Zaita gnini, 1964) that secretions produced 
by the developing oocyte may stimulate for
mation of the ephippium. Ultrastructural ob
servations of the ephippia were provided by 
Schultz (1977), who noted a general thicken
ing of the cuticle and a diversification and 
layering of the normal integumental compo
nents, presumably for protection of the en
closed eggs. 

Eclosion is naupliar in most anostracans, 
al! notostracans, all spinicaudatans except 
parthenogenetic populations of Cyclestheria, 
probably all laevicaudatans, and in resting 
eggs of the Haplopoda (Leptodora). In cteno
pods, anomopods, and onychopods, the eggs 
develop in a dorsal brood pouch within the 
carapace, or ephippium if shed, and hatch as 
miniature versions of the adults; there are no 
true larvae. Much of our knowledge of micro
scopic anatomy of various systems stems 
from developmental studies (e.g., see Criel, 
1991b). 

Nahrboden 
In some of the taxa in which resting eggs 

are not produced, or are produced only in 
some seasons or under certain conditions, de
velopment of embryos occurs within the con
fines of the (often modified) carapace valves. 
To accomplish this, there must be some 
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method by which maternal products can be 
delivered to the eggs, which in some (but not 
all) of these taxa contain little yolk. Such a 
"placenta" is known, and has traditionally 
been termed aNdhrboden (see Rossi, 1980). 
The Nahrboden is located on the dorsal sur
face of the thorax, and thus within the bi-
valved carapace (Fig. lOOF). Its form and 
function have received little attention, al
though Patt (1947) described general princi
ples of Nahrboden development and its nutri
ent secretion in the onychopod Polyphemus, 
and Makrushin (1985) added information on 
Moina. The organ, which is basically a strip 
of cells between the digestive tract and the 
cuticular floor of the dorsal brood pouch, in
creases rapidly as the embryos develop, not 
by production of more cells but by a great 
increase in existing cell volume. At the same 
time, there is an increase in cellular compo
nents often considered typical of secretory 
cells (e.g., large numbers of mitochondria 
and Golgi apparati). Cell shape changes from 
columnar to cuboidal, and each cell is seen to 
possess a unique "secretion structure" consist
ing of a large vacuole that envelops a small 
invagination of the cuticle lining the floor of 
the brood pouch (Fig. lOOG). The secretion 
structure is presumed to play a role in the 
collection of secretory product(s) from Nahr
boden cells and their transport across the 
brood pouch cuticle (Patt, 1947). In ephippial 
females, the Nahrboden is small, with no in
dication of secretory activity (Patt, 1947). 

Absorption of maternal secretions allows 
for more rapid growth than is seen in embryos 
that depend upon stored yolk, and the cara
pace in taxa with a Nahrboden must expand 
greatly as the embryos develop, sometimes to 

Fig, 99. Examples of resting egg (cyst) morphology in the 
Anostraca (A-D), Laevicaudaa (E), and Spinicaudata (F-J). 
A: Sireplocephulus sealii. (Courtesy of B. Felgenhauer.) B: 
Tanymasiix affinis. C: Linderiellu africana. D: Chirocephalus 
diaphanus. (B-D after Mura and Thiery, 1986.) E: Lynceus 
mucmnatus. (After Martin and Belle, i988.) F: EuUmnadia 
asirauva. (Courtesy of D. Belk.) G: EuUmnadia agassiiii. 
(Courtesy of D. Belk.) H: EuUmnadia emsimilis. (After Martin 
and Belk. 1989.) I: EuUmnadia belki^ (After Martin, 19g9b.) J: 
Limnadia lenticularis. (After Martin, 1989b.) 

the point that the morphology of the adult 
female is altered. The method of expansion of 
the carapace is not known (Fryer, 1991a). 
Additionally, the carapace must be effectively 
sealed from the outside environment to mini
mize loss of the maternal secretions. Respira
tion of the embryos is therefore a problem, as 
they do not directly contact external water and 
must acquire oxygen via the mother, and as a 
consequence the limb beat in Moina is gener
ally faster than that seen in other (non-Nahr-
boden-bearing) daphniids (Fryer, 1991a) (but 
see comments of Peters [1987], in section on 
Respiration, on independence of limb beat 
and oxygen demand). Another problem com
mon to all taxa where fertilization takes place 
within the brood chamber formed by the cara
pace is that of sperm retention. Sperm depos
ited into a brood chamber open to the environ
ment are easily lost. One solution, described 
for some Ctenopoda, Onychopoda, and Hap-
lopoda, is the (possibly convergent) develop
ment of a seminal receptacle to minimize 
sperm loss; however, Rossi (1980) stated that 
no true seminal receptacle exists in any clado-
ceran. 

A Nahrboden is known in only two anomo-
pods, Moina and Moinodaphnia (Fryer, 
1991a), in one ctenopod (Penilia), and in sev
eral members of the Onychopoda (e.g., see 
Rossi, 1980, for Bythotrephes). These struc
tures may not be homologous, the need to 
supply maternal secretions to the developing 
embryo having arisen convergently as a re
quirement necessitated by rearing the young 
within the carapace and living in marine or 
highly saline environments (Potts and Durn-
ing, 1980). It should also be noted that many 
other ctenopods and anomopods have yolky 
eggs that develop in the same position within 
the carapace chamber but lack a Nahrboden 
(G. Fryer, personal communication). 

Male System 
The testes are paired tubular organs located 

dorsolaterally to the gut, lying in the hemo-
coelic cavity. The only exception to the above 
generalization is in the haplopod Leptodora 
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Fig. 100. Ephippia and Nahrboden in anomopod cladocerans. 
A,B: Ventral (A) and lateral (B) views of ephippium of La-
thonura rectirostris (Macrothricidae). C: Ephippium of Ophry-
oxus gracilis, a species with entangling filaments (F) formed by 
detached rims of ventral carapace margin. (A-C after Fryer, 
1972.) D: Ephippium of Chydorus ovalis, one of two known 
chydorids with a two-egged ephippium, showing lateral "wings" 
formed by anteroventral portions of carapace. (After Fryer and 
Frey, 1981.) E: Ephippium of a species of Daphnia. (After 
Brooks, 1957.) F: Section of the Nahrboden in Polyphemus 

pediculus (Onychopoda). G: Diagram of single Nahrboden cell 
of Polyphemus pediculus showing infolding of cuticle of brood 
pouch floor into secretion vacuole of cell (sv). (F,G after Patt, 
1947.) A, broken anterior margin of carapace; c, cuticle; CC, 
cast cuticle and cement attaching ephippium to substrate; CM, 
cement; CT, cast cuticle; D, dorsal plate of chitin; E, egg; em, 
embryo within brood pouch; Gb, Golgi bodies; L, leaf; m, 
mitochondria; Nahr, Nahrboden; nu, nucleus; V, ventral margin 
of carapace from which rim has become detached. 

kindtii, in which the unpaired testis consists of 
lateral lobes and "an unpaired isthmus in the 
2nd abdominal segment" (Wingstrand, 1978: 
18). The shape of the testes varies; they may 
be fairly simple tubelike or saclike structures 
in anostracans and most "cladocerans" (e.g., 

Zaffagnini, 1987), or they may consist of ex
tensive lobes and branches, as in the Notos-
traca, Spinicaudata, and Laevicaudata. 

Male reproductive structures of branchio-
pods have not been studied as thoroughly as 
have those of females. The following account 
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is based on Wolfe's (1971) work on the male 
system of Artemia, and to a lesser degree on 
several papers by Baker and Rosof (1927, 
1928a,b). However, in light of the variations 
noted above in the female system, Wolfe's 
study should be treated as an isolated account 
that is not necessarily applicable to any of the 
other orders. 

The male system in Artemia consists of 
paired testes, vasa deferentia, accessory 
glands, and penes, the latter two structures 
being unique to the Anostraca (Figs. 101-
103). The testis is a simple tubular structure 
surrounded by a thin hyaline membrane (Fig. 
102A) (Wolfe, 1971). It is held in place by 
thin strands of connective tissue extending 
from the membrane to dorsal and ventral lon
gitudinal muscles at various points along its 
length. The testis consists of two types of 
cells, supporting cells and germ cells. Both 
cell types occur in clusters throughout the 
length of the testes. Supporting cells occur 
immediately beneath the testicular membrane 
and form "a continuous epithelial sheath 
along the entire length of the tesds" (Wolfe, 
1971: 55). Because the supporting cells be
come elongate and spindle-shaped in hyper-
trophied testes, Wolfe (1971) suggested that 
the membrane is formed by, or is otherwise 
intimately associated with, these cells. The 
supporting cells measure approximately 
24 X 28 |JLm and contain a spindle-shaped nu
cleus that is approximately 13 x 15 imm and 
usually contains two prominent nucleoli. 
These two nucleoli are large (3 |xm), among 
the largest found in any cell in the body of 
Artemia (Wolfe, 1971). Basally, these cells 
contain lipid globules, probably mitochon
dria, some glycogen, and an unidentified 
PAS-positive, diastase-resistant material 
(Wolfe, 1971). Distally there is sometimes a 
serrated appearance to the cytoplasm, possi
bly indicating that clusters of sperm or sper
matids were embedded in the apical cell bor
der. The supporting cells were suggested by 
Wolfe (1971) to play a role in nourishment of 
the germ cells, much as do the nurse cells 
described above in the female systems of sev
eral taxa. 

The spermatogonia are found just interior 
to the supporting cells, usually near the junc
tion of two adjacent supporting cells (Wolfe, 
1971). Spermatogonia are larger than sup
porting cells, approximately 10 (xm in diame
ter, and are usually found in clusters scattered 
throughout the length of the testis. They differ 
from supporting cells in their large amount of 
cytoplasmic RNA (detected via pyronine 
staining; Wolfe, 1971). Within a given cluster 
of developing spermatogonia, all of the germ 
cells are at an equivalent level of develop
ment, although the more mature clusters are 
found closer to the testicular lumen. Wolfe 
(1971) suggested the presence of intercellular 
connections, which might explain synchro
nous development within a cluster, as occurs 
in the female system (see above). The sper
matogonia divide, producing spermatocytes. 
These cells divide to produce spermatids and 
eventually sperm (see following section on 
spermiogenesis). At all stages of develop
ment, these germ cells contain glycogen, 
which is also found in the seminal fluid in the 
testicular lumen. Mature sperm (about 5 \im 
in diameter) are released into the lumen and 
pass into the vas deferens. 

The vas deferens consists of a tube of secre
tory epithelium surrounded by circular and 
longitudinal muscle fibers. Its beginning is 
marked by the absence of germ cells (Fig. 
103A). Although previous workers subdi
vided the vas deferens into two or three func
tional regions, Wolfe (1971) found no reason 
for doing so in Artemia, since the structural 
components of the epithelial lining appear to 
be the same throughout, with only the diame
ter of the lumen varying. The lumen is widest 
in the midsection of the tube, but also varies 
widely depending on the amount of sperm 
contained. The epithelial cells are squamous 
and large (Fig. 103B), and their nuclei resem
ble those of supportive cells of the testis, from 
which they may be derived. Their cytoplasm 
contains granules of various sizes whose 
staining characteristics suggest the presence 
of lysosomes. Interestingly, Wolfe (1971) 
noted that the epithelial cells occasionally 
contain sperm nuclei that appear to be degen-
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Fig. 101. Diagram of ventral view of male reproductive sys
tem and accessory glands in Anemia. (After Wolfe, 1971.) A: 
Ventral view showing everted penis on left side, retracted on 
right side. Arrows indicate location of spines. B,C: Cross sec
tions through proximal (B) and distal (C) ends of vas deferens. 
D: Cross section through testis showing arrangement of germ 

(G) and supporting (S) cells. E: Entire accessory gland. F: 
Complete gland cell unit. A, accessory glands; C, collecting 
duct; D, duct cell; E, epithelial cells; G, germ cells (D) and 
gland cell (E,F); M, muscle layer; N, neck cell; O, opening to 
outside; P, penis; S, supporting cells; T, testes; V, vas deferens. 

erating. These epithelial cells secrete a PAS-
positive mucoprotein or mucopolysaccharide 
that constitutes the major portion of the semi
nal fluid in the lumen of the vas deferens. The 
epithelial border that faces the lumen is irreg
ular, often with secretory material adhering to 

it. The two layers of muscle surrounding the 
vas deferens are thin; the longitudinal layer is 
only 1 |xm thick and the circular layer is 1-5 
|xm thick. Rhythmic contractions of these 
muscle layers assure that the mature sperm, 
stored along the length of the vas deferens. 
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Fig. 102. Light microscopy of Arfemi'a male reproductive sys
tem. (From Wolfe, 1971.) A: Cross section through second 
genital segment, x 140. B: Hypertrophied testis showing three 
elongate supporting cells (S) and lumen (L) filled with mature 
sperm. x440. C: Supporting cells of testis, x 1,140. D: Longi
tudinal section of testis showing two supporting cell nuclei with 
prominent nucleoli (N). x410. E: Sagittal section of testis 

showing distribution of spermatogonia (darkly stained regions, 
arrows) along entire length of organ, x 110. F: Anterior half of 
testis showing clusters of germ cells (arrows). Note cells within 
a cluster are at same stage of differentiation, x 140. C, project
ing ends of cytoplasm of supporting cells, suggesting previ
ous attachment of sperm; E, eversible penis; T, testes; V, vas 
deferens. 



Fig. 103. Male reproductive system ofArtemia. (From Wolfe, 
1971.) A: Sagittal section at junction (arrows) of testis (T) and 
vas deferens (V). X540. B: Sperm nuclei (S) within cytoplasm 
of vas deferens epithelium (E). X560. C: Cross section through 
retracted penis of 5 mm animal showing separate openings for 
vas deferens (V) and collecting duct of accessory gland (C). 
x630. D: Section adjacent to C, showing opening of collecting 

duct to the outside (arrow). x630. E: Retracted penis of adult, 
showing irregular lumen of eversible penis (P) and separate 
openings (arrows) of vas deferens (V) and collecting duct (C). 
X630. F: Sagittal section through accessory gland cell pair (G) 
showing common intercellular lumen (L). Note granular appear
ance of secretory product in lumen. x450. 



BRANCmOPODA 165 

will be "well mixed" (Wolfe, 1971), although 
the advantage this would confer is unclear 
to me. 

The vas deferens terminates in the external 
penes (unique to the Anostraca, although a 
convergently similar structure is seen in one 
anomopod and some ctenopods), which are 
composed of an eversible and noneversible 
component (Figs. lOIA, 103C,D). The ever
sible portion consists of a "tortuous muscular 
tube that connects the vas deferens with the 
outside" (Wolfe, 1971: 53). Upon aversion of 
the penis, the cell layer previously lining the 
lumen of this tube becomes the outer wall of 
the eversible penis, with the result that the vas 
deferens now opens directly to the outside. 

Another feature unique to anostracans is 
the male accessory gland (Fig. 101E,F). This 
gland consists of approximately 20 pairs of 
cells located anterolateral to the tip of the 
eversible penis. When the penis is retracted, 
this gland is near the junction of the vas def
erens and the eversible penis. Each pair of 
cells is covered by a thin capsule of connec
tive tissue. Their crescent-shaped nuclei con
tain numerous prominent nucleoli (Fig. 
lOlE), and their cytoplasm contains many se
cretion droplets. Each pair of cells is drained 
by a short (about 7 jim) pyramidal neck cell, 
the apex of which is directed away from the 
pair of gland cells, and a longer (10-35 jxm) 
duct cell into a collecting duct that serves the 
entire gland and opens to the outside. This 
common collecting duct varies in size from an 
internal diameter of over 50 \x,m within the 
gland to only 1 ixm at the opening in the 
penis. With eversion of the penis, the acces
sory gland is carried out into the tip of the 
penis and is situated approximately 150 jxm 
from the opening (Wolfe, 1971). The func
tion of the secretion of these glands, which is 
a neutral mucopolysaccharide or mucopro-
tein, is unknown. Wolfe (1971) made several 
suggestions, including lubrication, acting as 
a sperm plug, or playing a role as some sort 
of activator substance for the sperm or 
for fertilization. 

The male sexual system additionally may 

consist of several external features that aid in 
attracting and/or clasping the female. These 
include the modified second antenna of anos
tracans, the clawlike first and (sometimes) 
second thoracopods of conchostracans, and 
convergently similar clasping structures in 
some cladocerans. 

Spermiogenesis 

There are three different modes of spermio
genesis known in extant branchiopods. The 
three modes differ mostly in the location of 
sperm maturation, which may be in cysts 
(Fig. 104A), in the testicular lumen (Fig. 
104B), or in intracellular vacuoles (Fig. 
104C) (Wingstrand, 1978). As expected, 
some taxa are exceptions, not conforming 
closely to any of the three major developmen
tal modes. 

Sperm maturation in cysts is known for the 
Anostraca and the cladocerans Holopedium, 
llyocryptm, and Streblocerus. Both of the no-
tostracan genera and the laevicaudatan clam 
shrimp genus Lynceus have a similar mode of 
spermiogenesis but without the cysts being 
quite so clearly defined and regular (Wing-
strand, 1978). Sperm maturation within cysts 
involves a synchronous maturation of many 
sperm cells within "multicellular nests" 
(Wingstrand, 1978: 9) found within dilations 
of the epithelial lining (cy in Fig. 104A) in the 
intercellular space among vegetative cells. At 
maturation, the spermatozoa, which possibly 
are all descended from a single germ cell 
within a cyst, break free into the testicular 
lumen (Fig. 104A). As a consequence, one 
would expect to find only mature sperm in the 
testicular lumen; this is known to be true 
in the anostracan genera Siphonophanes, 
Branchinecta, and Branchipm. However, 
Wingstrand (1978) noted that in other anos
tracan species a "variable number of imma
ture cells must be liberated, for the lumen 
contains a mixture of mature and immature 
cells" (Wingstrand, 1978: 9). Specifically 
mentioned were the anostracan genera Chiro-
cephalus and Anemia, where spermatocytes 
in second meiosis and nonseparated pairs of 
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Fig. 104. The three main types of spermatogenesis. (From 
Wingstrand, 1978.) A: Cystic type. Clusters of spermatids ma
ture inside cystic dilations (cy) of the intercellular space between 
vegetative cells (vc). B: Luminal type. Spermatids and some 
spermatocytes are liberated into the testicular lumen (tl) and 
mature there. C: Vacuolar type. Spermatids are phagocytosed 
by vegetative cells (spf) and mature inside "private" vacuoles 
(sp). When mature, they are exocytosed by the vegetative cell 

(ex) into the testicular lumen (tl). bm, basement membrane of 
testicular epithelium; cy, extracellular cyst; cym, mature cyst 
opening into testicular lumen; ex, intracellular vacuoles, with 
mature spermatozoa, opening into the testicular lumen by exo-
cytosis; sp, spermatids; spf, spermatids being phagocytosed; 
spt, spermatocytes; spz, spermatozoa; tl, testicular lumen; vc, 
vegetative cell nucleus. The cytoplasm of vegetative cells is 
hatched. 
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spermatids have been found in the testicular 
lumen, although typically cysts containing 
fully mature sperm do develop and rupture 
into the lumen as in the other cyst-maturing 
taxa. These taxa therefore display a type of 
spermiogenesis more or less intermediate be
tween cystic and testicular lumen sperm mat
uration (see below), a mode of spermiogene
sis that may be derived from the cystic mode. 

Sperm maturation within the testicular lu
men (Fig. 104B) is known for spinicaudatan 
clam shrimp (at least for Cyzicus, Imnadia, 
and Leptestheria) and in the cladocerans Sida, 
Diaphanosoma, and Moina (Wingstrand, 
1978). Spermiogenesis in these taxa occurs 
without cysts being formed in the epithelium, 
which differs in being composed of cuboidal 
or squamous cell types. Spermatids and in 
some cases spermatocytes are "continuously 
liberated into the lumen, where maturation 
takes place," and developing sperm cells may 
be found adhering to the walls of the lumen or 
even attached by "junctional zones" to neigh
boring vegetative cells (e.g., Moina) (Wing-
strand, 1978). In most sidids and in Moina, 
the germinal zone is restricted to the anterior 
portion of each testicle, whereas in the three 
spinicaudatan genera there are spermatids 
produced in all segmental dilations of the tes
ticle (Wingstrand, 1978). In the sidid genus 
Latona, the posterior regions of the testicular 
tube bear thin walls lined with squamous epi
thelial cells; these regions may serve as a res
ervoir for mature sperm (Wingstrand, 1978). 

The third mode of spermiogenesis involves 
maturation within vacuoles in the extremely 
large vegetative cells of the epithelial lining 
(Fig. I04C). This vacuolar sperm maturation 
is characteristic of, and restricted to, the Ano-
mopoda (and was originally described for 
Daphnia; see Zaffagnini, 1987), with the ex
ception of the genera Ilyocryptus and Streblo-
cerus (which have cystic maturation) and 
Moina (which exhibits luminal maturation). 
The basal ends of the extremely large vegeta
tive cells are in contact with the basal lamina, 
and the distal ends of these cells form a con
tinuous lining of the testicular lumen (Wing
strand, 1978). According to Wingstrand 

(1978), small clusters of spermatids are pro
duced by spermatocytes deep within the epi
thelium. The spermatids then "sink into indi
vidual pouches formed by the walls of the 
surrounding giant cells" (Wingstrand, 1978: 
9). Parts of the pouches are later pinched off 
so that each spermatid becomes enclosed in a 
separate vacuole within the cytoplasm of the 
giant vegetative cell. Within each vacuole, 
the spermatid develops to maturity, during 
which time the vacuole migrates toward the 
testicular lumen. Upon reaching the lumen, 
the vacuole causes the cell's plasma mem
brane to bulge slightly into the lumen, and the 
mature sperm are discharged into the lumen in 
a process similar to exocytosis. Although the 
membrane of the vacuole is closely attached 
to the cell membrane of the spermatid until 
the final stages of sperm maturation, there is 
no apparent connection between the mem
brane of the vacuole and that of the host veg
etative cell (Wingstrand, 1978). 

Because of the great diversity among bran-
chiopod taxa, it is not surprising that there are 
several exceptions to the three main types of 
spermiogenesis described above. In the Ony-
chopoda, which have extremely large sperm 
(see below) and a small, compact testis, sev
eral different modes of spermiogenesis are 
found, and spermiogenesis in Latona (Cte-
nopoda) and Leptodora (Haplopoda) is 
unique to each genus (see Wingstrand, 1978). 

Sperm Morphology 
Little can be added to Wingstrand's (1978) 

exquisite work on sperm morphology of branch-
iopods, and the section below, and most of 
the accompanying figures, are based primar
ily on his work. Wingstrand examined 71 spe
cies, representing all known families except 
the conchostracan family Cyclestheriidae, 
and concluded that all branchiopod spermato
zoa share several characters, the combination 
of which is unique to the class. Features that 
all branchiopod spermatozoa share are as fol
lows: (1) No axonema or flagellum can be 
found at any stage of development, although 
centrioles are present and persist until late in 
spermiogenesis (in some cases being present 



168 MARTIN 

even in the mature sperm). (2) No acrosome is 
found at any stage. (3) A well-defined nucleus 
with a typical double nuclear envelope is al
ways present. (4) The mitochondria are never 
fused together (into "Nebenkeme"); although 
usually present, the mitochondria are small 
and degenerate, sometimes having a dense 
matrix and rarely (Tanymastix stagnalis) with 
intramitochondrial crystalline structures. 

The branchiopod sperm is therefore an 
amebalike structure with no acrosome and no 
flagellum, and in the possession of this com
bination of features the branchiopods differ 
from every other crustacean class. All other 
classes known to Wingstrand had either an 
acrosome, a flagellum, or both, or lacked the 
nuclear envelope (e.g., copepods). Sperm of 
Remipedia have since been described, and 
these too differ from branchiopods in the pos
session of a flagellum (Yager, 1991). The 
branchiopod condition is approached only in 
some ostracodes, where it is clearly derived 
independently (Wingstrand, 1978), and in the 
leptostracan genus Nebalia, the sperm of 
which bear unique spines (Jespersen, 1979; 
Jamieson, 1991). 

The simplest scenario exists in the noncla-
doceran branchiopods. In these taxa (Anos-
traca, Notostraca, and both orders of Concho-
straca), which show a "striking uniformity 
with regard to sperm structure" (Wingstrand, 
1978: 50), and also in the ctenopod Holope-
dium, sperm are small (about 5 fxm across) 
and ameboid. Slight differences among taxa 
exist in condensation of the nucleus and cyto
plasm, morphology of the cell surface, mito
chondria, and ER, but in general there are no 
significant differences among spermatozoa of 
the Anostraca, Notostraca, and Conchostraca 
(Brown, 1970; Wingstrand, 1978). Pseudo-
podia are sometimes present, but their func
tion and the cause(s) of their appearance and 
disappearance are not well understood. Wing
strand (1978) suggested that most of these 
sperm are capable of at least some limited 
ameboid movement. In Anemia and in some 
onychopod cladocerans, the pseudopodia ap
parently appear when the sperm are forced out 

into the surrounding water (see Wingstrand, 
1978). 

Anostracan sperm are well known, mosdy 
from studies of the genus Artemia (e.g., 
Wolfe, 1971; Criel, 1991a) but also because 
of Wingstrand's (1978) study. The sperm of 
all known genera and species are simple, 
amebalike cells, more or less rounded or with 
small lobes and occasionally pseudopodia 
(Figs. 105A,B, 106). There is a distinct mem
brane-bound nucleus and a distinct nucleolus, 
sometimes (e.g., Artemia) with concentric 
laminae. Mitochondria are oval to elongate 
(in Tanymastix, some are elongate with a 
spindle-shaped crystalline rod) and contain 
normal cristae; the mitochondrial matrix often 
contains darkly staining matter. A pair of cen
trioles is probably always present, as one or 
two are "frequently seen in sections of mature 
spermatozoa of all species" (Wingstrand, 
1978: 12). Developing spermatozoa (sperma
tids) have granular ER and large Golgi appa-
rati but these disappear with maturation. 
Clusters of "glycogen-like granules" are 
found regularly in the cytoplasm of spermato
zoa of Streptocephalus but occur only rarely 
or not at all in other species. Round or oval 
vacuoles, possibly lysosomes, containing het
erogeneous and sometimes darkly staining in
clusions, are common. The nature of the cell 
wall and the ER vary among species. 

Notostracan sperm—whether from true 
males in heterosexual populations or from 
hermaphroditic gonads in "unisexual" popu
lations—are in general similar to those of 
anostracans. The spermatozoa are small (6-1 
]im diameter), simple, and round or oval 
(Fig. 107A,B). The nucleus is small (2 |xm) 
and lobate. The cytoplasm is granulate, 
more so in Triops than in Lepidurm, and con
tains few organelles. These include long, 
threadlike mitochondria with distinct cristae, 
a pair of centrioles next to the nucleus, and, in 
Triops, some flattened sacs of smooth ER 
(Wingstrand, 1978). Triops also differs from 
Lepidurus in having a more irregular shape to 
the cell, a coarser cytoplasm, and a slightly 
larger nucleus relative to size of the sperm 
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Fig. 105. Diagrams of anostracan (A,B) and anomopod (C-F) 
spermatozoa. (From Wingstrand, 1978.) A: Artemia salina. B: 
Polyartemia forcipata. C: Daphnia longispina, longitudinal 
section. D: Daphnia longispina, cross section. E: Simocephalus 
serrulatus. F: Simocephalus congener, c, centriole; cb, caryo-
some-like body; cc, cell center; co, cop, coat on pseudopodium; 
cp, extracellular coat on pseudopodium; cr, cortical zone of 

cytoplasm; dg, clump of dark granules in nucleus; dr, dark rod in 
pseudopodium; dv, dark vacuoles; er, endoplasmic reticulum; 
ic, inner layer of extracellular coat; m, mitochondria; mb, mye
lin body; mc, middle layer of extracellular coat; mt, microtu
bules, surrounded in stellate fashion by tubules; n, nucleus; oc, 
outer layer of extracellular coat; p, papilla with blind end of 
reticulum tube; ps, pseudopodium; v, vl, vacuoles. 
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Fig. 106. Spermatozoa of Anostraca. (From Wingstrand, 
1978.) A: Branchinecta ferox. Note plentiful smooth ER and 
deep depressions from cell surface (x). B: Branchinecta palu-
dosa. C: Siphonophanes grubei. D: Chirocephalus bairdi. E: 
Branchipus schaejferi. F: Tanymastix stagnalis. Note crystal
line inclusions in mitochondria (km) and numerous papillae on 

surface (arrows), c, centriole; er, endoplasmic reticulum; km, 
mitochondria with crystalline inclusions; m, mitochondria; mb, 
"myeloid body" with concentric membranes; mv, marginal ves
icle with opening through cell membrane; n, nucleus; p, dark 
plaques of Branchipus. 
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Fig. 107. Spermatozoa of Notostraca (A,B), Laevicaudata (C), and Spinicaudata (D-F). (From Wing-
strand, 1978.) A: Lepidurus apus. B: Triops cancriformis. C: Lynceus brachyurus. D: Cyztcus sp. E: 
Leptestheria dahalacensis. F: Imnadia yeyetta. c, centriole; er, endoplasmic reticulum; m, mitochondrion; 
n, nucleus; ps, pseudopodia. 
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cell. No tubule-containing axonema was 
found in any cell, but Wingstrand (1978) 
noted that a bundle of "about 20 single 200 A 
microtubules is present in most mature sper
matozoa of Triops c. cancriformis and T. c. 
nmuretanicus' (Wingstrand, 1978: 16). No 
such microtubules were reported for Lepidu-
rus. As in the Anostraca, changes accompa
nying maturation are slight; free ribosomes 
and granular ER seen in developing sperma
tids are lost during maturation, and size of the 
nucleus and of the entire cell is slightiy re
duced. 

In the Conchostraca (both Spinicaudata 
[Fig. 107D,FJ and Laevicaudata [Fig. 
107C]), spermatozoa are also amebalike, sim
ple, and small ( 3 ^ fim in Cyzicus, 4-5 |xm in 
Lynceus and Imnadia, and 5-6 |xm in Leptes-
theria). Distinct mitochondria with cristae, as 
well as centrioles, are found in the mature 
cell. There is no distinct surface coat. Small 
differences exist among genera, such as in the 
density of the cytoplasm, amount of develop
ment of smooth ER, and presence or absence 
of small pseudopodia (lacking axial fila
ments), and there is some variation even 
within a genus (e.g., Cyzicus; see Wing
strand, 1978: 18). However, no consistent 
differences exist between these spermatozoa 
and those of the Anostraca, Notostraca, and 
the ctenopod Holopedium (Wingstrand, 
1978). 

In the four "cladoceran" orders, sperm 
morphology is much more variable and is of
ten quite complex. Size ranges from 1-80 
fim, a variety of cytoplasmic inclusions are 
seen (e.g., filaments, rods, tubules, and spe
cialized types of endoplasmic reticulum), and 
the cell surface may be covered by extracellu
lar coats that may extend into "axopod or filo-
pod-like processes" (Wingstrand, 1978: 7). 

In the monotypic Haplopoda, Leptodora 
kindtii has spermatozoa that are relatively 
large (17-25 p.m), transparent, and round or 
oval (Fig. 110A,B). The nucleus alone is 2.5-
2.7 \xm, is moderately dense, and is "located 
eccentrically near the plasma membrane" 
(Wingstrand, 1978: 19). Almost the entire 

cell is filled with large, smooth-walled, and 
flattened vesicles that "form densely packed 
hemispheres and whorls" (Wingstrand, 1978: 
19). Between these layers of vesicles the cell 
appears nearly devoid of cytoplasm, which is 
clearly seen only in a narrow band around the 
nucleus or (in some cells) as a thin rim under 
the plasma membrane (Fig. IIOA.B). Few 
mitochondria, bearing dilated cristae, are 
seen around the nucleus. Developing sperma
tids contain more inclusions and lack the well-
developed flattened sacs seen in mature cells 
(Wingstrand, 1978). 

In the Onychopoda, mature spermatozoa of 
the taxa examined to date share several fea
tures, none of which is unique to the group. 
Sperm tend to be large (e.g., 30-40 \i.m long 
and 15-20 \xm wide in Polyphemus [Fig. 
108G,H], and up to 70 |xm long in the cer-
copagid Bythotrephes), rounded or oval, and 
smooth. Cellular inclusions include smooth 
ER "in the shape of irregular, anastomosing 
tubules" throughout the cytoplasm, thick bun
dles of parallel microtubules, large aggregates 
of glycogenlike granules, scattered mitochon
dria, and a marginal zone of empty-looking 
vacuoles termed marginal vesicles (mv in Fig. 
108H) (Wingstrand, 1978). Sperm differ 
among onychopod taxa in amount and shape 
of microtubule bundles, in granular inclu
sions, and in the mode of spenniogenesis (see 
Wingstrand, 1978). 

Ctenopod spermatozoan morphology tends 
to vary greatly. As discussed earlier, sperm 
structure in the Holopediidae (i.e., the genus 
Holopedium, Fig. HOD) is quite similar to 
that seen in the "euphyllopods," whereas in 
the Sididae, spermatozoa may be very large, 
elongate cells (e.g., 20-30 |im wide and 
about 80 fim long in Sida) and are often 
quite complex, sometimes with conspicuous 
pseudopodia, microtubules, and surface spe
cializations. For example, in the sidid genus 
Diaphanosoma, only 10-14 mature sperm, 
each approximately spherical with a diameter 
of 60-75 fjim and bearing conspicuous sharp 
ridges on the cell surface, are found in a sin
gle row in each testicle, whereas in Latona 
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Fig. 108. Diagrams of spermatozoa of macrothricid Ano- er, endoplasmic reticulum; gl, glycogen body; k, "knobs" on 
mopoda (A-F) and Onychopoda (G,H). (From Wingstrand, cell surface in C and D; m, mitochondria; mt, microtubules; mv, 
1978.) A,B: Ophryoxus gracilis. C,D: Macrothrix laticornis. marginal vesicles; n, nucleus; p, porelike opening of marginal 
E,F: Ilyocryptus agilis. G,H: Polyphemus pediculus, contact vesicle, not closed by unit membranes; ps, pseudopodium. 
with vegetative cell shown in H. cc, cell center; dr, dark rods; 
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(Fig. HOC) sperm are only about 23 p.m 
(Weismann, 1880; Wingstrand, 1978) and 
lack the surface ridges. 

Sperm morphology varies even more 
widely within the Anomopoda. In all fami
lies, the sperm are relatively small (1-5 p.m, 
or slightly longer in those taxa with rod-
shaped sperm), bear "characteristic and 
unique axial rods," and have a unique mode 
of spermiogenesis (see above) (with the ex
ception of some taxa in the Macrothricidae 
[Fig. 108A-F]; see Wingstrand, 1978). But 
apart from these few shared features, the ano-
mopods display spectacular radiation in 
sperm morphology. Mature sperm of Daph
nia (see Zaffagnini, 1987) are cylindrical 
rods, from 6-9 |xm long and 1-2 fjim thick, 
bear pseudopodial processes on either end of 
the rod (in most species), and are covered by a 
"thick characteristic coat material outside the 
layer of the cell membrane" that may be either 
crystalline or noncrystalline in nature (Fig. 
105C,D) (Wingstrand, 1978; Zaffagnini, 
1987). Sperm in the related genus Ceriodaph-
nia are also rodlike but differ from those of 
Daphnia in their lack of pseudopodial pro
cesses and their possession of regular, distinct 
microtubules. In contrast, sperm of Simo-
cephalus (Fig. 105E,F) are not similar to ei
ther above genus. Sperm morphology is per
haps most unusual in the Moinidae, for which 
family Wingstrand (1978) could only discuss 
each genus separately. An example of sperm 
morphology in moinids is seen in Figure 109, 
where three species of Moina are compared, 
and in the comparative diagram (Fig. I l l ) , 
The macrothricid genera Ilyocryptus and Stre-
blocerus have "such remarkable spermatozoa 
that they actually fall outside the normal lim
its of variation in other Anomopoda" (Wing
strand, 1978: 59), whereas the macrothricid 
genus Ophryoxiis is typical of other anomo-
pod sperm. Other anomopod taxa, and the 
significance of anomopod sperm morphology 
in phylogeny, are discussed in Wingstrand 
(1978). 

The unique, characteristic morphology of 
the branchiopod spermatozoa, setting the 
group apart from all other Crustacea, and the 

apparent similarity among the "euphyllopod" 
taxa (and the ctenopod Holopedium), led 
Wingstrand (1978, fig. 8) to postulate rela
tionships among the various taxa based on 
sperm morphology and mode of spermiogen
esis. Although many of the (nonspermato-
zoan) morphological characters included in 
his diagram (the circled numbers along the 
axes in Fig. 111) are of limited value, several 
being symplesiomorphies or examples of con
vergence, the diagram is of value and interest 
in comparing size and morphological diver
sity of spermatozoa in this diverse group. I 
refer the reader to Wingstrand's (1978) origi
nal work for further discussion on phyloge-
netic implications. 

ENDOCRINE SYSTEM 
Little is known about branchiopod endo

crine systems, and what is known concerns 
primarily neurosecretory functions. No true 
endocrine glands have been identified in any 
species of branchiopod, and neurosecretion is 
the only endocrine system that has been posi
tively identified (Criel, 1991a). Obviously, 
all branchiopods molt, all reproduce, and 
most probably employ chemical cues as part 
of the mate attraction process. Chromato-
phores are not known (Fingerman, 1985), but 
melanin is present at least in Daphnia and 
Scapholeberis (e.g., Zaffagnini, 1987; Dod-
son and Frey, 1991) and Artemia (e.g., Ko-
shida and Hiroki, 1980), and several other 
pigments (e.g., ommochromes, pteridines, 
carotenoids) have been documented for vari
ous cladocerans (Shaw and Stowe, 1982). All 
of these systems demand production and re
ception of chemical mediators, part of the 
rather broad "new" definition of endocrinol
ogy (Bern, 1990). Yet recent reviews of crus
tacean endocrine systems (Cooke and Sulli
van, 1982; American Zoologist's "Advances 
in crustacean endocrinology," 25:155-284, 
1985; Quackenbush, 1986; Fingerman, 1987) 
mention few studies on branchiopods. And 
unfortunately, most of the studies that exist do 
not contain detailed cellular anatomy of the 
components involved. This paucity of infor
mation may be due in part to the difficulty in 
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Fig. 109. Diagrams of spermatozoa of three species of Moina 
(Anomopoda) based on light microscopy. (From Wingstrand, 
1978.) A: Moina brachiata. B: Moina micrura. C: Moina mac-
rocopa. Ten micrometer scale bar is for A-C; 1 \i.m scale bar is 
for inset details, c, cell membrane of pseudopodium; ct, chro

matin tubules; en, end of nuclear diverticulum; er, endoplasmic 
reticulum; Ir, longitudinal ribs; It, longitudinal tubules; m, mito
chondria; mt, microtubules; n, nucleus; ne, nuclear envelope; p, 
pseudopodium; sb, side branches; tv, terminal villi; v, vacuoles; 
vi, villi. 

identifying neurosecretory cells by techniques 
of light microscopy (Lake, 1969, 1971). 

Most of our knowledge comes from studies 
on anostracans, including the works of Loch-
head and Resner (1958), Menon (1962) (see 
also Gabe, 1966), Baid and Ramaswamy 
(1965), Benesch (1969), Lake (1969, 1971), 

and van den Bosch de Aguilar (1976, 1979). 
However, some early work was directed to
ward "cladocerans" as well. Using light mi
croscopy, Sterba (1957a,b) described neuro
secretory cells in the anomopod genera 
Daphnia and Simocephalus, and Angel 
(1966) described four distinct neurosecretory 
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Fig. 110. Spermatozoa of the Haplopoda (A,B) and Ctenopoda (C,D). (From Wingstrand, 1978.) A: 
Leptodora kindtii, mature spermatozoon in testicular fluid. B: Leptodora kindtii, spermatid with numerous 
ribosomes and beginning development of ER sacs lying between vegetative cells. C: Latona setifera, nearly 
mature spermatid. Note large glycogen body (gb). D: Holopedium gibberum, mature spermatozoon, m, 
mitochondrion; n, nucleus; vc, vegetative cells. 
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Fig. 111. Diagram showing variation in spermatozoa within the Branchiopoda and possible evolutionary 
relationships based on sperm morphology. (From Wingstrand, 1978.) Magnification is the same for all 
spermatozoa. Thick black lines indicate forms with vacuolar type of spermiogenesis (see Fig. 104C). 
Numbers along axis refer to Wingstrand's (1978) presumed major events in branchiopod evolution. The 
onychopod spermatozoon is that of Evadne nordmanni. 

cell groups in the ventral region of the brain of 
Daphnia magna. In addition. Angel demon
strated that removal of the ventral regions of 
the brain caused cessation of growth (but no 

changes in molting behavior) and inhibition 
of ovarian development, clearly indicative of 
endocrine function in the ventral brain. Based 
on Sterba's (1957a,b) work, Zaffagnini 
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(1964) suggested that in Daphnia pulex some 
neurosecretory cells described by Sterba in 
the central nervous system produced two hor
mones, one accelerating molting and one reg
ulating yolk formation in the oocytes. Ac
cording to Zaffagnini, four large cells in the 
antennal metamere, and the labral glands, 
which would have an endocrine role (metabo
lism in general and yolk formation in particu
lar) and an exocrine role (producing a sub
stance to aid in ingestion), would be involved, 
but to my knowledge these hypotheses have 
not been tested. Parker (1966) described neu
rosecretory tissue in the central nervous sys
tem of Daphnia schoedleri and noted that the 
quantity of the tissue was affected by photo-
periodicity, although later Bohm and Parker 
(1968) failed to find characteristic neurose
cretory granules in their study of the Daphnia 
schoedleri brain. 

The fact that anostracans are the only bran-
chiopods with eyestalks has prompted com
parisons with the sinus gland/X-organ com
plex in malacostracans. Such a complex does 
exist in the Anostraca, with a neurohemal "si
nus gland" consisting of the axons of neurose
cretory cells in the brain. Considerable confu
sion in terminology exists in published 
accounts of this complex. In general, the si
nus gland is a neurohemal region, storing and 
releasing chemical mediators but not produc
ing them. It is composed of axonal elements 
of cells in the protocerebrum, which collec
tively have been called an X-organ. The X-
organ (not to be confused with the X-organ of 
the brain's frontal organs, which is now 
known as a cavity receptor organ) consists of 
the neurosecretory cells in the brain that pro
duce the mediators stored in the sinus gland. 
Additional confusion exists concerning the 
terminology of the anterior components of the 
brain. Various reports of dorsal and ventral 
frontal organs exist, and some workers have 
attributed neurosecretory functions to these 
regions. The crustacean Y-organ is, in the 
malacostracans, a true epithelial endocrine 
gland, i.e., it is nonneural (see Fingerman, 

1987). Yet some workers have described a 
Y-organ from the anostracan brain, and credit 
it with neurosecretory functions (e.g., Mu-
nuswamy and Subramoniam, 1987). 

The capability for neurosecretion in anost
racans apparently is present early in develop
ment. Benesch (1969) detected what he 
termed an X-organ and neurosecretory cells 
as early as the third naupliar stage in Anemia. 
It is apparently a rather primitive system, with 
no clearly defined storage organs, and current 
understanding of the system is poor. Loch-
head and Resner (1958), also working with 
Anemia, tentatively described 35^0 neuro
secretory cells in the anterior part of the brain 
and three cells on each ventroposterior side. 
The Anemia condition is approximated but is 
slightly more developed in Chirocephahis 
(Hentschel, 1963, 1965); more neurosecre
tory cells are present and they are easier to 
trace. Hentschel found the sinus gland in the 
region where Baid and Ramaswamy (1965) 
had identified the X-organ, and additionally 
described neurosecretory cells in the protoce
rebrum, deuterocerebrum, tritocerebrum, and 
bordering each segmental ganglion along the 
ventral nerve cord and along the transverse 
commissures (Hentschel, 1963, 1965). Mis
sel et al. (1978) detected no neurosecretory 
fibers in their electron microscopic analysis of 
the X-organ of Anemia, and it has been sug
gested (van den Bosch de Aguilar, 1979) that 
earlier workers may have confused the zone 
of proliferation and growth of the ommatidia 
with the presumed neurohemal organ of the 
eyestalk (see also Criel, 1991a). Van den 
Bosch de Aguilar (1979) found only four neu
rosecretory cells in Anemia, all in the proto
cerebrum, and was able to demonstrate that at 
least the two median cells are stimulated in a 
hypotonic medium, which suggests an osmo
regulatory function. Van den Bosch de Agui
lar also suggested that previous conflicting 
results may be the result of different histolog
ical techniques and a lack of adequate physio
logical data on the subject animals. Neurose
cretory cells in the deuterocerebrum and 
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tritocerebrum are "often associated with the 
roots of the antennula and antenna nerves" 
(Criel, 1991a). 

Lochhead and Resner (1958) found no neu
rosecretory structures in the eyestalks, and 
removal of the eyestalks caused no physiolog
ical changes. This conflicts with the findings 
of several other workers, such as Baid and 
Ramaswamy (1965), who reported one type 
of neurosecretory cell in the X-organ of the 
eyestalk, and Munuswamy and Subramoniam 
(1987), who correlated eyestalk ligation with 
changes in the ovarian cycle. Baid and Ra
maswamy classified Anemia's neurosecre
tory cells into three types (based on the pre
sumed nature of their secretion), one of which 
was located in the X-organ, the other two 
types being located in clusters in the supra-
esophageal ganglion. They further identified 
a region in the center of the brain that receives 
axons from their three neurosecretory cell 
types; unfortunately they referred to this re
gion as the Y-organ, a name usually reserved 
for a true epithelial endocrine gland in deca
pods (Fingerman, 1987). 

Lake (1969) identified several components 
of the neurosecretory system of the anostra-
can Chirocephalus diaphanus. The system in
cludes neurosecretory cells in the brain, the 
subesophageal ganglion, the "gnathotho-
racic" (mouthpart) ganglia, the thoracic and 
abdominal ganglia, and the optic medulla. 
Additionally, the sinus gland of the eyestalk 
was shown to be a neurohemal organ, and this 
was suggested also for the cavity receptor or
gan [Lake's (1969) organ of Bellonci]. De
scriptions of these regions and their cell types, 
based on Lake's (1969, 1971) study of Chiro
cephalus, follow. 

Brain and Subesophageal Ganglion 

Neurosecretory cells (NSC) in the brain 
and subesophageal ganglion are of several 
types. Lake (1969) divided the cells of the 
brain into two classes, PF (paraldehyde 
fuchsin)-positive (of which there are three 
types in the brain and ventral cord) and PF-
negative or light green (one type), according 

to their reaction to paraldehyde fuchsin stain
ing. The PF-positive cells are described first. 

Most obvious of all neurosecretory cells of 
the brain are large (12-25 |xm diameter), 
oval, PF-positive, monopolar cells with large 
axon hillocks. Axons are well defined, with 
coarse, granular cytoplasm. Presumed neuro
secretory material occurs as distinct granules, 
most densely around the nucleus. The two to 
four nucleoli are oval and 7-10 |xm in di
ameter. 

The second NSC type in the brain is the 
"small PF-positive" cell (Lake, 1969), similar 
in size (6-10 |xm) to other (nonsecretory) 
cells of the brain and tending to be oval or 
polygonal with poorly defined axon hillocks. 
Presumed neurosecretory material occurs as 
granules scattered throughout the perikarya of 
the cells, sometimes being quite dense around 
the nucleus. The oval nuclei are 4—6 |xm and 
contain a single nucleolus. 

The third PF-positive neurosecretory cell 
type in the brain consists of large, bipolar 
cells restricted to the protocerebrum. These 
are oval to elliptical cells 15-20 |xm long and 
7-10 |xm wide. These cells are bipolar, with 
well-defined axons but with poorly defined 
axon hillocks (Lake, 1969). Their cytoplasm 
often contains small peripheral vacuoles and 
stains purple with CHP (chromhematoxylin 
phloxin) and PF techniques, orange to red 
with Azan, and violet-purple with Mallory's 
(Lake, 1969). Nuclei are "irregularly ovoid" 
and 6-9 |xm in diameter. Nucleoli are large 
(up to 2 |xm in diameter) and well defined, 
numbering two or three per nucleus. 

The PF-negative (light green) cells of the 
brain are rare, small (10-14 |xm diameter), 
unipolar cells that are irregularly ovoid. The 
axons are indistinct. Cytoplasm is finely gran
ular, and staining differs from the above cell 
types (e.g., cytoplasm is brick red with 
Azan's but red with Mallory's, and a modi
fied PF technique produces a light-green 
stain; see Lake, 1969). There are often many 
small clear vacuoles in the cytoplasm, and the 
nucleus is small (6-10 |xm) and often indis
tinct, with a single nucleolus. 
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Distributions of the above cell types are 
diagramed in Figure 112. Most are found in 
the protocerebrum and deuterocerebrum, with 
primarily the large PF-positive monopolar 
cells and small PF-positive monopolar cells in 
the ventral nerve cord. The PF-negative 
(light-green-staining) cells are found only in 
the ventral protocerebrum and in the anterior 
of the dorsal protocerebrum, and the bipolar 
PF-positive cells occur only in the ventral pro
tocerebrum and at the base of the antennal 
nerve (Fig. 112). 

Lake (1971), extending the above observa
tions using TEM, identified four types of 
granules in cells of the protocerebrum (Figs. 
113,114), but could only tentatively identify 
neurons as neurosecretory or not, and thus 
could not say with certainty whether a partic
ular granule type or Golgi body was involved 
in neurosecretion. Golgi apparati were identi
fied in some presumed neurosecretory cells; 
these were composed of "a number of smooth 
double membranes, or lamellae" (Lake, 1971: 
44), with the membranes of each lamella sep
arated by a distance of 15-30 or 40 nm. Other 
components of cells of the protocerebrum in
cluded multilamellate bodies and distinct 
multivesicular bodies, both of which might 
play some as yet undetermined neuroendo
crine role. 

Frontal Organs 
Many branchiopods possess thin, paired 

ventral frontal organs stemming from the 
brain. Although several authors (e.g., Me-
non, 1962) have implied some neurosecretory 
function to the ventral frontal organs, Lake 
(1969) did not regard them as part of the neu
rosecretory system. However, he noted the 
presence of "two groups of bipolar PF-posi
tive cells" where these organs connect to the 
ventral brain. The organs themselves contain 
no stainable neurosecretory material. Their 
cells are small (5-7 ixm diameter) and are 
"enclosed by a thin sheath of connective tis
sue" (Lake, 1969: 277). Curiously, Menon 
(1962) referred to the ventral frontal organ of 
Streptocephalus as a single unpaired struc

ture, whereas it is described as paired in most 
other accounts, so that it is possible that Me
non was not discussing the same structure. 
Elofsson (1966) felt that Menon's "large 
cells" of the ventral frontal organs belonged in 
fact to the excretory system. 

More dorsally in anostracans are the cavity 
receptor organs, originally described as X-
organs or organs of Bellonci (see Elofsson 
and Lake, 1971). In Chirocephalus, these or
gans consist of one or two large (14—20 |xm 
long, 6-8 (Jtm in diameter), polygonal to 
ovoid cells at the distal termination, which is 
just beneath the epidermis. The large cells are 
surrounded laterally and ventrally by connec
tive tissue and neurons. These cells stain pos
itively for neurosecretof}' material (blue with 
PF technique). The cytoplasm contains large 
granules, most abundant in young animals, 
and stains similarly to the cytoplasm of other 
neurosecretory cells (Lake, 1969), but these 
are now known to be sensory organs (Elofs
son and Lake, 1971). 

Eyestalks 
Neurosecretory cells of the eyestalks can be 

divided into two types, those of the brain's 
optic medulla and those of the eyestalk's sinus 
gland. Neurosecretory cells of the medulla 
consist of a basally located cluster of PF-
positive monopolar cells. These pear-shaped 
cells are 10-14 \Lm long. 6-10 jjim wide, and 
bear a single large nucleolus per nucleus. Ac
cording to Lake (1969), the neurosecretory 
product of these cells is transported along the 
cell's axon in the optic nerve to the sinus 
gland of the eyestalk. 

The sinus gland is located between the lam
ina ganglionaris and the optic medulla, near 
the dorsal surface of the anostracan eyestalk 
(Fig. 112E) (see also Hentschel, 1965). The 
gland partly surrounds a dorsolateral blood 
sinus (Lake, 1969), and is composed of two 
components: (1) nerve axons terminating on 
either side of the blood sinus, and separated 
from the sinus by a thin basement membrane 
or neurilemma, and (2) small lighdy PF-stain-
ing autochthonous cells (Lake, 1969). The 
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Fig. 112. Diagrammatic location of neurosecretory cells in 
anostracan nervous system. A-D: Anterior nervous system and 
thoracic ganglia of Chirocephalus diaphanus. (After Lake, 
1969.) A: Dorsal view of brain and anterior ganglia. B: Ventral 
view of same. C: Diagrammatic side view of a thoracic gan
glion, ventral nerve cord. D: Transverse section of dorsal group 
of neurosecretory cells associated with second ganglionic com
missure. E: Location of sinus gland (sg) in the eyestalk of 
Streptocephalus dichotomous. (After Munuswamy and Subra-
moniam, 1987.) an, antennal nerve; CI , first ganglionic com

missure; C2, second ganglionic commissure; GC, ganglionic 
connective; Ipmc, large PF-positive monopolar cell; mpmc, 
medium PF-positive monopolar cell; nn, normal neuron; on, 
optic nerve; seg, subesophageal ganglion; sn l -3 , segmental 
nerves 1-3. In A and B, open circles = large PF-positive mono
polar cells; black squares = small PF-positive monopolar cells; 
open squares = bipolar PF-positive cell; asterisks = light-
green positive cells. In C, stars = bipolar dichromatic cells; 
open circle = large PF-positive monopolar cell, closed 
circles = medium PF-positive monopolar cells. 



Fig. 113. Neurosecretory elements of protocerebrum of Chirocephalus diaphanus (Anostraca). (From 
Lake, 1971.) A: Low magnification of neuron containing type 1 elementary granules. x3,200. B: Low 
magnification of central neuropil of protocerebrum. Note numerous neurofilaments in axons and patch of 
glycogen in a large axon. G, patches of glycogen in perikarya of neurons; H, hemocoel; Ne, nucleus of 
neuroglial cell; F, perineurium. x4,600. 
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Fig. 114. Neurosecretory granules and associated synapses in protocerebrum of Chirocephalus diaphanus 
(Anostraca). (From Lake, 1971.) A: Portion of neuron with type 1 elementary granules (1) free in the 
cytoplasm and within glycogen region. X20,0(X). B: High magnification of neuropil showing synapses (S) 
close to type 1 granules (1). x45,000. 
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terminal regions of the axons contain neurose
cretory material in the form of distinct gran
ules or coalescences. These granules differ 
slightly in their staining characteristics, de
pending upon whether the axon terminates on 
the minor or major blood sinus of the eyestalk 
(Lake, 1969). 

Ventral Nerve Cord 
In addition to having neurosecretory cells 

in the brain (and the associated sinus gland in 
the eyestalk), anostracans also possess neuro
secretory cells in the ganglia of the ladderlike 
ventral nerve cord, including ganglia of the 
"gnathocephalic" (mouthpart), thoracic, and 
abdominal somites. Some of these cells exist 
also in the paired dorsal commissures (Fig. 
112C,D). Lake (1969) identified three types 
of neurosecretory cells in the ventral nerve 
cord of Chirocephalus, which he identified by 
their staining characteristics. The most abun
dant were the "medium PF-positive monopo
lar" cells. These cells are similar in size 
(10-12 )jLm) to other (nonneurosecretory) 
cells of the ventral nerve cord. They are 
monopolar, with "ill-defined axon hillocks" 
and distinct axons, and may be oval to polyg
onal (Lake, 1969). Their cytoplasm is rich in 
basophilic neurosecretory material (in the 
form of dark granules). The nucleus of these 
cells is ovoid and 4-5 jim in diameter, with a 
single nucleolus per nucleus. 

The second neurosecretory cell type in the 
ventral cord is the "large PF-positive mono
polar cell" (Fig. 112D). These cells are 12-17 
|jim in diameter, ovoid to pyriform in outline, 
and have a nucleus of 6-8 fxru diameter that 
contains a single nucleolus. The cytoplasm 
contains both fine and coarse granules of pre
sumed neurosecretory material. Because of 
their location at the base of the second trans
verse commissure. Lake (1969) assumed that 
their product passes into this region. 

The third NSC type of the ventral nerve 
cord is the "bipolar dichromatic cell" (Lake, 
1969: 281). These are long cells of medium 
size (10-16 fjLm long, 4-6 |i.m wide), with 
finely granular cytoplasm containing small. 

peripheral vacuoles. There are one or two nu
cleoli per nucleus. In their neurosecretory na
ture, Lake (1969) considered these cells inter
mediate between the bipolar PF-positive cells 
and the light-green (PF-negative) cells of the 
brain. These cells are present at the base of 
and along the transverse commissures (Fig. 
112C). 

Axons of the Central Nervous System 
Lake (1969) also detected neurosecretory 

material in the axons of cells of the central 
body and medullae terminales of the protoce-
rebrum. There is evidence of the transport of 
neurosecretory material from the brain (espe
cially the medullae terminales) to the sinus 
gland via the optic nerves, and to a lesser 
extent from the protocerebrum to the cavity 
receptor organs (Lake, 1969). Neurosecretory 
material also was found by Lake in the gan
glia of the ventral cord, and "appears to be 
principally transported longitudinally along 
the ventral nerve cord" (Lake, 1969: 282). 

The exact function of the secretory material 
identified by Lake (1969, 1971) in Chiro
cephalus, and by others working on other 
taxa, remains unknown. 

Too few papers exist on other branchiopods 
for adequate comparisons of neurosecretory 
systems to be made among taxa. Bohm and 
Parker (1968) did not observe any characteris
tic neurosecretory granules or cells in their 
study of the ultrastructure of the brain of the 
anomopod cladoceran Daphnia schodleri, 
one of the few other detailed examinations of 
the ultrastructure of a branchiopod brain. 
However, they described glandular cells with 
a well-developed granular endoplasmic retic
ulum near the end of nerve cell attenuations 
on the ventrolateral and dorsolateral sides of 
the brain. Neurosecretory granules or other 
characteristic neurosecretory characters were 
not seen in these cells. As noted by Lake 
(1971), these cells may correspond to those 
identified by Sterba (1957b) as neurosecre
tory in function. Subsequent to Lake's (1969, 
1971) work, other studies on anostracans 
have appeared. Munuswamy and Subramo-
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TABLE 2. Characteristics of Neurosecretory Cells in the Brain and Eyestalk of Streptocephalus dichotomus* 

NSC types Shape Size (ftm) CHP PF 

Brain 

Eyestalk 

Sinus gland 

A 
B 
C 
A 
B 
C 

Spindle, bipolar 
Oval, without axon 
Oval 
Oval 
Conical, monopolar 
Elliptical, bioplar 
Disc 

20^25 
10-15 
6-8 
6-8 
6-8 
8-10 
6-8 

purple 
violet 
violet 
purple 
purple 
purple 
light purple 

violet 
blue 
violet 
violet 
violet 
violet 
violet 

*Data from Munuswamy and Subramoniam (1987). NSC, neurosecretory cell; CHP, chromhemaloxylin phbxin; PF, paraldehyde fuchsin. 

niam (1987) identified neurosecretory centers 
in the brain of Streptocephalus dichotomus, 
documented changes in the female reproduc
tive cycle effected by ligation of the eyestalk, 
and inferred an ovarian inhibiting factor in the 
eyestalk. Their account of the neurosecretory 
cells of the brain appears to be modeled after 
Lake's work on Chirocephalus, but they 
noted some differences. For example, Mu
nuswamy and Subramoniam identified three 
neurosecretory cell types in the brain, three 
types in the eyestalk, and disc-shaped cells in 
the sinus gland, all differing from one another 
slightly in shape and/or staining properties 
(Table 2). 

Evidence for molting hormones exists, but 
is scattered, and the source of these mediators 
is not known. For example, Bodar et al. 
(1990) demonstrated (using an enzyme immu
noassay) the presence of ecdysteroids in 
whole-body extracts of adult Daphnia magna 
(Anomopoda), and showed that exogenous 
addition of ecdysone and 20-hydroxyecdys-
one (the most prevalent effector of the crusta
cean molt cycle; Quackenbush, 1986) pro
duced a dose-dependent change in molting 
and mortality. Smyth Templeton and Laufer 
(1983) had earlier shown that reproduction 
and development in Daphnia magna were af
fected by a "juvenile molting hormone ana
logue." In neither case, however, could a 
source of mediator production be determined. 

Finally, changes in the appearance of neu
rosecretory cells in response to osmotic stress 
were described by van den Bosch de Aguilar 
(1976) in Anemia. When Artemia were 

placed in dilute sea water, making them hy
perosmotic to the medium, medial neurose
cretory cells in the protocerebrum increased 
their secretory activity, suggesting that the 
cells produce a product that facilitates salt 
retention. This is the only known case in any 
crustacean where osmotic stress has been 
shown to effect changes in neurosecretory ac
tivity (Fingerman, 1987). 

NERVOUS SYSTEM AND 
SENSORY ELEMENTS 

The nervous system of the Branchiopoda is 
unique among all arthropods and has there
fore captured the attention of carcinologists 
for many years. The nervous system is de
rived "from an inward proliferation of numer
ous cells from the ectoderm" (Criel, 1991a) 
and consists of a dorsal supraesophageal gan
glion, often referred to as the brain, circum-
esophageal connectives, and a ventral, lad
derlike nerve cord. Although the branchiopod 
brain has some unusual features, particularly 
in the Notostraca, it is the ventral nerve cord 
that is unique. The design of the ventral cord 
is ladderlike, with two long rows of paired 
ganglia, as in many crustaceans. But in bran-
chiopods, in each segment there are paired 
lateral commissures extending from the gan
glia on either side, a (usually) larger anterior 
one and a smaller posterior one (with the ex
ception of Leptodora, Weismann, 1874). 
This interesting arrangement has led to recent 
speculation concerning the origin of biramous 
appendages in crustaceans via fusion of adja
cent somites, with the condition of the bran-
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chiopod nervous system assumed primitive 
(Emerson and Schram, 1990a,b; Schram and 
Emerson, 1991). 

Brain 
Although the crustacean brain was re

viewed recently by Nassel and Elofsson 
(1987), little attention was given to branchio-
pods. The most informative compilation re
mains the encyclopedic work of Horridge 
(1965a-c), although both of the above re
views dealt primarily with the Decapoda. As 
in all crustaceans, the branchiopod brain con
sists of three ganglionic masses, or neu-
romeres (Nassel and Elofsson, 1987), termed 
the protocerebrum, deutocerebrum, and trito-
cerebrum, but the relative sizes of these re
gions differ among branchiopods and between 
branchiopods and other crustaceans. 

The protocerebrum (Fig. 115A), which is 
rather elongate in branchiopods and easily 
distinguishable from the deuterocerebrum, as 
compared to the situation in other crusta
ceans, receives nerves from both compound 
and naupliar eyes as well as from the frontal 
organs. In Artemia, the protocerebrum con
sists of several neuropil masses covered by 
"an interrupted layer of cell bodies" (Criel, 
1991a). The most prominent of the neuropil 
masses are the paired optic lobes (fused in the 
"cladocerans" and some spinicaudatans). In 
most groups, there is a median, transversely 
oval central body, a median protocerebral 
bridge (the "Dorsallappen" of Benesch, 
1969), and corpora pedunculata (= mush
room bodies). The protocerebral bridge is a 
small tract of fibers connecting the two brain 
halves, each of which can be termed the lat
eral protocerebrum or medulla terminalis 
(e.g., Elofsson, 1966). The protocerebral 
bridge connects anteriorly to the frontal or
gans (except the cavity receptor organs; see 
later) and laterally to the optic lobes. Special
ized median and lateral groups of "globuli 
cells" of unknown function are present in the 
protocerebrum at least in Lepidurus and Ar-
temia (Horridge, 1965a; Criel, 1991a). The 
optic lobe, consisting of two neuropils, is 
unique among all crustaceans in that there is 
no chiasma between the more peripheral neu

ropil, the lamina (= lamina ganglionaris) and 
the more proximal neuropil, the medulla 
(Figs. 117, 124C) (Elofsson and Dahl, 1970). 
The structure of the lamina is similar to that of 
most other crustaceans in that there is an outer 
layer of palisade-type synapses where retinula 
cell axons terminate and "an inner layer of the 
arborizations of axons having cell bodies in 
the medulla" (Horridge, 1965b: 1070). But 
details of the lamina cell types differ even 
among branchiopods. There are five different 
cell types known in the lamina (reviewed by 
Strausfeld and Nassel, 1980; Sandeman, 
1982; Elofsson and Hagberg, 1986). These are 
(1) photoreceptors from the retina, (2) mono
polar cells, (3) centrifugals, described by 
Sandeman as cells with somata central to the 
lamina but with endings in the lamina, (4) 
tangentials, with synaptic arborizations run
ning across the optic cartridges, and (5) ama-
crines confined to the lamina. Within a given 
cell type there may be several variations (see 
Elofsson and Hagberg, 1986). Details of each 
cell type in Artemia and Daphnia are tabu
lated in Sandeman (1982, table 1) and are 
given by Elofsson and Hagberg (1986) for 
three anostracan genera. The medulla, at least 
in Artemia and Daphnia, sends out axons that 
"branch widely over the protocerebrum" and 
thus is similar to both the internal medulla and 
the medulla terminalis of higher crustaceans 
(decapods) (Horridge, 1965b; 1071). Branch
iopods (at least anostracans) lack a columnar 
lamina and have fewer and different neuron 
types as compared to decapods and mysids 
(Elofsson and Hagberg, 1986). Elofsson and 
Hagberg (1986) take this as evidence, along 
with the fact that non-malacostracans have 
only two optic neuropils (lamina and medulla) 
as compared to three in malacostracans, of a 
simpler and perhaps more primitive system in 
branchiopods. 

The deutocerebrum contains neuropil cen
ters for the first antenna (antennule) and for its 
muscular control, with sensory and motor 
neurons. 

The tritocerebrum is less clearly defined, 
and in all branchiopod taxa studied to date 
(perhaps most obvious in the Notostraca, see 
Dahl, 1959; Henry, 1948; Fig. 115A,B) it is 
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Fig. 115. The brain of Notastraca and Anostraca. A,B: Ven
tral (A) and lateral (B) views of the Triops (Notostraca) brain 
and anterior nerves. (After Horridge, 1965c, from Henry, 
1948.) C: Diagrammatic dorsal view of brain of Branchinecta 

paludosa (Anostraca). (After Elofsson, 1966.) a l , first antenna 
(antennule); a2, second antenna; ce, compound eye; cec, cir-

cumesophageal connective; De, deuterocerebrum; do, dorsal 
organ; fone, frontal organs and nauplius eye; In, labral nerve; 
mb, mandible; mt, medulla terminalis; mxl , first maxilla; mx2, 
second maxilla; nee, nauplius eye center; op, ocular peduncle; 
Pr, protocerebrum; tn, tegumental nerves; Tr, tritocerebrum; 
trcm, tritocerebral commissures. 

not incorporated into the posterior of the brain 
but instead exists only as swellings along the 
circumesophageal connectives. Thus, in 
branchiopods, the tritocerebrum and its com
missures are clearly postoral. This region sup
plies nerves to the second antenna, the la-
brum, and the anterior alimentary tract 
(Horridge, 1965c). 

Although at first appearing very different in 
gross morphology, the brains of anostracans 
(Fig. 115C) (e.g., Hanstrom, 1928; Warren, 
1930; Benesch, 1969), with widely separated 
and stalked compound eyes and therefore 
well-developed paired optic lobes, and Daph-
nia, with a single median unstalked com
pound eye (Fig. 116A-C) (Cunnington, 1903; 

Retzius, 1906;Leder, 1915), are rather easily 
compared with respect to architectural plan. 
The brain of Triops (and presumably Lepidu-
rus) is unique in that in the protocerebrum all 
accessory lobes, including the optic lobes, are 
greatly displaced dorsally (Henry, 1948; Fig. 
115B). There are differences among taxa in 
the fine details of the various components, but 
a comprehensive survey does not yet exist. 
For example, the laminar synaptic neuropil of 
the optic lobe in Anemia is bilayered, with the 
layers defined by two levels of photoreceptor 
endings (Figs. 117, 124C), whereas iriDaph-
nia the lamina is trilayered (Nassel and Elofs
son, 1987). The function of these different 
layers, and the phylogenetic significance of 
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Fig. 116. The brain of various "cladocerans." A,B: Lateral 
(A) and dorsal (B) views of Daphnia similis. (From Horridge, 
1965c, with modification [eye membrane] after Downing, 
1974.) C: Representative neurons and main neuropil regions of 
Daphnia. (After Leder, 1915.) Black indicates association neu
rons, dashed line indicates optic intemeurons; dotted (stippled) 
line indicates presumed motor neurons. (After Horridge, 1965c, 
from Leder, 1915.) D: Dorsal view oiEurycercus (Anomopoda) 
brain. E: Anterior nervous system of Leptodora (Haplopoda). 
(D,E after Hanstrom, 1931.) F: Detail of brain of Leptodora 
showing microvillous cells ("trophospongium"), possibly repre
senting vestigial frontal organs and/or nauplius eye. (After 

Scharrer, 1964a.) a l , first antenna; a2, second antenna; cb, 
central body; ce, compound eye; centr. b., central body; comp. 
eye, compound eye; cs, cisternal spaces of the X-body; cy, 
cytoplasmic matrix of the X-body; d, desmosome; do, dorsal 
organ nerve; ec, esophageal connective; f.o., fo, frontal organ; 
gc, extension of glial cell; la, lamina; md, medulla; nce-ncv, 
neurosecretory cell groups (see Horridge, 1965c); ne, nauplius 
eye center; np. eye, nauplius eye; oc, optic commissure; ocm. 
n., oculomotor nerve; og, optic ganglion; on, oculomotor nerve; 
optic n., optic nerve; s, space between glial process plasma-
lemma and neuron; se, subesophageal ganglion. 
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Fig. 117. Schematic view of laminar (L) and medullar (M) neurons in the anostracan (Anemia) eyestalk. 
(After Na.ssel et al., 1978.) Am, amacrine neuron; C, centrifugal neuron; RT, receptor terminal: RL, long 
photoreceptor axon; TM,, TMj, transmedullary neurons. 

this difference, are unknown. Although not 
all branchiopod taxa have been studied, it is 
probable that the optic neuropils of all species 
with compound eyes contain catecholaminer-
gic neurons (Elofsson and Klemm, 1972). 
The above two genera are also the only taxa 
for which studies on the types of neurons in 
the medulla exist (Retzius, 1906; Leder, 
1915;Nasseletal., 1978). 

Ventral Nerve Cord 

Continuing posteriorly from the circum-
esophageal connectives, the branchiopod 
ventral nerve cord (Fig. 118) is unique among 
all arthropods. The cord consists of a string of 
ganglionic masses, each with 100-200 neu
rons (Horridge, 1965c), joined longitudinally 
by connectives and transversely in each seg
ment by commissures, as is the case with 
most arthropods and annelids. However, in 
the branchiopods there are, at least primi
tively, two ganglia per side in each segment, 
and thus two transverse commissures per seg
ment, with the anterior commissure slightly 
larger than the posterior one (Hanstrom, 
1928). This condition is best seen in the 
Anostraca and Notostraca (Fig. 1 i8A-C) (for 

Artemia, see also Ley dig, 1851;Claus, 1886; 
Spencer, 1902; Hanstrom, 1928; Warren, 
1930; Cassel, 1937; Benesch, 1969) and in 
the larger spinicaudatans, where the paired 
transverse commissures are still obvious (Fig, 
118E,F), but the two ganglia per side are not 
as distinguishable and there is more fusion in 
anterior (esophageal) and posterior abdominal 
ganglia. In some of the smaller bivalved taxa, 
the paired commissures are more difficult to 
detect (Fig. 118G), and in Leptodora the ven
tral nerve cord itself is unpaired (Fig. 116E) 
(Weismann, 1874; Hanstrom, 1931). Anteri
orly, the esophageal commissures send paired 
nerves that form a plexus around the esopha
gus and anterior alimentary canal. Visceral 
nerves have been demonstrated in the genera 
Triops (Zaddach, 1841; Henry, 1948), 
Branchinecta (Henry, 1948; Benesch, 1969), 
Artemia (reviewed in Criel, 1991a), Limna-
dia, and Daphnia (Horridge, 1965c). There is 
slight disagreement concerning the number of 
lateral nerves issuing from each thoracic gan
glion (see Warren, 1930; Cassel, 1937; Be
nesch, 1969), but there were probably three, 
primitively: an anterior motor nerve, a medial 
sensory nerve, and a posterior motor nerve. 
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Fig. 118. The ventral nerve cord. A: Branchinecta paludosa 
(Anostraca). Note paired lateral commissures in each somite. B: 
Section of ventral cord of Branchinecta paludosa with paired 
commissures of three somites. (A,B after Sars, 1896.) C: Ante
rior region of cord in Triops (Notostraca). (After Caiman, 
1909.) D: Section of anterior region of cord in Lepidurus glacia-
lis (Notostraca) showing somite boundaries (straight lines). 
(After Sars, 1896.) E,F: Section of ventral cord of Limnadia 

lenticularis (Spinicaudata) (E) and Lynceus brachyurus (Lae-
vicaudata) (F) showing somite boundaries (straight Unes). (E,F 
after Sars, 1896.) G: Entire nervous system of Simocephalus 
(Anomopoda). (After Caiman, 1909.) H: Axon distributions in 
Branchipus (Anostraca) showing cell bodies of one ganglion. 
(From Horridge, 1965c.) Oriented 90° to other figures. Scale 
bar = 0.5 mm (H only; others not to scale). 
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Interestingly, at least in Artemia the latter di
vides into two branches, the dorsal of which 
innervates the musculature of the following 
(posterior) segment (Criel, 1991a). Modifica
tions exist in the region of the genital seg
ment, with the two ganglia per side fused into 
one large ganglionic mass, but it is unclear 
how many commissures and issuing nerve fi
bers exist. The ventral nerve cord in the abdo
men lacks recognizable ganglia, instead ap
pearing as nerve fibers that give off branches 
in each segment to innervate abdominal mus
culature. The distribution of monoaminergic 
neurons in the brain and ventral nerve cord 
were reviewed by Aramant and Elofsson 
(1976a,b). Horridge (1965c), citing Leder's 
(1915) study, which showed innervation of 
the heart from the ventral cord, doubted previ
ous reports of myogenic heart control in 
Daphnia (but see Ringelberg, 1987). 

Nerve Cells 
There are two basic types of neurons com

prised in the nervous system: large ganglia 
cells, characterized by extensive cytoplasm 
and a chromatin-poor nucleus, and smaller 
globuli cells, with less cytoplasm and a large 
nucleus full of chromatin (Hanstrom, 1928; 
Benesch, 1969; Criel, 1991a). The smaller 
"globuli" cells were described by Hanstrom 
(1928) as being unipolar associative neurons, 
with highly branched dendrites that form "a 
typical associative region in the neuropile 
called glomeruli" that is thought to function in 
areas of higher association (Criel, 1991a). 
Bohm and Parker (1968) examined neurons of 
the supraesophageal and optic ganglia in 
Daphnia and found a variety of cellular com
ponents (Fig. 119), including large and small 
granules (presumed to contain polysaccha
rides), concentric lamellar systems (in optic 
ganglia) with associated mitochondria, and 
glandular cells of unknown function. 

SENSORY ELEMENTS 
Nauplius Eye 

All branchiopods except the onychopods 
and haplopods possess nauplius eyes in adult 

and larval stages (Figs. 3B,E, 4, 5, 116A-C), 
although it may be secondarily lost in some 
(primarily planktonic) species oi Daphnia and 
in some species of Moina (G. Fryer, personal 
communication). The embryonic origin of the 
nauplius eye is probably from developing 
brain tissue. Vaissiere (1956) felt that theAr-
temia nauplius eye could be traced back to a 
trilobated part of the anterior protocerebrum, 
and Benesch (1969) recognized cells that 
would eventually form this organ as early as 
the first stage nauplius, with the eye separat
ing from the protocerebrum during metanau-
plius stages (see also Criel, 1991a), but 
Moroff (1912) believed it to be of epidermal 
origin. 

The branchiopod nauplius eye was the sub
ject of an extensive review by Elofsson 
(1966), who used its morphology as evidence 
for separating the anostracans from all other 
branchiopods, and also for separating the 
branchiopods, both anostracans and nonanos-
tracans (which he collectively termed Phyl-
lopoda), from all other crustaceans. Features 
shared by all branchiopods are sensory cells 
(retinula cells) that are inverse (i.e., their dis
tal ends are directed into the pigment and their 
proximal ends face the light), with the rhab-
domeres developed around the distal ends of 
the cell, and an absence of specialized cells 
forming the rhabdoms. However, there are 
more differences than similarities between 
anostracans and other orders, leading Elofs
son (1966) to question Dahl's (1963) previous 
statements regarding branchiopod monophyly 
based on eye structure. Although the nauplius 
eye is of relatively constant design in anostra
cans, diversity among the other orders is 
great. 

In anostracans, the nauplius eye is well 
known, as aresult of Elofsson's (1966)mono
graph and several studies on Artemia by A. 
and E. Anaddn (Anadon and Anad6n, 1980; 
A. Anadon, 1980a,b, 1981, 1983a,b). The 
Artemia nauplius eye (Fig. 120) is fairly large 
(up to 120 |xm in diameter at its widest point, 
Anadon and Anadon, 1980), is located just 
beneath an unspecialized area of cuticle, and 



A-

Fig. 119. Nerve fibers in the supraesophageal and optic ganglia of Daphnia schoedleri. (From Bohm and 
Parker, 1968.) A: Cross section of nerve fibers in supraesophageal ganglion, showing neurofilaments in 
cross section (long arrows) that bear minute radiating strands (small arrows.) >:48,000. B: Large (at lower 
left) and small concentric lamellar structures in the optic ganglion. X 13,860. 2, small whorl; G, glial 
cytoplasm; M, mitochondrion associated with large whorl; S, synapse. 



BRANCHIOPODA 193 

Rbfo 

Fig. 120. The nauplius eye of Anemia. A: Reconstruction 
based on TEM sections. (After Rasmussen, 1971.) B: Light 
micrograph of 2 |xm-thick section of nauplius eye. (Courtesy of 
G. Criel.) Scale bar = 20 |xm. C,D: Schematic frontal (C) and 
lateral (D) views of nauplius eye and frontal organs. (Greatly 
modified after Anadon and Anadon, 1980.) ac, accessory cell; 
bn, bipolar neuron; br, brain; bm, basal membrane; c, cuticle; 
cav, cavity receptor organ; ec, epidermal cell; gc, gastric ceca; 
gcp, ganglion cell of protocerebrum; lip, lipid; lo, lateral ocellus 
(cup); mo, median ocellus (cup); n, nerves; np, neuropil; pc, 
pigment cell; Rb fo, rhabdom of frontal organ; Rb le, rhabdom 
of lateral sensory cells; Rb ve, rhabdom of ventral sensory cells; 
re, retinula cells; sph, sphere of microvilli; vfo, ventral frontal 
organ. 

is composed of three well-defined cups or 
ocelli. The three cups are separated by two 
very large pigment cells, which appear in Fig
ure 120B as an inverted Y. The pigment is 
melanin, which apparently replaces carot-
enoid during development (Criel, 1991a). 

The large pigment cells are variable in 
shape. The nucleus is lobate or indented, ven-
trally located, and contains up to five nucleoli 
(Rasmussen, 1971; Anadon and Anadon, 
1980). Pigment granules are membrane-
bound ellipsoids ranging from 0.5-1.1 ixm in 
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Fig. 121. Confluent rhabdom areas adjacent to pigment cell in nauplius eye of Artewf'a. (After Anadon and 
Anadon, 1980.) Pigment cell is at top and has large pigment granules (pg), layer of finer peripheral granules 
(large arrow), and stereocilia (smaller arrow). Scale bar = 1 \xm. 

length. Occasionally, smaller dense granules 
(120-250 nm diameter) are seen in a series 
along the plasma membrane of the pigment 
cell (Fig. 121). Other pigment cell inclusions 
are "crested" mitochondria, small amounts of 
ER, microtubules, and lamellated and vesicu
lar bodies (Rasmussen, 1971). The plasma 
membrane also bears "stereocilia" in areas 
close to the rhabdoms of retinula cells (Ana
don and Anadon, 1980). Because few ER cis-
temae are seen, Anadon and Anadon (1980) 
assumed that little or no secretory activity oc
curs in these cells. Other cellular inclusions 
were described by Anadon and Anadon 
(1980), who additionally noted that the cell 
membrane of the pigment cells is increased 
between the two cells and between each cell 
and the surrounding hemocoel, suggesting to 
them that this increase in cell surface area 
might be for facilitation of metabolic ex
change of the pigment cells. 

Each cup houses "inverse" sensory cells 

(Elofsson, 1966) that function as photorecep
tors. The exact number of cells comprised by 
each cup varies according to species and ac
cording to author. In Anemia, each cup may 
contain 25-75 sensory (retinula) cells (Criel, 
1991a), although Anadon and Anadon (1980) 
estimated only 8-12 cells in the median ocel
lus and 17-29 in each lateral ocellus. These 
same authors even noted differences between 
the two lateral cups in one individual, so that 
the exact number of cells is probably of little 
importance. The retinula cells form closed-
type rhabdoms between adjacent cells (Ras
mussen, 1971; Criel, 1991a). Rasmussen 
(1971) described several cellular inclusions of 
these retinula cells, including numerous vesi
cles, tubular mitochondria, small Golgi com
plexes, microtubules, multivesicular and 
lamellar bodies, and lipid inclusions (Fig. 
120A). The retinula cells are variably shaped 
and irregular in location and disposition. 
They are in contact in certain areas with the 
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surface of the large pigment cell, except occa
sional cells at the periphery of the ocellus that 
Anadon and Anadon (1980) interpreted as un
developed photoreceptors. There is, at least in 
the retinula cells of the median ocellus in Ar-
temia, a morphological {and presumed physi
ological) polarity, with rhabdomeres found 
closest to the pigment cell {Fig. 121) and ax
ons toward the periphery of the ocellus {Ana
don and Anadon, 1980). Rhabdomeres only 
rarely directly face the pigment cell, most of
ten being formed by adjacent retinula cell sur
faces just peripheral to their contact with the 
giant pigment cell (Anadon and Anadon, 
1980) {Fig. 121). Rhabdomeres consist of cell 
membrane microvilli, each being 50-65 nm 
in diameter, that interdigitate tightly, leaving 
no interetitial space. This association of 
tighdy packed interdigitating microvilli forms 
a closed rhabdom (Anadon and Anadon, 
1980). Typically, these appear wedge-shaped 
in horizontal sections, with the wide end to
ward the pigment cell and the narrow end 
closed by a zonula adherens (Fig. 121) (Ana
don and Anadon, 1980). According to Debai-
sieux (1944), the rhabdoms are partly re-
sorbed under daylight conditions but fully 
developed in the dark. 

The median ocellus, which always has 
fewer retinula cells than do the lateral ocelli, 
additionally has, at least in some individuals 
of Artemia, an unusual component recognized 
first by Anadon and Anadon (1980) and 
termed a sphere of microvilli (Fig. 120C,D). 
Microvilli composing this sphere are 120-130 
nm in diameter, approximately twice the di
ameter of microvilli in the rhabdoms, and 
they are arranged in a complex jumble of 
tightly packed lamellae (Fig. 122A,B). The 
sphere is always found close to the cuticle and 
adjacent to retinula cells (Figs. 120C,D, 
122A,B) (Anadon and Anadon, 1980). Its 
function is unknown. 

From each cup, a nerve composed of the 
gathered axons of the retinula cells (described 
in more detail by Eiofsson, 1966; Anadon and 
Anadon, 1980) runs to a recognizable center 
in the protocerebnim (Eiofsson, 1966). This 

center is composed of one (Eiofsson, 1966) or 
three (Dahl, 1959; Benesch, 1969) neuropils, 
surrounded by ganglion cells (Criel, 1991a). 

Reconstructions of the nauplius eye, as ev
idenced in Figure 120, often are not in agree
ment. Eiofsson (1966) illustrated all three 
ocelli in Branchinecta paludosa as situated at 
the posterior (median ocellus) or posterolat
eral (both lateral ocelli) sides of the large pig
ment cells (Fig. 123A). However, Rasmussen 
(1971) and Anadon and Anadon (1980) illus
trated for Artemia a condition in which the 
median ocellus is located on the anterior face 
of the eye, very near the cuticle (Fig. 
120A,C,D), and the entire organ is located 
just above and slightly posterior to the proto-
cerebral neuropil. This striking difference in 
arrangement and location between two genera 
in a single order may be nothing more than the 
result of crowding of cephalic components; 
Eiofsson (1966) noted that Artemia, like 
Tanymastix, has less available room in the 
head, with the result that organs of the head 
are crowded. However, in Polyartemiaforci-
pata, another species with more room in the 
head, the components are relatively spaced 
out, yet the nauplius eye itself is smaller than 
in other species, and the ventral cup is com
posed of only four or five cells (Eiofsson, 
1966). 

It is worth noting that although the adult 
anostracan nauplius eye is distinguished by 
having three cups, the naupliar larval stages 
of Artemia have been described as having a 
bipartite eye (Moroff, 1912; Horridge, 
1965b). Along these same lines, it is notewor
thy that the notostracans, and probably other 
branchiopods, which differ from anostracans 
in their possession of a nauplius eye of four 
cups, have only three cups in their naupliar 
stages (Dahl, 1959). 

The nauplius eye of the notostracans is 
quite different from the above description 
(Eiofsson, 1966). It is large and consists of 
four, rather than three, ocelli or cups: the pos
terior medial cup, ventral medial cup, and 
paired lateral cups (Fig. 123B). Each lateral 
cup is large, contains several hundred sensory 



Fig. 122. Sphere of microvilli found in the nauplius eye's median ocellus in some specimens of Artemia. 
(From Anadon and Anadon, 1980.) A: Entire sphere adjacent to cuticle (visible as light line at upper right). 
Scale bar = 2 |j,m. B: Detail of sphere where it contacts retinula cells. Scale bar = 1 jjim. 



BRANCHIOPODA 197 

Fig. 123. Various frontal organs and nauplius eyes. A: Ante
rior brain, nauplius eye, and frontal organs of Branchinecta 
paludosa (Anostraca). B: Nauplius eye of Lepidurus arcticus 
(Notostraca). (A,B modified after Elofsson, 1966.) C: Cavity 
receptor organ of Anemia salina. (From Elofsson and Lake, 
1971.) D: Brain and compound eye of Leptodora kindtii (Hap-
lopoda), which lacks nauplius eye and any frontal organs. (From 
a photograph in Scharrer, 1964a.) ARB, arborizations of epider

mal cells; an, antennule nerve, br, brain; cav, CAV, cavity 
receptor organ (cavity only in C); eg, cerebral ganglion; CIL, 
cilia; ct, connective tissue; CUT, cuticle; DEN, dendrites; EP, 
epidermis; em, eye muscles; gc, giant cells; Ic, lateral cup; og, 
optic ganglion; pc, pigment cell; pmc, posterior medial cup; 
pmfo, posterior medial frontal organ; pt, pigment tissue; vc, 
ventral cup; vfo, ventral frontal organ; vmc, ventral medial cup; 
X, X-body of brain. 

cells that tend to increase in size toward the 
base of the cup, and is divisible into two dis
tinct regions, each with its own nerve, such 
that an argument could almost be made for six 
total cups (Fig.l23B). The ventral and poste
rior medial cups are smaller, with about 30 
cells in the latter, and contain sensory cells 
similar to those of the lateral cups. All sen
sory cells contain rhabdoms, and all cups con
nect to the brain via nerves at their postero-
ventral borders. Pigment is contained not in a 

few large cells but in a tissue that more or less 
envelops the sensory cups, sometimes seen 
between individual sensory cells, and follows 
the course of the nerves, occurring among the 
axons and even extending into the nauplius 
eye center of the brain (Elofsson, 1966). The 
pigment tissue is thick and contains mem
brane-filled lamellae, which are tighter pe
ripherally, leaving a "pigment cavity" with 
pigment but only loose lamellar folds in the 
center (Elofsson, 1966). The pigment layer 
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and the lateral cups are in direct contact with 
the epidermis. Nerves from the cups (totaling 
six) pass through a cluster of "giant cells" 
(Elofsson, 1966), where they contact the 
brain. These large cells are similar to the large 
sensory cells of the optic cups and could even 
be mistaken for such, although Elofsson 
(1966) noted that, although the cells them
selves are in contact with the nauplius eye 
center of the brain, nerves from these cells do 
not terminate there but pass ventrally to the 
hind margin of the brain. Elofsson suggested 
the possibility of neurosecretion of these 
cells. Closely associated with the notostracan 
nauplius eye is a small, unpaired, posterior 
medial frontal organ that arises from the pos
terior medial cup (Fig. I23B, pmfo). The 
cells of this organ extend in a tube that appar
ently terminates in an "outlet at the epider
mis" (Elofsson, 1966: 12). This unusual fea
ture is seen also in some conchostracans 
(Elofsson, 1966). Elofsson (1966) considered 
this frontal organ a reduced frontal eye, as all 
cellular components are the same as seen in 
the ocellar cups and the nerve from this organ 
ends in the nauplius eye center of the brain. In 
fact, Elofsson (1966) argued that a case could 
be made for five frontal eyes in branchiopods, 
the various frontal organs representing re
mains of some of these frontal eyes (see be
low). 

Conchostracans (both Spinicaudata and 
Laevicaudata) have nauplius eyes similar to 
those of the Notostraca, with four cups: two 
large laterals, one small posterior medial, and 
one small ventral. The ocellar cups contain 
fewer inverse sensory cells than do those of 
notostracans (e.g., approximately 50 in lat
eral cups, and 25 in the ventral cup, of Cae-
nestheria, but only two in the medial and four 
in the posterior cup of the laevicaudatan Lyn-
ceiis). As in notostracans, pigment is in a 
lamellar tissue, including the internal "pig
ment cavity," and in some spinicaudatans 
there is a posterior medial frontal organ stem
ming from the posterior medial cup, a unique 
synapomorphy of conchostracans (at least 
Limnadia) and notostracans (Elofsson, 1966), 

although its presence in laevicaudatans and 
other families of the Spinicaudata has yet to 
be demonstrated. 

In the four cladoceran orders, reduction of 
the nauplius eye is common, perhaps as a 
consequence of increased reliance on the rela
tively large compound eyes, and variation of 
the nauplius eye and frontal organs is great. 
However, all have four cups of inverse cells, 
in those species where a nauplius eye is recog
nizable, and Elofsson (1966) had no difficul
ties in establishing homologies with eyes of 
the notostracans and conchostracans. In 
Daphnia, where the nauplius eye and frontal 
organs are reduced, each of the four cups con
tains only 2-4 sensory cells (Horridge, 
1965b; Ringelberg, 1987). The function of 
the nauplius eye in Daphnia is uncertain; re
moval of it did not in any way alter the behav
ior of adult Daphnia (Schultz, 1928; 
Ringelberg, 1987), although Baylor and 
Smith (1957) found it to be light-sensitive, 
and Debaisieux (1944) noted changes in the 
amount of pigmentation upon exposure to 
light. 

Leptodora has lost all vestiges of a nauplius 
eye (Fig. I23D) and all frontal organs, al
though perhaps the remnants of these organs 
are to be found in a "disorganized heap of 
cells" that bears rhabdoms and is located on 
the anterior of the brain (Elofsson, 1966). In
corporation of some components of the nau
plius eyes and/or frontal organs into the brain 
is also suggested by Scharrer's (1964b) find
ing of brain cells in Leptodora that bear mi
crovillous borders (Fig. 116F), originally 
called trophosphongia by Scharrer (1964a), 
which are typical of all arthropod photosensi
tive cells (Elofsson, 1966) but otherwise un
known in branchiopod brains. 

Frontal Organs 
Many branchiopods possess frontal organs, 

some of which should perhaps be termed fron
tal eyes, as they possess many of the charac
teristics of retinula cells of the nauplius eye 
(Elofsson, 1966). Indeed, Elofsson (1966) ar
gued that branchiopods might have originally 



TABLE 3. Distribution of Various "Frontal 
Branchiopoda* 

Ventral frontal 
organ 

Cavity receptor 
organ" 

Posterior medial 
frontal organ 

Wenke's organ 
Distal frontal 

organ 
Frontal organ 
Nauplius eye. 

cups 

Anostraca 

yes 

yes 

no 

no 
no 

no 
3 

BRANCl ilOPODA 

Organs," and Number of Ocellar 

Notostraca 

no 

no 

yes 

yes 
no 

no 
4 

Spinicaudata 

no 

no 

yes'' 

yes"* 
yes'' 

no 
4 

Cups in the Nauplius 

Laevicaudata 

no 

no 

no 

no 
yes 

no 
4 

Eye, in the 

1B9 

Anomopoda 

no 

no 

no 

no 
no 

yes 
4 

•Onychopods and haplopods, which lack nauplius eyes and frontal organs, and clenopods, for which I could find no detailed information, are 
excluded. Data mostly from Elofsson (1966), Elofsson and Lake (1971), and Anadon and Anadon (1980). 
'X-organ or organ of Bellonci of older literature; see Elofsson and Lake (1971). 
'Known only for Limnadia; other spinicaudatans (e.g., Caenestheria) studied by Elofsson (1966) lack this. 

possessed several frontal eyes, some of which 
have degenerated to become "frontal organs" 
of one sort or another. Perhaps supporting 
Elofsson's belief, Rasmussen (1971) re
marked on the ultrastructural similarities 
(e.g., perirhabdomeric vacuoles and the de
gree of pinocytotic processes at the base of the 
rhabdom) between the rhabdoms of the nau
plius eyes, rhabdoms of the frontal organs, 
and retinula cells of the compound eyes. Most 
of the frontal organs or eyes appear to be 
innervated by the protocerebrum. 

The distribution of the various frontal or
gans, whether or not they appear to be frontal 
eyes, is summarized in Table 3. Onychopods 
and haplopods are not included, since no rem
nants of these organs or of the nauplius eye 
exist in these orders (but see above for possi
ble nauplius eye vestige in Leptodora). De
tailed information is available for few of these 
structures. One interesting frontal organ, 
unique to the Anostraca, where it was origi
nally termed the X-organ (e.g., Menon, 1962; 
Hentschel, 1965; Elofsson, 1966) or organ of 
Bellonci (Lake, 1969), is now known as a 
cavity receptor organ (Fig. 123A,C) (Elofs
son and Lake, 1971). This paired organ exists 
on either side of the nauplius eye within a 
small cavity just under the cuticle. Neuronal 
dendrites enter the cavity by passing through 
an enormous "accompanying cell" and epi

dermal cells (Elofsson and Lake, 1971; 
Anadon and Anadon, 1980). Each dendrite 
has a pair of cilia extending into the cavity, 
where arborizations of the epithelial cells are 
also seen (Fig. 123C). Although no homolo
gous organ is known in other branchiopods, 
Elofsson and Lake (1971) suggested, based 
on the ciliated neurons and connection with 
the medulla terminalis, possible homologies 
with the frontal filament organ of barnacles 
and the "third unit" organ of copepods. Al
though function is unknown, it is presumed to 
be sensory, rather than neurosecretory as indi
cated by .staining before the details of the or
gan were known (Elofsson and Lake, 1971; 
Criel, 1991a). Aramant and Elofsson 
(1976a,b) have shown, via fluorescence, that 
sensory neurons of this organ are monoami-
nergic, the first report of monoaminergic sen
sory neurons in any arthropod. Also unique to 
the Anostraca is the ventral frontal organ, 
clearly a photoreceptive organ based on rhab-
domal similarities with the nauplius eye, but 
there is disagreement concerning the details 
of this probably paired organ (see Elofsson, 
1966; Rasmussen, 1971; Anadon and Ana
don, 1980). Elofsson (1966) described cells 
of this organ as small copies of the larger 
sensory cells of the lateral and ventral cups of 
the anostracan nauplius eye. There are 
marked similarities between this organ and 
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the organ bearing this name in the Malacos-
traca, but Elofsson (1966) argued that this is a 
case of convergence because the nauplius eye 
in the two groups (Anostraca and Malacos-
traca) differs. 

Compound Eyes 
According to Land (1984: 402), crusta

ceans possess more different kinds of eyes, 
with different optical mechanisms, than any 
other phylum or subphylum in the animal 
kingdom. Branchiopod compound eyes are 
quite diverse in form, but detailed informa
tion is available for relatively few taxa. All 
branchiopod compound eyes are of the appo
sition type. They differ from those of deca
pods in that they lack special pigment cells of 
the shielding or reflective type (Elofsson and 
Odselius. 1975; Hertel, 1980; Nilsson and 
Odselius, 1981), and they lack corneagen 
cells and distal pigment cells, although possi
bly one or both are homologous with the spe
cialized epidermal cells surrounding the crys
talline cone (Elofsson and Odselius, 1975). 
The compound eyes are stalked in the Anos
traca (Fig. 124A,E) but sessile and occasion
ally fused in other taxa (most "cladocerans" 
[e.g., see Nilsson et al., 1983] and cycles-
theriid clam shrimps). Although appearing in
ternal, the compound eyes of notostracans mi
grate inward during ontogeny, leaving a small 
pit connecting the outside environment to the 
space just over the now-internalized eye (Fig. 
124F,G). This pit also is seen in all laevicau-
datans (visible in Fig. 135C) and most fami
lies of spinicaudatans, and I assume its exis
tence in these groups indicates a similar 
process in the ontogeny of the compound 
eyes. The cuticle overlying the branchiopod 
compound eye is more or less unspecialized, 
i.e.. it does not function as a lens, although it 
is obviously faceted externally in anostracans 
(Fig. 124B). Ommatidia are of the "eucone" 
type (after Grenacher, 1879), i.e., beneath 
each ommatidium there is a transparent re-
fractile crystalline cone (Fig. 124D,E), se
creted by surrounding cells with laterally dis
placed nuclei (Horridge, 1965b). The number 

of ommatidia varies widely. Anostracans 
have about 300, as does the single huge eye of 
Leptodora (500 according to Kaestner, 1970), 
and the entire head of Bythotrephes (Ony-
chopoda) is filled by its eye, whereas Simo-
cephalus vetulus has 60-70 (Zahid, 1981) and 
Daphnia has only 22 (Ringelberg, 1987). Ap
parently even with such a small number there 
are no gaps in Daphnia's visual field (Young 
and Downing, 1976). 

In Anemia, each ommatidium is composed 
of four cone cells, each of which contains 
glycogen (Fig. 125) (Elofsson and Odselius, 
1975). The cone cells are enveloped by two 
"peripheral" epidermal cells, termed by De-
baisieux (1944) the "cellules epidermiques 
juxtacristallines," that extend down about 
four-fifths of the cone length, tapering to a 
thickness of 0.1-0.2 |xm. The distal tips of 
the ommatidia are separated by large extracel
lular spaces (* in Fig. 125A) where hemo-
cytes are sometimes seen (Elofsson and 
Odselius, 1975); such spaces are known also 
in Daphnia (Guldner and Wolff, 1970). The 
crystalline cone normally is composed of four 
cells (but three, five, and six are known; De-
baisieux, 1944) that form the distal body of 
the cone, which tapers proximally and even
tually abuts on the rhabdom (Fig. 128A) 
(Elofsson and Odselius, 1975). The cone, 
which clearly is an intracellular creation 
(Elofsson and Odselius, 1975), has an elec
tron-light inner portion containing glycogen 
granules of 25-50 nm, and a denser outer 
zone containing mitochondria, Golgi appa-
rati, and the flat nuclei (Fig. 125A). The gly-
cogen-containing inner zone is the functional 
lens (Elofsson and Odselius, 1975). 

The elongate "root" of each cone cell ex
tends down through intercellular spaces 
among the retinula cells (see below) to the 
basal lamina. Upon reaching the basal 
lamina, the root flattens and widens and 
interdigitates with similar root cells. This 
layer of interdigitating cone cell roots consti
tutes a "basal plate" that composes the upper 
layer of the basal lamina (Figs. 126A, 128) 
(Elofsson and Odselius, 1975). The basal 
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Fig. 124. The compound eyes of Anostraca (A-E) and Noto-
straca (F,G). A,B: SEM of Branchinecta conservatio. C: 
Branchinecta paludosa, horizontal section showing medulla ex
terna (ME) and lamina ganglionaris (LG). Note straight course 
of fibers between them. (From Elofsson and Dahl, 1970.) D: 
Fracture through Artemia eye showing crystalline cones (CC). 
Scale bar = 100 p.m. (From Schrehardt, 1987a.) E: Light mi
crograph of 2 |xm section through Artemia eye. Scale bar = 50 
|xm. (Courtesy of G. Criel.) F: Diagram of "internalized" eye of 

Triops showing pore (p) connecting internal eye space (s) to 
external environment. (AfterCalman, 1909.) G: SEM of pore in 
Lepidurus packardi, anterior side at top. Scale bar = 20 \im. 1, 
zone of cone cell roots and retinula cells; 2, zone of photorecep
tor axons; b, brain; bm, basement membrane; c, cuticle; C, CC, 
crystalline cones; ce, compound eye; ep, epidermis and cuticle; 
L, lamina ganglionaris; M, medulla; m, eye muscle; ne, nau-
plius eye. 
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Fig. 125. Ultrastructure of the Artew/a compound eye. (From 
Elofsson and Odselius, 1975.) A: Paracentral longitudinal sec
tion through ommatidium, TEM. Note extracellular space (*) 
surrounding crystalline cone. Scale bar = 5 ji,m. B,C: Longitu
dinal light micrographs showing positive reaction (B) of crystal
line cones to lead tetracetate followed by Schiff's reagent (indi
cating glycogen) and negative reaction (C) of controls. Scale 
bars = 50 ji,m. D: TEM section through border of a crystalline 
cone. Scale bar = 1 ji,m. Cc, crystalline cone; Ce, "cellule 
epidermique juxta-cristalline"; Cr, cone cell root; Ep, epider
mis; Iz, inner glycogen-rich zone; Oz, outer zone; Nu, nucleus; 
Re, retinular cell; Rh, rhabdom. 
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Fig. 126. TEM oi Anemia compound eye. (From Elofsson and Odselius, 1975.) A: Longitudinal section 
through the basement membrane. Arrows show two cone cell roots widening into "feet" or the basal plate, in 
which interlocking cell borders are seen (*). Scale bar = 1 |xm. B: Double cone cell root. Scale bar = 1 |xm. 
C: Longitudinal section through the rhabdom. Mv, microvilli; Pv, perirhabdomeric vesicles in the retinular 
cell. Arrows indicate microvillar stalks in extracellular space. Scale bar = 1 |xm. 

lamina does not completely seal off the om
matidium from the hemocoel, as indicated by 
the presence of hemocytes among the distal 
ends of ommatidia (see above). 

Six concentrically arranged retinula cells 
compose the ommatidium and contribute to 
the rhabdom. The fused rhabdom is about 60 

|xm long and is tapered, with a distal diameter 
of approximately 8 |xm and a proximal diam
eter perhaps one-third that size (Elofsson and 
Odselius, 1975). The rhabdomere is unique in 
that each rhabdom is continuous, not inter
rupted as in the "toothed" rhabdom of deca
pods (Elofsson and Odselius, 1975). This dis-



Fig. 127. Transverse sections through single ommatidium of Artemia compound eye. (From Elofsson and 
Odselius, 1975.) A: Transverse section through ommatidium at the level of arrows at "b" in Figure 128A. 
Retinular cells are numbered 1-6. Arrows indicate cone cell roots. Scale bar = 2 ixm. B: Transverse section 
at level of arrows at "c" in Figure 128A, showing multivesicular body (*) but otherwise as in 127A. Scale 
bar = 2 ixm. 
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Fig. 128. Comparison of schematic diagrams of the anostra-
can and anomopod compound eye ommatidia. A: Anemia salina 
ommatidium, with cross sections at various levels indicated to 
the right (b-e) with retinular cells numbered from 1-6. Note 
cone cell roots drawn as circles close to the rhabdom. (After 
Elofsson and Odselius, 1975.) B: Daphnia ommatidium, with 
cross section at midrhabdom level at right. Note bidirectional 
pattern of microvilli as compared to multidirectional pattern in 
Anemia rhabdom above. (After Ringelberg, 1987, from various 
sources.) BM, basilar membrane; Bm, basement membrane; 
Bp, basal plate; C, cone cell; CC, Cc, crystalline cone; Ce, 
"cellules epidermiques juxta-cristallines"; CoC, covering cell; I, 
intercellular space; MC, mitochondria; MF, microvilli; NF, 
neurofilaments; PC, process of cone cell; PG, pigment granules; 
R, rhabdom; Re, RC, retinular cells; nuclei dotted in A. 

tinction led Elofsson and Odselius to refer to 
this as the "anostracan type" of rhabdom, 
which occurs in some other branchiopods and 
also in some ostracodes, isopods, and amphi-
pods (Shaw and Stowe, 1982). The microvilli 
of one cell never span the entire rhabdom 
diameter, although those of Daphnia appar
ently do (Waterman, 1966; Ringelberg, 
1987). Formation of the rhabdom by the rhab-
domeres of each cell shows a characteristic 
contribution from each cell, differing in the 
extent that each contributes to the rhabdom 
and in the angle of the microvilli (Elofsson 
and Odselius, 1975). Three or four directions 
are exhibited by rhabdoms of Artemia (Figs. 
127, 128A), although in cladoceans there are 
just two perpendicular directions (e.g., 
Wolken and Gallik, 1965; Ringelberg, 1987). 
Each microvillus measures approximately 50 
nm, and arises along with eight others from a 
70-75 nm-diameter outgrowth of the retinula 
cell wall. The rhabdomeric space between ad
jacent retinula cells is sealed off by zonulae 
adherentes, and the roots of the cone cells 
pass just outside of these zonulae (Figs. 
127A,B, 128). Typical of retinula cells in a 
variety of organisms, Artemia''s retinula cells 
contain well-developed smooth ER, Golgi ap-
parati, tubular mitochondria, lamellated vesi
cles, and multivesicular bodies. Pigment 
granules (measuring 0.6-0.7 ixm) are found 
throughout these cells and even into the ax
ons. The pigments are ommochromes (ommin 
and ommatin) (Kiyomoto et al., 1969). Possi
bly, movements of the rhabdom observed by 
Debaisieux (1944) upon adaptation to light 
and dark could be interpreted as a sliding of 
the rhabdom along the extended cone cell 
roots mentioned above (Elofsson and 
Odselius, 1975). 

The Daphnia eye, a single eye resulting 
from the fusion of paired embryonic eyes, 
differs from the above account in having five 
cone cells forming the crystalline cone in 
some species (Ringelberg, 1987), although 
Daphnia pulex apparently has four, as does 
Artemia (Guldner and Wolff, 1970). There 
are seven, rather than six, retinula cells (Fig. 



Fig. 129. Sensory setae (aesthetascs) of the antennule of Leptestheria dahalacensis (Spinicaudata). (From 
Rieder and Spaniol, 1980.) A: Proximal part of seta terminates in a basal bead (bb), below which are sheath 
cells, receptorcilia (C), and dendrites (D). B: Entire seta showing receptorcilia extending upward through 
basal bead into the seta where they branch. Numbers 4-7 correspond to sections shown in Figure 130A-D, 
respectively. I-V, sheath cells 1-5; L, liquor space (fluid chamber). 
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Fig. 130. Sensory seta of antennule of Le/??es?/icr/arfa/ia/ace«sis. (From Rieder and Spaniol, 1980.) A-D: 
Cross sections at points 4-7 in Figure 129B. E: Longitudinal section through distal extremity showing 
recessed terminal pellet (tp) composed primarily of epicuticle. bb, basal bead; c, receptorcilia; L, liquor 
space (fluid chamber). 
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128B), arranged radially around the optic axis 
of the ommatidium, with an eighth cell, also 
containing a rhabdomere (Macagno et al., 
1973), occupying a different position. The 
microvilli composing the rhabdom are ori
ented in only two directions (Fig. 128B) 
(Elofsson and Odselius, 1975; Ringelberg, 
1987). 

Downing (1974) described what appears to 
be a unique feature of the Daphnia eye. The 
eye is suspended in position not by ligaments 
or tendons but by a large circular membrane 
(Fig. 116A), which forms a watertight seal 
between the eye and the surrounding carapace 
(Downing, 1974), and consequently separates 
the hemocoel from the external medium. A 
combination of hemocoelic pressure, muscle 
tensions (there are six muscles that produce 
eye movement), and tensions in the suspen
sory membrane result in eye rotations but very 
little translationary movement. Downing 
compared the function of this hydraulic sys
tem to that of a universal joint, and noted that 
this feature would allow for the continual ro
tary tremor seen in the Daphnia eye and also 
for some of the larger rotations (up to 160° in 
the sagittal plane, and about 60° in the coronal 
plane and 50° in the transverse plane) docu
mented for this eye. (Laevicaudatans also ex
hibit a continual slight eye tremor, but such a 
universal eye joint has not been described.) 
Young and Downing (1976) demonstrated 
that the focal length far exceeds the length of 
the very short rhabdom in Daphnia, with the 
result that image formation is not possible. 

Neurons departing from the ommatidia 
pass through the basement membrane into the 
lamina ganglionaris. Each ommatidium 
"projects in register to a single distinct colum
nar synaptic structure, the optic cartridge" 
(Shaw and Stowe, 1982:301). 

Sensory Setae 
The aesthetascs or sensilla of the first an

tenna (antennule) (reviewed by Hallberg 
et al., in press) are best known among bran-
chiopod sensory setae. These setae are rela
tively simple structures usually found along 

one edge of the antennule (e.g., Notostraca, 
most Spinicaudata) or confined to the tip 
(e.g., Artetnia [AnostracaJ, Daphnia [Ano-
mopoda], and Cyclestheria [Spinicaudata]). 
The most detailed study of these setae of 
which 1 am aware is that of Rieder and Span-
iol (1980) on the spinicaudatan Leptestheria 
dahalacensis (see also Hallberg et al., in 
press, for Daphnia). Like most other spini-
caudatans, these clam shrimp have long, lo-
bate antennules that bear up to 600 setae in 
groups of 25-30 on each lobe. Each seta is 
divisible into two parts by a "basal bead," an 
epicuticle-derived cuticular socket to the seta 
that provides for movement in several planes 
(Fig. 129A,B). The walls of the basal bead 
are formed from thickened epicudcle. The tip 
of the seta is recessed but appears closed by 
what Rieder and Spaniol (1980) called a ter
minal pellet (Fig. 130E). The sensillum is 
innervated with four to ten dendrites, each 
with a "receptorcilium" that extends from the 
interior part of the sensillum through the basal 
bead and into the setal lumen, where they 
branch before terminating in the terminal pel
let (Figs. 131, 132) (Rieder and Spaniol, 
1980). Five sheath ceils (Figs. 129A, 131) 
surround the basal portion of the seta (interior 
to the basal bead). These cells can be seen 
during the molting process to form the socket 
(cell 5), the basal bead (cell 4), and the setal 
shaft (cell 3) of the sensillum, with sheath cell 
3 dividing to form two addidonal sheath cells 
responsible for formation of the tip and the 
cuticular sheath of the newly formed seta. 
These setae appear very similar in external 
morphology to those on the antennule of 
many other branchiopods, all of which have at 
least some sensory setae on the antennule, but 
the paucity of knowledge of the ultrastructure 
in other orders prevents comparisons (but see 
Hallberg et al., in press). 

Different types of sensilla (differing from 
each other and from those described above) 
are known for the antennule of the Anostraca. 
Tyson and Sullivan (1979b) documented two 
types of sensory setae on the dp of the Ar-
temia antennule, neither of which is particu-



Fig. 131. Basal and interior portions of sensory seta of antennule of Lepleslheria dahalacensis later in the 
molt cycle. (From Rieder and Spaniol, 1980.) Note sheath cell III divided by receptorcilia (C) of newly 
forming sensory seta. Numbers 10-13 refer to cross sections shown in Figure 132A-D, respectively. (From 
Rieder and Spaniol, 1980.) bb, basal bead; cs, cuticular sheath; D, dendrite; I-V, sheath cells 1-5; L, liquor 
space (fluid chamber). 
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larly similar to Rieder and Spaniol's (1980) 
description of the spinicaudatan sensillum. 
Type 1 sensilla (always three per antennule) 
of Artemia are long (43-80 \xm) and tapering, 
with a simple external morphology. There is 
no apparent socket where the cuticle of the 
setal shaft merges with that of the antennule, 
and the only external difference is in the sur
face rugosity (Tyson and Sullivan, 1979b). 
These setae bear no apical pores, and are sim
ilar in some ways to antennular setae of the 
nauplius larval stages. Type 2 setae, which 
vary in number, differ in being shorter (12-23 
|xm), in having a distinct modification of the 
cuticle where the shaft meets the antennule 
(the shaft is recessed within a small knoblike 
outgrowth of the antennule cuticle, forming a 
socket), in having a midlength groove or an-
nulation, and in having a distal pore (average 
diameter of which is 0.4 \xm; Tyson and Sul
livan, 1979b; Tyson, 1980). The edge of the 
pore bears small cuticular projections that 
vary in number and shape. The two types of 
sensilla also differ in their permeability to cer
tain dyes; a solution of crystal violet was 
taken up by the type 2 setae only, inferring 
that these may be chemoreceptors. Tyson and 
Sullivan (1979b: 389) stated that both setal 
types are innervated, and they illustrated this 
for type 2 (their fig. 7). Lent's (1977) work 
indicated that Artemia does possess mecha-
nosensory capability, and Tyson and Sullivan 
(1979b) suggested that one or both of these 
setal types of the antennule might be responsi
ble. They further suggested that type 2 sensil-
lae, with both a terminal pore and a socketlike 
base, may have a dual role in chemo- and 
mechanoreception, but they noted that such a 
sensillum has never before been documented 
in any other crustacean. 

Anostracans additionally have paired seg-
mentally arranged setae on the dorsal surface 
of the trunk somites, and Fryer (1987c) em
ployed this character as a diagnostic feature of 
the order. Tyson and Sullivan (1980b) noted 
that these setae occur also along the ventral 
surfaces of trunk somites (at least in Artemia), 
and speculated that the two series (dorsal and 

ventral) may be chemo- or (more likely) 
mechanosensory in function, although inter
nal anatomy is unknown. Most other orders 
have setae on parts of the trunk and/or abdo
men, and it is possible that many of these are 
sensory. 

Unique to anostracans are the spinelike out
growths of the frontal knobs of the male sec
ond antenna, which is used for clasping in this 
order. These outgrowths include noncellular, 
conical spines as well as sensory setae in Ar
temia. The more numerous conical spines are 
rather unremarkable and are not innervated, 
consisting only of an epidermal core covered 
by cuticle (Wolfe, 1980; Tyson et al., 1991), 
and therefore presumably they are not sen
sory. The setae are innervated, although their 
exact role has not yet been elucidated (Wolfe, 
1980). Each sensory unit consists of a large, 
dome-shaped supporting cell (Fig. 134A), a 
seta-producing cell, and a sensory neuron, 
embedded within the hypodermis (Fig. 134 
B-D). The sensory neuron is completely en
closed by the seta-producing cell and contains 
four groups of microtubules (Fig. 134C) that 
Wolfe (1980) believed were modified ciliary 
processes. The seta itself extends through the 
large supporting cell approximately 4 (xm 
above the surface of the dome (Wolfe, 1980). 

As Fryer (1988) pointed out, the natural 
history of notostracans (being predominantly 
benthic, and employing a variety of feeding 
modes for a variety of food items) requires 
considerably more sensory input than does 
life in open waters, and it is not surprising that 
these animals exhibit a greater array of sen
sory setae than is known for most other branch-
iopods (see Fryer, 1988, for comparison of 
notostracan and anostracan sensilla). The 
function of most of these notostracan setae is 
unknown; innervation has been demonstrated 
for relatively few (Fig. 133) (Rieder, 1974, 
1978, 1979). However, their probable role as 
mechano- or chemosensory setae often can be 
inferred by their location and external design. 
Thus, Fryer (1988: 51) was able to demon
strate among the "profusion of sensillae" in 
notostracans some that were clearly tactile 



Fig. 132. Cross sections of sensory seta of antennule of Leptestheria dahalacensis corresponding to 
numbers 10-13 in Figure 131. (From Rieder and Spaniol, 1980.) Note ringlike arrangement of sheath cells, 
varying number of receptorcilia (4-8), and microtubules at periphery of receptorcilia in D. C, receptorcilia, 
cs, cuticular sheath; I-V, sheath cells 1-5; L, liquor space (fluid chamber). 
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Fig. 133. Structure of one type of sensory seta found on notostracan trunk appendages. (After Rieder, 
1979.) A: Diagram showing several surrounding sheath cells (sc-sc4). B: Cross section at level of arrow in 
A. Scale bar = 0.5 |xm. cs, cuticular sheath; dd, dendrites; gc, glial cell; HZ, sheath cell; Is, liquor space; n, 
nucleus. 

and others that were obviously chemorecep-
tors. Not all of the notostracan sensory setae 
are described here (see Fryer, 1988), but the 
unique "sensory pads" are deserving of atten
tion. These circular arrays of sensory setae 
occur on the gnathobase and distal endites of 
the anterior series of trunk limbs, becoming 
smaller and fewer in the posterior limb series, 
and almost undoubtedly function in "taste" 
and food recognition. The pad consists of a 
cluster of innervated tubular setae (the type 4 
bristles of Rieder, 1978) that are surrounded 
by a circle of stiff, slender spinelike setae 
(Fig. 135A,B). The pad measures approxi
mately 100 \xm across in an average-sized 

adult, with the central field of tubular sensilla 
occupying perhaps 70 |xm of that (Fryer, 
1988). Each tubular sensillum is approxi
mately 2 \xm (or slightly more) in diameter, 
perhaps 20 \xm long, and is slightly dilated at 
the tip (Fig. 135B). The tip bears approxi-

Fig. 134. Sensory setae and spines on the frontal knob of 
Anemia. (After Wolfe, 1980.) A: Outer surface of dome-shaped 
supporting cells (D) with sensory setae (arrows) arising from 
center. x3,200. B: Diagram of spines (SP) and sensory setae. 
C: Diagram of cross section through sensory seta at level of 
arrow in B. D: TEM through sensory seta showing lightly stain
ing cytoplasm of supporting cell (SC) and darkly staining cyto
plasm and microvilli (MY) of hypodermis (HP). Cuticle is at the 
upper right, x 16,200. F, FB, fibrillar material; MT, microtu
bules; SN, sensory neuron; ST, setal cell. 
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Fig. 135. Examples of sensory or presumed sensory setae. A,B: The sensory pads on the endites of 
notostracan thoracic appendages. C: The laevicaudatan "sensory fields" on either side of the rostral carina. 
Midrostral pore is to upper left. (After Martin and Belk, 1988.) D: Base of the frontal seta diagnostic of the 
spinicaudatan family Leptestheriidae, dorsal view. 

mately 15 papillae that surround a central 
pore, the internal diameter of which is less 
than 0.3 |xm; it is not known if the opening is 
separated from the setal lumen by a mem
brane (or plug, as in the antennular setae de
scribed by Rieder and Spaniol [1980] for a 
spinicaudatan) or if it is a true pore, directly 
opening into the interior of the seta (Fryer, 
1988). 

A plethora of other setal types exists, not 
only in notostracans but in many other branch-
iopods (e.g., see Martin et al., 1986, for pore-
tipped setae on the claspers of the Laevicau-
data), and detailed knowledge is available for 
very few. Setae from various parts of the body 

have been called sensory, but definitive evi
dence in the form of internal composition and 
innervation often is lacking. For example, the 
paired "sensory fields" described for the Lae-
vicaudata (Fig. 135C) (Martin et al., 1986; 
Martin and Belk, 1988) have yet to be shown 
to be sensory in function. The same is true for 
several other setal types, some pore-tipped 
and therefore likely to be chemosensory (al
though chemosensory setae do not always 
bear pores, and not all pore-tipped setae are 
chemosensory; Laverack and Barrientos, 
1985), on various appendages. Examples in
clude the long sensillum of the anostracan 
gnathobase (Fryer, 1983, figs. 133-136), var-
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ious sensilla of some "cladocerans" (Scour-
field, 1896, 1905; Dahm, 1976), the pre
sumed sensory pores and/or sensilla on the 
mandibles of Artemia (Tyson and Sullivan, 
1981, and Tyson, personal communication), 
and the diagnostic frontal seta of the conchos-
tracan family Leptestheriidae (Fig. 135D). 
Many branchiopods also have pores in the 
integument (e.g., see Frey, 1959, 1962, for 
chydorid anomopods; Mauchline, 1977, for 
the marine onychopod genera Podon and 
Evadne), and it is possible that some of these 
serve in a sensory capacity, but 1 am not 
aware of any ultrastructural studies on these 
pores. 

ACKNOWLEDGMENTS 
The following persons helped by supplying 

specimens, literature, figures, translations, or 
comments on parts of this review: Larry 
Abele, Araceli Anadon, Emilio Anadon, Rae 
Bamhisel, Denton Belk, Rick Brusca, Jenni
fer Christiansen, Anne Cohen, Frank Conte, 
Godelieve Criel, Erik Dahl, Charles Dickson, 
Henri Dumont, Rolf Elofsson, Bruce Felgen-
hauer, David Frey, Geoffrey Fryer, Michael 
Fugate, Wendell Haag, Michael Horst, 
Arthur Humes, Kevin Halcrow, Robert 
Hessler, Jens H0eg, Chuck Holliday, Charles 
Kerfoot, Jamie King, Hans Kuck, Otto 
Larink, Graziella Mura, Chris Nagano, Nor-
bert Rieder, Clay Sassaman, Franco Scan-
abissi Sabelli, Sandra Schlachter, Fred 
Schram, Heribert Spaniol, Trisha Spears, Alain 
Thiery, Alicia Thompson, Stefano Tomma-
sini, Massimo Trentini, Greta Tyson, Dieter 
Walossek, Regina Wetzer, Allan Wolfe, Ful-
vio ̂ atta gnini, and Cristina Zeni. Funds were 
provided by NSF grants BSR-8615018 to J. 
Martin and L.G. Abele and BSR-9020088 to 
J. Martin, and by the Life Sciences Division 
of the Natural History Museum of Los Ange
les County. Special thanks to Sue, Alex, and 
Paul Martin for patience and understanding. 

LITERATURE CITED 
Abreu-Grobois, A. (1987) A review of the genetics o( Artemia. 

In W. Decleir, L. Moens, H. Siegers, P. Sorgeloos, and E. 

Jaspers (eds.): Anemia Research and its Applications, Vol. 1. 
Welteren, Belgium: Universa Press, pp. 61-99. 

Alonso, A., and M. Alcaraz (1984) Huevos resistantes de crus-
taceos eufilopodos no Cladoceros de la penfnsula Iberica: 
Obsen'acion de la morfologia externa mediante tecnieas de 
microscopi'a eleclnSnica de barrido. Oecol. Aquat. 7:73-7H. 

Anadon, A. (1980a) Anatomia del ojo nauplial de Anemia sp. 
(Crustacea: Anostraca) adulla. Rev. Fac. Cienc. Univ. 
0¥iedo(ser. Biologia)2(J-2l;135-l48. 

Anadon. A. (1980b) Inervacion del ojo nauplial de Anemia sp. 
(Crustacea: Anostraca) adulta. Rev. Fac. Cienc. Univ. 
Oviedo (.ser. Biologia)2/.i49-156. 

Anadon, A. (1981) Revision de la estmctura del rabdoma en el 
ojo nauplial de crustaceos. Rev. Fac. Cienc. Univ. Oviedo 
(.ser. Biologia) 22.-67-75. 

Anadon, A. (1983a) Ultrastmctura del ojo nauplial de Anemia 
sp. (Crustacea: Anostraca) adulta. Morfol. Nor. Patolog. 
7.-185-199. 

Anadon, A. (1983b) Structure du rhabdome de I'oeil nauplien 
adulte d' Anemia (Anostraca). Crustaceana 45; 145-153. 

Anadon, A., and E. Anaddn (1980) Nauplius eye and adjacent 
organs of adult Artemia. In G. Persoone, P. Sorgeloos, O. 
Roels, and E. Jaspers (eds.): The Brine Shrimp Artemia. Vol. 
1: Morphology, Genetics, Radiobiology, Toxicology. Wet-
teren, Belgium; Universa Press, pp. 41-60. 

Anderson, B.G. (1933) Regeneration in the carapace of Daph-
nia magna. 1. The relation between the amount of regenera
tion and the area of the wound during single adult instars. 
Biol. Bull. (Woods Hole) 64.70-85. 

Anderson, E., J.H. Lochhead. M.S., Lochhead, and E. Hueb-
ner (1970) The origin and structure of the tertiary envelope in 
the thick-shelled eggs of the brine shrimp Anemia. J. Ultra-
struct. Res. 32.-497-525. 

Angel, M.V. (1966) A histological and experimental approach 
to neurosecretion in Dapfmia magna. In F. Stutinsky (ed.); 
Neurosecretion. Int. Symp. Neurosecr. 4. Berlin: Springer, 
pp.229-237. 

Anteunis, A., N. Fautrez Firlefyn, and J. Fautrez (1966) La 
structure de ponts intercellulaires "Obtures" et "Ouverts" en-
tre oogonies et oocytes dans I'ovaire d'Artemia salinu. Arch. 
Biol. 77;645^64. 

Aramant, R., and R. Elofsson (1976a) Distribution of monoam-
inergic neurons in the nervous system of non-malacostracan 
crustaceans. CellTiss. Res. /66:l-24. 

Aramant, R., and R. Elofsson (1976b) Monoaminergic neurons 
in the nervous system of crustaceans. Cell Tiss. Res. 
/ 70 .-231-251. 

Baid, I.e., and L.S. Ramaswamy (1965) Neurosecretory cells 
in Artemia salina L. Experientia 2/;528. 

Baker, R.C., and J.A. Rosof (1927) Spermatogenesis in Bran-
chipus vermiUs. Pt. I. The testi,s and spermatogonia! divi
sions. Ohio J. Sci. 27.475-186. 

Baker, R.C., and J.A. Rosof (1928a) Spermatogenesis mBran-
chipu.i vernali.s. Pt. II. The primary spermatocyte. Ohio J. 
Sci. 2fi,-50-68. 

Baker. R.C., and J.A. Rosof {1928b) Spermatogenesis mBran-
chipus vernalis. Pt. III. Secondary spermatocyte, spermatid 
and spemiatozoan. Ohio J. Sci. 2iS;315-331. 

Barrientos, Y., and M.S. Laverack (1986) The larval crustacean 
dorsal organ and its relationship to the trilobite median tuber
cle. Lethaia i9.-309-313. 

Baylor, E.R., and F.E. Smith (1957) Diurnal migration of 
plankton crustaceans. In B.T. Scheerled.): Recent Advances 
in Invertebrate Physiology- Eugene, OR: University of Ore
gon Press, pp. 21-35. 

Belk, D. (1970) Functions of the conchostracan egg shell. Crus
taceana i9:105-106. 

Belk, D. (1982) Branchiopoda. In S.P. Parker (ed.); Synopsis 
and Classification of Living Organisms, Vol. 2. New York: 
McGraw-Hill. pp. 174-180. 

Belk, D. (1987) Embryonic cuticles of Artemia during diapause 



MARTIN 

and hatching; insights from comparison with other Branchi-
opoda. J. Crust. Biol. 7:691-696. 

Belk, D. (1989) Identification of species in the conchostiacan 
genus EuHmadia by egg shell morphology. J. Crust. Biol. 
9;115^I2S. 

Belk. D. (1991) Anostracan mating behavior; A case of scram
ble—competition polygyny. In R.T. Bauer and J.W. Martin 
(eds.V. Crustacean .Sexual Biology. New York: Columbia 
University Press, pp. 109^ 125. 

Belk, D., H.J. Dumont, and N. Munuswamy (eds.) (1991) 
Studies on Large Branchiopod Biology and Aquaculture. The 
Netherlands; Kluwer. . 

Benesch. R. (1969) Zur Ontogenie und Morphologic von Ar-
temia salina L. Zool Jahrb. (Anal. Ontog. Tiere) iS6.'307-
458. 

Bergstrom. J. (1979) .Morphology of fossil arthropods as a guide 
to phylogenetic relationships. In A.P. Gupta (ed.); Arthropod 
Phylogeny. New York; Van Nostrand Reinhold, pp. 3-56. 

Bergstrom,.J. (1980) .Morphology and systematics of early ar
thropods. Abh. Naturwiss. Ver. Hamburg 22.?.-7^2. 

Bern, H.A. (1990) The "new" endocrinology: Its scope and its 
impact. Am. Zool.iO.-877-885. 

Bernard, H.M. (1892) The Apodidae. A Morphological Study. 
London; Mac.Millan. 

Bemice, R. (1971a) Respiration nf Strepwcephalus dichommus 
Baird (Crustacea; Anostraca). HydrobiologiaiS;541-S.52. 

Bemice, R. (1971 b) Food, feeding and digestion in Srrcproceph-
alus dichommus Baird (Crustacea: Anostraca). Hydrobiolo-
gia iS.-553-566. 

Binder, G. (1932) Das Muskelsystem von Daphnia. Int. Rev. 
Hydrobiol. Hydrogr. 26;54-l I I . 

Bishop, J.A. (1968) Resfstance of Limmidia stanleyana King 
(Branchiopoda, Conchostraca) to desiccation. Crustaceana 
/4.-35-38. 

Bodar, C.W.M., P.A. Voogt, and D.l. Zandee (1990) Ecdys-
teroids in Daphnia magna: Their role in moulting and repro
duction and their levels upon exposure to cadmium. Aquat. 
Tox. /7;339-350. 

Bohm, .M.K.. and R.A. Parker (1968) The fine structure of 
daphnid supraesophageal and optic ganglia, and its possible 
functional significance. J. Morphol. /26;373-393. 

Bowen. S.T.. J. Hanson, P. Dowling, and M.-C. Poon (1966) 
The eenetics of Anemia salina. VI. Summary of mutations. 
Biol.'BuII. /J/.-230-250. 

Bowman, T.E. (1971) The case of the nonubiquitous telson and 
the fraudulent furca. Crustaceana 27:165-175. 

Brancelj, A. (1990),4/c>«a hercegovinae n. sp. (Cladocera: Chy-
doridae), a blind cave-inhabiting cladoceran from Hercego-
vina (Yugoslovia). Hydrobiologia /99:7- l6 . 

Briggs, D.E.G. (1976) The arthropod Branchiocaris n. gen.. 
Middle Cambrian, Burgess Shale. Bull. Geol. Surv. Can. 
264:1-29. 

Brooks, J.L. (1957) The systematics of North American Daph
nia. Mem. Conn. Acad. Arts Sci. / i : l - I 8 0 . 

Brown, G.G. (1970) Some ultrastructural aspects of spermato
genesis and sperm morphology in the brine shrimp Anemia 
salina Leach (Crustacea; Branchiopoda). Proc. Iowa Acad. 
Sci. 76:473^86. 

Browne, R.A., and S.T. Bowen (1991) Taxonomy and popula
tion genetics of Anemia. In R.A. Browne. P. Sorgeloos, and 
C.N.A. Trotman (eds.); Anemia Biology. Boca Raton, FL: 
CRCPress, pp. 221-235. 

Browne, R.A., P. Sorgeloos, and C.N.A. Trotman (eds.) 
(1991) Anemia Biology. Boca Raton, FL; CRC Press. 

Caiman, W.T. (1909) Crustacea. In E.R. l,ankaster (ed.): A 
Treatise on Zoology. Pt. 7, Appendiculata. London; Adam & 
Charles Black, pp. 1-136. 

Cannon, H.G. (1922) On the labral glands of a cladoceran 
iSimocephalus velulus), with a description of its mode of 
feeding. Q. J. Microsc. Sci. 66:213-234. 

Cannon, H.G. (1924) On the development of an estherid cntsta-
cean. Phil. Trans. R. Soc. Lond. 2/2:395-430. 

Cannon. H.G. (1926) On the post-embryonic development of 
the fairy shrimp (Chirocephalus diaphanus). Linn. Soc. 
Zool. i6 . '401^16. 

Cannon, H.G. (1928) On the feeding mechanism of the fairy 
shrimp, Chirocephalus diaphanus Prevost. Trans. R. Soc. 
Blinb. .5.5:807-822. 

Cannon, H.G. (1933) On the feeding mechanism of the Branchi
opoda (with an appendix on the mouthparts of the Branchi
opoda by H.G. Cannon and F.M.C. l,eak). Phil. Trans. R. 
Soc. Lond. B 222:267-352. 

Cannon, H.G. (1935a) A further account of the feeding of Chi
rocephalus diaphanus. Proc. R. Soc. Lond. B//7:455-470. 

Cannon, H.G. (1935b) Function of the labral gland in Chiro
cephalus- Nature 136:15%. 

Cannon, H.G., and S.M. Manton (1927) Notes on the segmen
tal excretory organs of Crustacea. 1. The pattern of the maxil
lary glands in the Branchiopoda and in Anaspides. Linn. J. 
Zool. ,?6:439-444. 

Carlisle, D.B. (1968) Triops (Enlomostraca) eges killed onlv bv 
boiling. Science /6/:279-280. 

Cassel, J.D. (1937) The morphology of Anemia salina (Lin
naeus). M.A. thesis, Leland Stanford Junior University, CA. 

Chappie, W.D. (1982) Muscle. In H.L. Atwood and D.C. San-
deman (eds.); The Biology of Cmstacea, Vol.3. Neurobiof 
ogy: Structure and Function. New York: Academic Press, pp. 
151-184. 

Claus, C. (1873) Zur Kenntnis des Baues und der Entwicklung 
von Branchipus slagnalis und Apus cancriformis. Abh. Ges. 
Wiss. Gottingen /S:9.3-140. 

Claus, C. (1876) Zur Kenntnis der Organisation und des feinera 
Baues der Daphniden und verwandter Cladoceren. Z. Wiss. 
Zool. 27:362-402. 

Claus, C. (1886) Untersuchungen uber die Organisation und 
Entwicklung von Branchipus und Anemia nebst vergle-
ichenden Bemerkungen fiber anderen Phyllopden. Arb. Zool. 
Inst. Wien. 6:1-104. 

Clegg. J., and P.P. Conte (1980) A review of the cellular and 
developmental biology of Anemia. In G. Persoone, P. Sor
geloos, O. Rods, and E. Jaspers (eds.): The Brine Shrimp 
Anemia. Vol. 2. Physiology. Biochemistry, Molecular Biol
ogy. Wetteren. Belgium; Universa Press, pp. 11-54. 

Clegg, J.S., and S.A. Jackson (1989) Aspects of the anaerobic 
metabolism of Anemia cysts. In .A.W. Warner, T.H. Mac-
Rae, and J.C. Bagshaw (eds.); Cell and Molecular Biology of 
Anemia Development. New York: Plenum Press, pp. 1-15. 

Conte, F.P. (1980) Role of C-4 pathway in crustacean chloride 
cell function. Am. J. Physiol. 2iS:R269-276. 

Conte, F.P. (1984) Structure and function of the crustacean 
larval salt gland. Int. Rev. Cytol. 9/:45-109. 

Conte, P.P., S.R. Hootman, and P.J. Harris (1972) Neck organ 
of Anemia salina nauplii; A larval salt gland. J. Comp. Phys
iol. «0:239-246. 

Conte, F.P., P.C. Droukas, and R.D. Ewtng (1977) Develop
ment of sodium regulation and de novo synthesis of Na '7K-
activated ATPase in larval brine shrimp, Anemia salina. J. 
Exp.Zool.202:339-362. 

Cooke. I.M., and R.E. Sullivan (1982) Hormones and neurose
cretion. In H.L. .'Vtwood and D.C. Sandeman (eds.): The 
Biology of Crustacea, Vol. 3. Neurobiology: Structure and 
Function. New York: Academic Press, pp. 205-290. 

Copeland, D.E. (1966) Salt transport organelle in Anemia sale-
nis (brine shrimp). Science 757:470-471. 

Copeland, D.E. (1967) A study of salt secreting cells in the 
brine shrimp (Anemia salina). Protoplasma 6i:363-384. 

Criel, G. (1980a) Morphology of the genital apparatus of j4r-
temia: A review. In G. Persoone, P. Sorgeloos, O. Roels, and 
E. Jaspers (eds.): The Brine Shrimp Anemia, Vol.l: Mor
phology, Genetics, Radiobiology, Toxicology. Wetteren, 
Belgium: Universa Press, pp. 75-86. 

Criel, G. (1980b) Ultrastructural observations on the oviduct of 
Anemia. In G. Persoone, P. Sorgeloos, O. Roels, and E. 
Jaspers (eds.); The Brine Shrimp Anemia. Vol. 1; Morphol-



BRANCHIOPODA 217 

ogy. Genetics, Radiobiology, Toxicology. Wetteien, Bel
gium: Universa Press, pp. 87-95. 

Criel, O.R.J. (1989) Morphological study of the ovary of 4r-
lemia. In A. Warner, T. MacRae, and J.C. Bagshaw (eds.): 
Cell and Molecular Biology of Anemia Development. New 
York: Plenum Press, pp. 99-129. 

Criel, G.R.J. (199 la) Morphology of Anemia- InR..A. Browne, 
P.A. vSorgeloos, and C.N.A. Trotman (eds.): Artemia Biol
ogy. Boca Raton, FL: CRC Press, pp. 119-1.13. 

Criel, G.R.J. (1991b) Ontogeny of Artemia. In R.A. Browne, 
P.A. Sorgeloos, and C.N.A. Trotman (eds.); Artemia Biol
ogy. Boca Raton, FL: CRC Press, pp. 155-185. 

Croghan, P.C. (1958a) The survival of Artemia salina (L.) in 
various media. J. Exp. Biol. 35:213-218. 

Croghan, P.C. (I958h) The osmotic and ionic regulation of 
Artemia salina (L.). J. Exp. Biol. 35.219-233. 

Croghan, P.C. {1958c) The mechanism of osmotic regulation in 
Artemia salina (L.): The physiology of the branchiae. J. Exp. 
Biol. J5:234-242. 

Croghan, P.C. (1958d) The mechanism of osmotic regulation in 
Anemia salina (L.); The physiology of the gut. J, Exp. Biol, 
35:243-249. 

Cunnington, W.A. (1903) Sludien an einer Daphnide, Simo-
cephalus sima. Beitrage zur Kenntnis des Centralnervensys-
tems und der feineren Anatomie der Daphniden. Jena Z. 
Naturw. 37:447-520. 

Dahi, E. (1959) The ontogeny and comparative anatomy of 
some protocerebral sense organs in notostracan phyllopods. 
Q. J. Microsc. Sci. 700:445^62. 

Dahl, E. (1963) Main evolutionary lines among recent Crusta
cea. In H.B. Whittington and W.D.I. Rolfe (eds.): Phytogeny 
and Evolution of Crustacea. Cambridge, MA; Museum of 
Comparative Zoology and Harvard University Press, pp. 
1-15. 

Dahm, E. (1976) The carapace of Cladocera—a morphological 
comparison of Cladocera and Ostracoda. Abh. Verh. Natur-
wiss. Ver. Hamb. /*79;331-336. 

Dall, W., and D.J.W. Moriarty (1983) Functional aspects of 
nutrition and digestion. In L.H. Mantel (ed.): The Biology of 
Crustacea, Vol. 5. Internal Anatomy and Physiological Reg
ulation. New York: Academic Press, pp. 215-261. 

Debaisieux, P. (1944) Les yeux des cmstaces. Structure, devel-
oppement, reactions a I'eclairement. La Cellule 50:9-122. 

Debaisieux, P. (1952) Histologic et histogenese chez Chiro-
cepiialus diapluinus Prev. (Phyllopode, Anostrace). La Cel
lule 54:251-294. 

Decleir, W.J., V. Bemaerts, and C. Van den Branden (1980) 
The respiratory physiology of Anemia. In G. Persoone, P. 
Sorgeloos, O. Roels, and E. Jaspers (eds.); The Brine Shrimp 
Anemia, Vol. 2. Physiology, Biochemistry, Molecular Biol
ogy. Wetteren, Belgium: Universa Press, pp. 137-146. 

Decleir. W.. L. Moens, H. Siegers, P. Sorgeloos, and E. Jas
pers (eds.) (1987) Artemia Research and its Applications, 
Vol. 2. Wetteren, Belgium: Univer.sa Press. 

Dejdar, E. (1931) Bau und Funktion des sog. "Haftorgans" bei 
marinen Cladoceren. Versuch einer Analyse mit Hilfe vitaler 
Effeklivfarbung. Zeitsch. Morph. Okol. Tierc 2/:617-628. 

De Maeyer-Criel. G. (1973) La glande coquilliere non pig-
mentee i'Artemia salina Leach. Z. Zellforsch. W4.•299-308. 

De Walsche, C . N. Munuswamy, and H.J. Dumom (1991) 
Structural differences between the cyst walls of Streptoceph-
alus dichoiomous (Baird), S. torvicornis (Waga), and Tham-
nocephalus platyurus (Packard) (Crustacea: .Anoslraca), and a 
comparison with other genera and species. In D. Belk, H.J. 
Dumont, and N. Munuswamy (eds.): Studies on Large Bran-
chiopod Biology and Aquaculiure. The Netherlands: Kluwer, 
pp. 195-202. 

Dodson, S.I. (1989) The ecological role of chemical stimuli for 
the zooplankton: Predator-induced morphology in Daphnia. 
Oecologia 7^:361-367. 

Dodson, S.I., and D.G. Frey (1991) Cladocera and other Bran-
chiopoda. In J.H. Thorp and A.P. Covich (eds.): Ecology and 

Classification of North American Freshwater Invertebrates. 
New York: .Academic Press, pp. 723-786. 

Domesco, G.T., and J. Steopoe (1958) Les glandes tegumenta-
ires des phyllopodes anostraces. .Ann. Sci. Nat. Zool. 20;29-
53. 

Downing, A.C. (1974) The hydraulic suspension of the Daph
nia eye—a new kind of universal joint? Vision Res. /4:647-
652. 

Elofsson, R. (1966) The nauplius eye and frontal organs of the 
non-malacostraca (Crustacea). Sarsia25:1-128. 

Elofsson, R., and E. Dahl (1970) The optic neuropiles and 
chiasmata of Crustacea. Z. Zellforsch. 707:34.3-360. 

Elofsson, R., and M. Hagberg (1986) Evolutionary aspects on 
the construction of the first optic neuropil (lamina) in Crusta
cea. Zoomorphology i06:174-178.' 

Elofsson, R., and N. Klemm (1972) Monoamine-containing 
neurons in the optic ganglia of crustaceans and insects. Z. 
Zellforsch. /33:475^99. 

Elofsson, R., and P.S. Lake (1971) On the cavity receptor organ 
(X-organ or organ of Bellonci) of Artemia salina (Crustacea: 
Anostraca). Z. Zellforsch. 72/:3I9-326. 

Elofsson, R., and R. Odselius (1975) The anostracan rhabdom 
and the basement membrane. An ultrastructural study of the 
Arwmk compound eye (Crustacea). Acta Zool. 56:141-153. 

Emerson, M.J., and F.R. Schram (1990a) The origin of crusta
cean biramous appendages and the evolution of Arthropoda. 
Science 250.-667-669. 

Emerson, M.J., and F.R. Schram (1990b) A novel hypothesis 
for the origin of biramous appendages in crustaceans. In D.G. 
Mikulic and S.J. Culver (eds.): Arthropod Paleobiology. 
Short Courses in Paleontology. 3. Paleontological Society, 
pp. 157-176. 

Eriksen, C.H., and R.J. Brown (1980) Comparative respiratory 
physiology and ecology of phyllopod Crustacea. II. Anost
raca. Crustaceans 39; 11-21. 

Eriksson, S. (1934) Studein iiber die Fangapparate der Branchi-
opoden neb,st einigcn phylogenetischen Bermerkungen. Zool. 
Bidr. Uppsala. /5;23-287. 

Fautrez-Firiefyn, N. (1951) Etude cytochimique des acides nu-
cleiques au cours de la gametogenese et des premiers stades 
du developpement embryonnaire chez Artemia .uilina L. 
Arch. Biol. (>2:391-438. 

Fautrez, J., and N. Fautrez-Firiefyn (1971) Contribution a 
I'etude des glandes coquilieres et des coques de I'oeuf 
d'Anemia salina. Arch. Biol. (Liege) <S2."41^9. 

Felgenhauer, B.E. (1987) Techniques for preparing crustaceans 
for scanning electron microscopy. J. Crust. Biol. 7:71-76. 

Fingerman, M. (1985) The physiology and pharmacology of 
chromatophores. Am. Zool. 25:233-2.52. 

Fingerman, M. (1987) The endocrine mechanisms of crusta
ceans. J. Crust. Biol. 7:1-24. 

Foster. J. A., and A.F. Wolfe (1986) Electron microscopic study 
of the ceca. intestine and associated peritrophic membrane of 
the brine shrimp, .Artemia. Proc. Penn. Acad. Sci. 60:29-32. 

Freeman, J. A. (1986) Epidermal cell proliferation during tho
racic development in larvae of Artemia. J. Crust. Biol. 6:37-
48. 

Freeman, J. A. (1988) The integument of Artemia during early 
development. In T.H. MacRae, J.C. Bagshaw, and A.H. 
Warner (eds.); Biochemistry and Cell Biology of Artemia. 
Boca Raton, FL: CRC Press, pp. 233-256. 

Freeman, J.A. (1989) Segment morphogenesis in Artemia lar
vae. In A.H. Warner, T.H. MacRae, and J.C. Bagshaw 
(eds.): Cell and Molecular Biology of Artemia Development. 
New York: Plenum Pre.ss, pp. 59-76. 

Frey, D.G. (1959) The taxonomic and phylogenetic significance 
of the head pores of the Chydoridae (Cladocera). Int. Rev. 
Ges. Hydrobiol. 44:27-50. 

Frey. D.G. (1962) Supplement to: The taxonomic and phyloge
netic significance of the head pores of the Chydoridae (Clado
cera). Int. Rev. Ges. Hydrobiol. 47.-603-609. 

Frey. D.G. (1980) The non-swimming chydorid Cladocera of 



218 MARTLN 

wet forests, with descriptions of a new genus and two new 
species. Int. Rev. Ges. Hydrobioi. 65:613-641. 

Frey, D.G. (1982a) The reticulated species of Chydorus (Clado-
cera, Chydotidae): Two new species with suggestions of con
vergence. Hydrobiologia 93:255-219. 

Frey, D.G. (1982b) The honeycombed species of Chydorus 
(Cladocera. Chydoridae): Comparison of C. hicornums and 
C. hicollaris n. sp. with some preliminary comments on favi-
formis. Can. J. Zool. 60.1892-1916. 

Frey, D.G. (1987) The North American Chydorus faviformis 
(Cladocera, Chydoridae) and the honeycombed taxa of other 
continents. Phil. Trans. R. Soc. Lond. Ji5,-353^02. 

Fryer, G. (1962) Secretions of the labral and trunk limb glands 
in the cladoceran Eurycercus lamellams. Nature 195:97. 

Fryer, G. (1963) The functional morphology and feeding mech
anism of the chvdorid cladoceran Eurycercus lamellatus 
(O.F. Miiller). Trans. R. Soc. Edinb. 6.5.335-381. 

Fryer, G. (1966) Branch'mecta gigas Lynch, a non-filter-feed
ing raptatory anostracan, with notes on the feeding habits of 
certain other anostracans. Proc. Linn. .Soc. Lond. /77.-19-34. 

Fryer. G. (1968) Evolution and adaptive radiation in the Chy
doridae (Crustacea; Cladocera); A study in comparative func
tional morphology and ecology. Phil. Trans. R. Soc. B 
254.-22l^385. 

Fryer, G. (1969). Tubular and glandular organs in the Clado
cera, Chydoridae. Zool. J. Linn. Soc. 48.-1-8. 

Fryer, G. (1970) Defaecation in some macrothricid and chv
dorid cladocerans, and some problems of water intake and 
digestion in the Anomopoda. Zool. J. Linn. Soc. 49.-255-
269. 

Fryer, G. (1972) Observations on the ephippia of certain macro
thricid cladocerans. Zool. J. Linn. Soc. 5/;76-96, 

Fryer, G. (1974) Evolution and adaptive radiation in the Macro-
thricidae (Crustacea: Cladocera); A study in comparative 
functional morphology and ecology. Phi!. Trans. R. Soc. 
Lond. 8 269:137-274. 

Fryer, G. (1983) Functional ontogenetic changes in Branchi-
necta ferox (Milne-Edwards) (Crustacea; Anoslraca). Phil. 
Trans. R. Soc. Lond. B JOJ:229-343. 

Fryer, O. (1985) Structure and habits of living branchiopod 
Crustaceans and their bearing on the interpretation of fossil 
forms. Trans. R. Soc. Edinb. 76:103-113. 

Fryer, G. (1987a) Morphology and the classification of the 
so-called Cladocera. Hydrobiologia /45:19-28. 

Fryer, G. (1987b) The feeding mechanisms of the Daphniidae 
(Crustacea; Cladocera): Recent suggestions and neglected 
considerations. J. Plankt. Res. 9:419-432. 

Fryer, G. (1987c) A new classification of the branchiopod Crus
tacea- Zoo). J. Linn. Soc. 97:357-383. 

Fryer, G. (1988) Studies on the functional morphology and 
biology of the Notostraca (Crustacea: Branchiopoda). Phil. 
Trans. R. Soc. Lond. B J2/.-27-I24. 

Fryer, G. (1991a) Functional morphology and the adaptive radi
ation of the Daphniidae (Branchiopoda; Anomopoda). Phil. 
Trans. R. Soc. Lond. B J 3 / : 1-99. 

Fryer, G. (1991b) A daphniid cphippium (Branchiopoda: Ano
mopoda) of Cretaceous age. Zool. J. Linn. Soc. 702:163-
167. 

Fryer, G.. and D.G. Frey (1981) Two-egged ephippia in the 
chydorid Cladocera. Freshwater Biol. / / :391-394. 

Gabe, M. (1966) Neurosecretion. Oxford: Pergamon Press. 
Garreau de Loubresse, N. (1974) fitude chronologique de la 

mise en place des enveloppes de I'oeuf d'un Crustace Phyllo-
pode: Tanymastix lacunae. J. Microscopic 20:21-38. 

Gicklhom, J., and R. Keller (1925) Uber elektive Vitalfarbun-
gen der Kiemensackchen von Daphnia magna. Z. Zellforseh. 
Mikr. Anat. 2:515. 

Gilchrist, B.M. (1978) Scanning electron microscope studies of 
the egg shell in some Anostraca (Crustacea: Branchiopoda). 
Cell Tiss. Res. /9i :337-351. 

Go, E.C., A.S. Pandey, and T.H. MacRae (1990) Effect of 

inorganic mercury on the emergence and hatching of the brine 
SMnmp Anemia franciscana. Mar. Biol. 707:93-102. 

Goodrich. E.S. (1945) The study of nephridia and genital ducts 
since 1895. Q. J. Micros. Sci. 86:113-392. 

Grasser, J.(1933) Die exkretorischen Organe von Triops (Apus) 
cancriformis. Z. Wiss. Zool. 744:317-362. 

Greene, C.W. (1924) The circulatory system of the brine 
shrimp. Science 60:411^12. 

Grenacher, H. (1879) Untersuchungen Uber das Sehorgan der 
Arthropoden, insbesondereder Spinnen. Insekten undCrusta-
ceen. Oottingen: Vandenhoek and Rujrecht. 

Guldner, F.H., and J.R. Wolff (1970) Uber die Ultraslruktuur 
des Komplexauges von Daplinia pulex. Z. Zellforseh. 
704:259-274. 

Gtinzl, H. (1991) The ultrasmicture of the posterior gut and 
caecum mAlona affinis(Crustacea, Cladocera). Zoomorphol-
ogy 770:139-144'. 

Gumey, R. (1926) The nauplius larva of Limnetis gouldi. Int. 
Rev. Hydrobioi. Hydrogeog. 76:114-117. 

Halcrow, K. (1976) The fine structure of the carapace integu
ment o(Daphnia magna Straus (Crustacea: Branchiopoda). 
Cell Tiss. Res. 769:267-276. 

Halcrow, K. (1982) Some ultrastructural features of the nuchal 
organ of Daphnia magna Straus (Crustacea: Branchiopoda). 
Can. J. Zool. 60:1257-1264. 

Halcrow, K. (1985) A note on the significance of the neck organ 
of Leptodora kindtii (Foeke) (Crustacea; Cladocera). Can. J. 
Zool. 6.?:738-740. 

Hallberg, E., K.U.I. Johansson, and R. Elofsson (In press) The 
aesthetasc concept; structural variations of putative olfactory 
receptor cell complexes in Crustacea. J. Electron Micros. 
Res. Tech. 

Hanslrom, B. (1928) Vergleichende Anatomie des Nervensys-
tems der wirbellosen Tiere unter Beriicksichtigung seiner 
Funcktion. Beriin: Springer. 

Hanstrom, B. (1931) Neue untersuchungen iiber Sinnesorgane 
und Nervensystemder Crustaceen. 1. Z. Morph. Okol. Tiere. 
2J:80-236. 

Harvell, C D . (1990) The ecology and evolution of inducible 
defenses. Q. Rev. Biol. 65:323^340. 

Hasler, A.D. (1935) The physiology of digestion of plankton, 
Crustacea. 1. Some digestive enzvmes of Daphnia. Biol. 
Bul!.6S.-207-2l4. 

Hasler, A.D. (1937) Further studies on the digestive enzymes of 
(A) Daphnia and Polyphemus (B) Diaptomus and Calanus. 
Biol. Bull. 72:290-298. 

Havel, J. (1986) Predator-induced defenses: A review. In W.C. 
Kerfoot and A. Sih (eds.): Predation: Direct and Indirect 
Impacts on Aquatic Communities. Hanover, CT: University 
Press of New England, pp. 263-278. 

Havel, J., and S. Dodson (1987) Reproductive costs of Cha-
oborus-'mducei polymorphism in Daphnia pulex. Hydrobio
logia 7.50:273-281. 

Heben. P.D.N. (1987) Genetics of Daphnia. In R.H. Peters and 
R. De Bemardi (eds.): Daphnia. Memorie dellTstituto Ital-
iano di Idrobioiogia, Dott. Marco de Marchi, Vol. 45. Verba-
nia Pallanza, Italv; Istituto Italiano di Idrobioiogia, pp. 439-
460. 

Heniy, L.M. (1948) The nervous system and the segmentation 
of the head in Annulata. Microentomology 73:1-26. 

Hentschel, E. (1963) Zum neurosekretorischen System der 
Anostraca, Crustacea (Anemia salina Leach und Chiroceph-
alus grubei Dybowsci). Zool. Anz. 770:187-190. 

Hentschel, E. (1965) Neurosekretion und Neurohamalorgan bei 
Chirocephalus grubei Dybowsci und Artemia salina Leach 
(Anostraca, Crustacea). Z. Wiss. Zool. 777:44-79. 

Hertel, H. (1980) The compound eye of Anemia .salina (Crusta
cea). I. Fine structure when light and dark adapted. Zool. 
Jahrb. Physiol. « : l - 9 . 

Hessler, R.R. (1964) The Cephalocarida. Comparative skelcto-
musculature. Mem. Conn. Acad. Arts Sci. 76:1-96. 



BR,4,NCHIOPODA 

Hobaek, A., and P. Larsson (1990) Sex determination in 
Daphina magna. Ecology 7/.-2255-2268. 

Holliday, C.W., D.B. Roye, and R.D. Roer (1990) Salinity-
induced changes in branchial Na'/K *-ATPase activity and 
transepithelial potential difference in the brine shrimp Ar-
temiasalirm. J. Exp. Biol. 7.57.-279^296. 

Hootman, R., and P.P. Conte (1974) Fine structure and function 
of the alimentary epithelium in Anemia salina nauplii. Cell 
Tiss. Res. /55.-423--436. 

H(X)tman, S.R., and F.P. Conte (1975) Functional morphology 
of the neck organ in Artemia salina nauplii. J. Morphoi. 
«.5 .-371-385. 

Hootman. S.R., P.J. Harris, and F.P. Conte (1972) Surface 
specialization of the larval salt gland in Anemia salina nau
plii. J. Comp. Physiol. 79:97-104. 

Home, F.R. (1966) Some aspects of ionic regulation in the 
tadpole shrimp Triops longicaudatus. Comp. Biochem. Fhy.s-
iol. ;9.-313-316. 

Horridge, G.A, (1965a) Arthropoda: General anatomy. In T.H. 
Bullock and G.A. Horridge (eds.): Structure and Function in 
the Nervous System of Invertebrates, Vol. 11. San Francisco: 
W.H. Freeman, pp. 801-964. 

Horridge, G.A. (1965b) Arthropoda; Receptors for light, and 
optic lobe. In T.H. Bullock and G.A. Horridge (eds.): Struc
ture and Function in the Nervous System of Invertebrates, 
Vol. 11. San Francisco: W.H. Freeman, pp. 1063-1114. 

Horridge, G.A. (1965c) Arthropoda: Details of the groups. In 
T.H. Bullock and G.A. Horridge (eds.): Structure and Func
tion in the Nervous System of Invertebrates, Vol. II. San 
Francisco: W.H. Freeman, pp. 1165-1270. 

Horst, M.N. (1989) Molecular and cellular aspects of chitin 
synthesis in [arvai Artemia. In A.H. Warner, T.H. MacRae, 
and J.C. Bagshaw (eds.); Cell and Molecular Biology of 
Anemia Development. New York: Plenum Press, pp. 59-76. 

Hsii, F. (1933) Studies on the anatomy and development of a 
freshwater phyllopod, Chirocepimlus nunlcinesis (Shen). 
Contrib. Biol. Lab. Sci. Soc. China (Shanghai) 9.119-163. 

Hudspeth, A.J., and J.P. Revel (1971) Coexistence of gap and 
septate junctions in an invertebrate epithelium. J. Cell Biol. 
.50.-92-101. 

Jacobs, J. (1961) Cyclomorphosis in Daphnia galeala mendome 
Birge, a case of environmentally controlled allometry. Arch. 
Hydrobiol. 58.-7-71. 

Jacobs, J. (1987) Cyclomorphosis in Daphnia. In R.H. Peters 
and R. De Bemardi (eds.): Dapftnia. Memorie dell'Istituto 
Italiano di Idrobiologia Dott. Marco de Marchi, Vol. 45. 
Verbania Pallanza, Italy: Istiluto Italiano di lorobiologia, pp. 
325-352. 

Jacques, F. (1989) The setal system of crustaceans: Types of 
setae, groupings, and functional morphology. In B.E. Fel-
genhauer, L. Watling. and A.B. Thistle (eds.): Crustacean 
Issues, Vol. 6. Functional Morphology of Feeding and 
Grooming in Cmslacea. Rotterdam: A. Balkeraa Press, pp. 
1-13. 

Jamieson, B.G.M. (1991) Ultrastructure and phylogeny of crus
tacean .spermatozoa. Mem. Queensland Mus. i/.i09-142. 

Jespersen. A. (1979) Spermiogenesis in two species of Nehalia 
Leach (Crustacea, Malacostraca, Phyllocarida). Zoomorphol-
ogie9J.-87-97.^ 

Jager, G. (1935) Cber den Fettkorper von Daphnia magna. Z. 
Zellforsch. 22:89-131. 

Kaestner, A. (1970) Invertebrate Zoology (Trans, by H.W. and 
L.R. Levi), vol. 3. New York: Wiley. 

Kasturi, S.R., P.K. Seitz, D.C. Chang, and C.F, Hazlewood 
(1990) Intracellular water in Artemia cysts (brine shrimp), 
investigations by deuterium and oxygen—17 nuclear mag
netic resonance. Biophys. J. 58:483-491. 

Kerfoot, W.C. (1980) Perspectives on cyclomorphosis: Separa
tion of phenotypes and genotypes. In W.C. Kerfoot (ed.). 
Evolution and Ecology of Zooplankton Communities. Han

over, Connecticut: University Press of New England, pp. 
470-496, 

Kerfoot, W.C, D.L. Kellogg, Jr., and J.R. Strickler (19X0) 
Visual observations of live zooplankters: Evasion, escape, 
and chemical defenses. In W.C. Kerfoot (ed.): Evolution and 
Ecology of Zooplankton Communities. Hanover, Connecti
cut: University Press of New England, pp. 10-27. 

Kerfoot. W.C, and M. Lynch (1987) Branchiopod communi
ties: Associations with planktivorous fish in space and time. 
In W.C. Kerfoot and A. Sih (eds.); Predation: Direct and 
Indirect Impacts on Aquatic Communities. Hanover, Con
necticut: University Press of New England, pp. 367-378. . 

Khiebovich, V.V., and V. .Aladin (1976) Hypotonic regulation 
in marine cladocerans. Zh. Evol. Biokhim Fiziol. 72:591-
592. 

Kikuchi, S. (1971) The fine structure of the alimentary canal of 
the brine .shrimp, Anemia salina: The midgut. Annu. Rep. 
Iwate Med. Univ. Sch. Lib. Arts Sci. 6:17^7. 

Kikuchi, S. (1982a) Cytoplasmic tubules bearing a ridge-like 
surface coat in the gill epithelium of Daphnia magna. J. 
Electron Microsc. 31:251-260. 

Kikuchi, S. (1982b) A unique cell membrane with a lining of 
repeating subunits on the cytoplasmic side of presumably 
ion-transporting cells in the gill epithelium of Daphnia magna 
(Crustacea: Cladocera). J, Submicrosc. Cytol. W.'711-715. 

Kikuchi, S. (1983) The fine structure of the gill epithelium of a 
fresh-water flea, Daphnia magna (Cmstacea: Phyllopoda) 
and changes associated with acclimation to various salinities. 
I. Normal fine structure. Cell Tiss. Res. 229:253-268. 

Kikuchi. S. (1984) Giant mitochondria with cry.stalline matrices 
in the ion-transpoiting cells of the gill epithelium of Daphnia 
magna acclimated to the hvpertonic environments. J. Submi
crosc. Cytol./tf:503-510." 

Kikuchi, S., and K. Shiraishi (1969) Histochemical studies on 
the distribution of enzymes in the digestive system of Anemia 
salina. Annu. Rept. Iwate Med. Univ. 4:19-33. 

Kirschner. L.B.. and S. Wagner (1965) The site and permeabil
ity of filtration locus in the crayfish antenna) gland. J. Exp. 
Biol. 4i:385-395. 

Kiyomoto. R.K., M.-C. Poon, and S.T. Bowen (1969) Omo-
chrome pigments of the compound eyes of Anemia salina. 
Comp. Bio. Chem. Physiol. 29:975-984. 

KoUraan, M. (1925) Notes histologiques sur les Phyllopodes 
Branchiopodes. Bull. Soc. Zool. Fr. 49:495-506. 

Koshida, Y., and M, Hiroki (1980) Anemia as a multipurpose 
biomaterial for biology education. In G. Persoone, P. Sor-
geloos, O. Reels, and E. Jaspers (eds.): The Brine Shrimp 
Anemia, Vol. 1. Wetteren, Belgium: Universa Press, pp. 
289-298. 

Kmeger, D.,A., and S.I. Dodson (1981) Embryological induc
tion and predation ecology in Daphnia pulex. Limnol. Ocean-
ogr. 26:219-223. 

Lake. P.S. (1969) Neurosecretion in Chirocephalus diaphanus 
Prevost (Anostraca). I. Anatomy and cytology of the neurose
cretory system. Crusiaceana /6:273-287. 

L,ake, P.S. (1971) Ultrastructural oKservationsof the protocere-
bium of Chirocephalus diaphanus Prevost (Branchiopoda, 
Anostraca), with particular reference to neurosecretion. Cms-
taceana2/:41-51. 

Lampert, W. (1987) Genetics of Daphnia. In R.H. Peters and R. 
De Bemardi (eds.): Daphnia. Memorie dell'Istituto Italiano 
di Idroilogia Dott. Marco de Marchi, Vol. 45. Verbania Pal
lanza, Italy: Istituto Italiano de Idrobiologia, pp. 325-352. 

Land, -M.F. (1984) Cmstacea. In M.A. Ali (ed.): Photorecep-
tion and Vision in invertebrates. New York; Plenum Press, 
pp. 401-438. 

Larink, O. (1972) Labrum und Kopfdriisen eines conchostracen 
(Crustacea, Phyllopoda). Z. Morphoi. Tiere. 72:341-348. 

Laverack, M,S. (1990) External sensors and the dorsal organ of 
Cmstacea. In K. Wiese, W.-D. Krenz. J. Tautz, H. Reichert, 



220 MARTIN 

and B. Muiloney (eds.): Frontiers in Crustacean Neurobiol
ogy, New York: Plenum, pp. 9()-96. 

Laverack, M.S., and Y. Barricntos (1985) Sensory and other 
superficial structures in living marine Crustacea. Trans. R. 
Soc. Edinb. 76.-123-136. 

Leder, H. (1915) Unlersuchungen ilber den feineren Bau des 
Nervensystems dcr Cladoceren. Arb. Zool. Inst. Wien. 
20.-297-392. 

Lent, C M . (1977) The mechanism for coordinating metachro-
nal limb movements between joined male and female Anemia 
salina during precopulatory behavior. J. Exp. Biol. 66.-127-
140. 

Leydig. F. (1851) {}\XT Anemia salina and Bmnchipus siagna-
lis. Z. Wiss. Zool. if;28()-358. 

Lilljeborg, W. (1901) Cladocera Sueciae. Nova Acta Regiae 
Soc. Sci. Uppsala 3, /9.-1-701. 

Linder, F. (1941) Contributions to the morphology and taxon
omy of the Branchiopoda Anostraca. Zool. Bidr. Upps. 
20.101-.302. 

Linder, F. (1945) Affinities within the Branchiopoda, with notes 
on some dubious fossils. Arkiv Zool. i7.T-28. 

Linder, F. (1952) Contributions to the morphology and taxon
omy of the Branchiopoda Notostraca, with special reference 
to the North American species. Proc. U.S. Nat. Mus. 702.-1-
69. 

Linder, H.J. (1959) Studies on the fresh water fairy shrimp 
Chimcephalopsis bundyi (Forbes). 1. Structure and his-
lochemislry of the ovary and accessory reproductive tissues. 
J. Morphol. ;04.1-60. 

Linder, H.J. (1960) Studies on the fresh water fairy shrimp 
Chimcephalopsis hundyi (Forbes). II. Histochemistry of egg
shell formalion. J. Morphol. ;97.-259-284. 

lochhead, J.H. (1950) Anemia. In F.A. Brown (ed.): Selected 
Invertebrate Types. New York: John Wiley, pp. 394-399. 

Lochhead, J.H., and M.S. Lochhead (1941) Studies on the 
blood and related tissues in Anemia (Crustacea, Anostraca). 
J. Morphol. tf«;593-632. 

Lochhead, J.H., and M.S. Lochhead (1967) The development 
of oocytes in the brine shrimp. Anemia. Biol. Bull. (Woods 
Hole) '133:435^54. 

Lochhead, J.H,, andR. Resner(195S) Function of the eyes and 
neurosecretion in Crustacea Anostraca. 15th Int. Congr. 
Zool. London 1958:397-399. 

Longhurst, A.R. (1954) Reproduction in Notostraca (Crusta
cea). Nature ;7J.-781-7g2. 

Longhurst. A.R. (1955) A review of the Notostraca. Bull. Br. 
Mus. .Nat. Hist. (Zool.) i . i - 5 7 . 

Lowy, R.J., and F.P, Conte (1983) Morphology of isolated 
crustacean larval salt glands. Am. J. Physiol. 24«;R709-716. 

Macagno, E.R., V. Lopresti, and C. Levinthal (1973) Structure 
and development of neural connections in isogenic organ
isms: Variations and similarities in the optic system of Daph-
nia magna. Proc. Natl. Acad. Sci. 70.-57-61. 

.MacRae, T.H., J.C. Bag.shaw, and A.H. Warner (eds.) (1989) 
Biochemistry and Cell Biology of Anemia. Boca Raton, FL: 
CRC Piess. 

Makrushin, A.V. (1985) Peculiarities in the reproductive sys
tem in Polyphemidae Penilia aviroslris and Moinidae (Crus
tacea; Cladocera) related to the loss of yolk by subitanic eggs. 
Zool. Zh. 64.769-771 (In Russian). 

Martin. J.W. (1989a) Morphology of feeding structures in the 
Conchostraca, with special reference to Lynceus. In B.E. 
Felgenhauer, L. Watling, and A.B. Thistle (eds.); Crustacean 
Issues, Vol. 6. Functional Morphology of Feeding and 
Grooming in Crustacea. Rotterdam; A. Balkema Press, 
pp.123-136. 

Martin, J.W. (1989b) Eulimnadia belki, a new clam shrimp 
from Cozumel, Mexico (Conchostraca: Limnadiidae), with a 
review of Central and South American species of the genus 
Eulimnadia. J. Crust. Biol. Ji.i04-114. 

Martin. J.W., and D. Belk (1988) Review of the clam shrimp 

family Lynceidae Stebbing, 1902 (Branchiopoda, Conchost
raca), in the Americas. J. Crust. Biol. .S.-45l^82. 

Martin, J.W., and D. Belk (1989) Eulimnadia ovilunata and E. 
ovisimilis, new species of clam shrimps (Crustacea, Branchi
opoda, Spinicaudata) from South America. Proc. Biol. Soc. 
Wash. 102:S94^9OQ. 

Martin, J.W., B.E. Felgenhauer, and L.G. Abele (1986) Rede-
scription of the clam shrimp Lynceus gracilicornis (Packard) 
(Branchiopoda, Conchostraca, Lynceidae) from Florida, with 
notes on its biology. Zool. Scr. /5.'221-232. 

Martin, J.W., and M.S. Laverack (In press) On the distribution 
of the crustacean dorsal organ. Acta Zool. 

Mauchline, J. (1977) The integumental sensilla and glands of 
pelagic Crustacea. J. Mar. Biol. A.s.soc. U.K. 57:973-994. 

Mawson, M.L., and C M . Yonge (1938) The origin and nature 
of the egg membranes in Chirocephalus diaphanus. Q. J. 
Microsc. Sci. S0.-553-565. 

McLaughlin. P. A. (1980) Comparative Morphology of Recent 
Crustacea. San Francisco; W.H. Freeman. 

McLaughlin, P.A. (1983) Internal anatomy. In L.H. Mantel 
(ed.); The Biology of Crustacea, Vol. 5. Internal Anatomy 
and Physiological Regulation. New York; Academic Press, 
pp. 1-52. 

McMahon, B.R., and J.L. Wilkens (1983) Ventilation, perfu
sion, and oxygen uptake. In L.H. Mantel (ed.); The Biology 
of Crustacea, Vol. 5. Internal Anatomy and Physiological 
Regulation. New York; Academic Press, pp. 289-372. 

Medwedwa, N.B. (1927) Uber den osmolischen druck der 
hamolymphe von Anemia salina. Zeitsch. Vergl. Physiol. 
5:547-554. 

Menon, M. (1962) Neurosecretory system ai Streptocephalus 
sp. (Anostraca; Branchiopoda). In H. Heller and R.B. Clark 
(eds.): Neurosecretion. International Symposium on Neuro
secretion. 3. New York: Academic Press, pp. 411—414. 

Meurice, J . C , and G. Goffinet (1982) Structure et fonction de 
I'organe nucal des Cladoceres marins gymnomeres. C.R. 
Hebd. Seances Acad. Sci. 295:693-694. 

Meurice, J . C , and G. Goffinet (1983) Ultrastructural evidence 
of the ion-transporting role of the adult and larval neck organ 
of the marine gymnomeral Cladocera (Crustacea, Branchi
opoda). Cell Tiss. Res. 2J4:351-363. 

Moens, L.. G. Wolf, M.L. Van Hauwaert, I. De Baere, J. Van 
Beeumen, S. Wodak, and C.N.A, Trotman (1991) The extra
cellular hemoglobins of Anemia: Structure of the oxygen 
carrier and respiration physiology. In R.A. Browne, P. Sor-
geloos, and C.N.A. Trotman (eds.): Anemia Biology. Boca 
Raton. FL; CRC Press, pp. 187-219. 

Monoyer, P., andJ.-C. Bussers(1978) Etude morphologique de 
I'organe nucal, de I'organe frontal, des appendices et du teg
ument de trois especes de Cladoceres (Podon leuckartii, G.E. 
,Saxs, 1861; Fodon inlermedius, Lilljeborg, 1853; Evadne 
nordmanni, Loven, 1853) de la Mer du Nord. C.R. Hebd. 
Seances Acad. Sci. Ser. D, 257:321-323. 

Mordukhai-Boltovskoi, P.D. (1968) On the taxonomy of the 
Polyphemidae. Crustaceana 74:197-209. 

Mordukhai-Boltovskoi, P.D., and I.K. Rivier (1987) Predatory 
Cladocera (Podonidae, Polyphemidae, Cercopagidae, 
Leptodoridae) of the world fauna. U.S.S.R., Nauka Publish
ing. (In Russian) 

Moroff. T. (1912) Entwicklung und phylogenetische Bedeutung 
. des Medianauges bei Crustaceen. Zool. Anz. 40:11-25. 
Morris, J.A., andB.A. Afzelius( 1967) The structure of the egg 

shell and outer membrane in encysted Anemia salina embryos 
during cryptobiosis and development. J. Ultrastruct. Res. 
20:244-259. 

MUller. K.J. (1983) Crustacea with preserved soft parts from the 
Upper Cambrian of Sweden. Lethaia 76:93-109. 

Miiller. K.J.. and D. Walossek (1985) A remarkable arthropod 
fauna from the Upper Cambrian "Orsten" of Sweden. Trans. 
R. Soc. Edinb. Earth Sci. 76:161-172. 

Miiller, K.J., and D. Walossek (In press) The "alumn shale 



BRANCHIOPODA 221 

window"—contribution of "Orsten" arthropods to the phytog
eny of Crustacea. Acta Zool. 

Munuswamy, N., and T. Subramoniam (1983) Scanning elec
tron microscope studies on the egg shell of two freshwater 
fairy shrimps. Streptorephalm dkhotomus and Branchinella 
kugenuaensis (Branchiopoda: Anostraca). Cytobios JT. ' lSl-
lSe. 

Munuswamy, N., and T. Subramoniam (1985) Studies on the 
oviductal secretion and ovulation in Slreptocephalus dicholo-
miis Baird, I860 (Anostraca). Crustaceana 49.113-118. 

Munuswamy, N., and T. .Subramoniam (1987) Neuro-endocrine 
activity during ovarian maturation in the fairv" shrimp Slrepto-
cephalm dicholomus Baird. 1860 (Anostraca). Crustaceana 
52:303-315. 

Mura. G. (1986) SEM morphological survey on the egg shell in 
the Italian anostracans (Crustacea. Branchiopoda). Hydrobio-
logia /,?4.-273-286. 

Mura, G.. F. Accordie, and M. Rampini (1978) Studies on the 
resting eggs of some freshwater fairy shrimps of the genus 
Chirocephalm: Biometry and scanning electron microscopic 
morphology (Branchiopoda: Anostraca). Crustaceana 
.?J.i90-194. 

Mura, G., and A. Thiery (1986) Taxonomical significance of 
scanning electron microscopic morphology of the euphyllo-
pods resting eggs from Morocco. Part. 1. Anostraca. Vie 
Milieu J6.-125-I31-

Nair, K.K.N. (1968) Observations on the biology of Cycteslhe-
ria hislopi (Baird). (Conchostraca: Crustacea). Arch. Hydro-
bioi. (55:96-99. 

Niissel, D.R., R. FJofsson, and R. Odselius (1978) Neuronal 
connectivity patterns in the compound eyes of Anemia salina 
and Daphnia magna (Crustacea: Branchiopoda). Cell Tiss. 
Res. /90:435-457. 

Nassel, D.R.. and R. Elofsson (1987) Comparative anatomy of 
the crustacean brain. In A.P. Gupta (ed.): Arthropod Brain, 
Its Evolution, Development. Structure, and Functions. New 
York; John Wiley, pp. 111-133. 

Neville, A.C. (1975) Biology of the Arthropod Cuticle. Berlin, 
New York: Springer-Verlag. 

Nicholson. K.W., and C M . Yonge (1935) Function of the 
labral glands in Chirocephalm. Nature / i6:608. 

Nilsson, D.E.. and R. Odselius (1981) A new mechanism for 
light-dark adaptation in the Anemia compound eye (Anost
raca, Crustacea). J. Comp. Physiol. (A) /4i:389-397. 

Nilsson. D-E., R. Odselius, and R. Elofsson (1983) The com
pound eye of Leplodora kindlii (Cladocera). An adaptation to 
planktonic life. Cell Tiss. Res. 2 iO:40 l^ lO . 

Noirot, C , and A. Quennedey (1974) Fine structure of insect 
epidermal glands. Annu. Rev. Entomol. i9:61-80. 

Nowikoff, M. (1905) Cber die Augen und die Frontalorgane der 
Branchiopoden. Z. Wiss. Zool. 79:432-646. 

0kland, S.. A. Nylund, and L.N. Larsen (1981) Heart ultra-
structure in Branchipus schaefferi Fischer (Crustacea, Bran
chiopoda, Anostraca). J. Mol. Cell. Cardiol. 13:67. 

0kland, S., A. Tj0nneland, L.N. Ijirsen, and A. Nylund (1982) 
Heart ultrastructure in Branrhinecla pahidosa. Anemia sa
lina, Branchipus schaefferi, and Slreptocephalus sp. (Crusta
cea, Anostraca). Zoomorphology iO/:71-8l . 

Onbe. T. (In press) Some aspects of the biology of resting eggs 
of marine cladocerans. In A. Wenner and F. Schram (eds.); 
Crustacean Issues. Vol. 7. Egg Production. Rotterdam; A.A. 
Balkema. 

Parker, R.S. (1966) The influence of photoperiod on reproduc
tion and molting of Daphnia .sch^dleri Sars. Physiol. Zool. 
.?9:266-279. 

Patt. D.I. (1947) Some cytological observations of the Nahr-
boden of Polyphemus pediculus Linn. Trans. Am. Micros. 
Soc.d6:344-353. 

Persoone, G., P. Sorgeloos, O. Roels. and E. Jaspers (eds.) 
(1980) The Brine Shrimp/Ir/emM, Vols. 1-3. Wetteren, Bel
gium; Universa Press. 

Peters, R.H. (1987) Metabolism in Daphnia. In R.H. Peters and 
R. De Bernardi (eds.); Daphnia. Memorie dell'Istituto Ital-
iano di Idrobiologia Dott. Marco de .Marchi, Vol. 45. Verba-
nia Pallanza. Italy; Istituto Italiano di Idrobiologia. pp. 19,1-
243. 

Peters, R.H., and R. De Bernardi (eds.) (1987) Daphnia. Mem
orie dell'Istituto Italiano di Idrobiologia, Vol, 45. Verhanio 
Pallanza, Italy: Istituto Italiano di Idrobiologia. 

Postmes, J., R. Prick, and I. Brorens (1989)The deceleration of 
the heart frequency in the waterflea Daphnia magna "by 
adrenoceptor agonists and antagonists. Hydrohiologia 
/7y:14l-148. 

Potts, W.T.W., andC.T. Durning (1980) Physiological evolu
tion in the hranchiopods. Comp. Biochem. Physiol. 
678:475^84. 

Potts, W.T.W., andG. Parry (1964) Osmotic and Ionic Regula
tion in Animals. New York; Pergamon Press. 

Preuss, G. (1951) Die Verwandtschaft der Ancstraca und Phyl-
lopoda. Zool. Anz. 147:49-64. 

Preuss. G. (1957) Die Muskulatur der Gliedmaszen von Phyl-
lopoden und Anostraken. Milteil. Zool. Mus. Berlin 33:221-
257. 

Quackenbush. L.S. (1986) Crustacean endocrrnoiogy. a review-
Can. J. Fish. Aquat. Sci. «.-2271-2282. 

Rasmussen, S. (1971) Die Feinstrucktur des Mittelauges und 
des ventralen Frontalorgans von Anemia salina L. (Crusta
cea: Anostraca). Z. Zellforsch. //7:576-596. 

Reger, J.F. (1962) The fine structure of limb muscle fibers from 
the crustacean. Arremio jal/nHs. Anat. Rec. 142:323. 

Retzius. G. (1906) Zur Kenntnis des Nervensvstems der Daph-
niden. Biol. Unters.. N.F. / i :107- l 12. 

Rieder, N. (1972a) Ultrastruktur der Carapaxcudcula von Tri-
ops cancriformis Bosc. (Notostraca, Crustacea). Z. Natur-
forsch. 27i:578-579. 

Rieder, N. (1972b) Ultrastruktur und Polysaccharidanteile der 
Cuticula von Triops cancriformis Bosc. (Crustacea, Notost
raca) wiihrend der Hautungsvorbereitung. Z. Morph. Tiere 
7.-361-.380. 

Rieder, N. (1974) Ultrastruktur von Sinneshaaren von Triops 
cancriformis Bosc. (Crustacea, Notostraca). Z. Naturforsch. 
29c:308-3()9. 

Rieder, N. (1977) Ultrastruktur und Funktion der Hautdrilsen 
von Triops cancriformis Bosc. (Crustacea. Notostraca). 
Zoomorphologie 88:133-143. 

Rieder, N. (1978) Die Borsten an den Blattbeinen von Triops 
cancriformis Bosc. (Crustacea, Notostraca) wahrend der 
Hautungsvorbereitung. 1. Licht-und rasterelektronenmik-
roskopische Untersuchungen. Zool. Anz. 200:347-359. 

Rieder, N. (1979) Dei Borsten an den Blattbeinen von Triops 
cancriformis Bosc. (Crustacea, Notostraca) walirend der 
Hautungsvorbereitung. II. Die Ultrastruktur der Borsten vom 
Typ 2 und 3. Zool. Anz. 202:317-330. 

Rieder, N., P. Abaffy, A. Haul", M. Lindel, and H. Weishaupl 
(1984) Funktionsmorphologische Untersuchungen an den 
Conchostracen Leptesiheria dahalacensis und Limnadia len-
licularis(Cmslacea, Phyllopoda, Conchostraca). Zool. Beitr. 
N.F. 2S.-417-444. 

Rieder. N., and F. Schlecht (1978) Erster Naehweis von freien 
Cilien iin Mitteldarm von Arthropoden. Z. Naturforsch. 
i5:598-599. 

Rieder, N., and H. Spaniol (1980) Die Rezeptoren an den ersten 
Antennen von Leptesiheria dahalacensis RUppel (Crustacea, 
Conchostraca). Zoomorphologie 95:169-179. 

Ringelberg, J. (1987) Light induced behaviour in Daphnia. In 
R.H. Peters and R. De Bernardi (eds.): Daphnia. Memorie 
dell'Istituto Italiano di Idrobiologia Dott. Marco de Marehi. 
vol. 45. Verbania Pallanza, Italy: Istituto Italiano di Idrobio
logia, pp. 285-322. 

Rossi, F. (1980) Comparative observations on the female repro
ductive svstem and parthenogenetic oogenesis in Cladocera. 
Boll. Zool. 47:21-38. 



MARTIN 

Ru.s.sler, D., and J. Mangos (1978) Micropuncture studies of the 
osmoregulation in the nauplius of Anemia salina. .Am. J. 
Physiol. 254.•R216-222. 

Sabelli Scanabissi, F., and M. Trentini (1979) Ultrastractural 
observations on the oogenesis of Triops vancriformis (Crusta
cea, Notostraca), 11. Early developmental stages of the 
oocyte. CellTiss. Res. 20/.-361-368. 

Samyiah, N., K. Venkataraman, and S. Krishnaswamy (1985) 
Morphology of three species of Conchostraca using scanning 
electron microscope. Curr. Sci. J4.-869-871. 

Sandeman, D.C. (1982) Organization of the central nervous 
system. In H.L. .Atwood and D.C. Sandeman (eds.); The 
Biology of Crustacea, vol. 3. Neurobiology: Structure and 
Function. New York: Academic Press, pp. 1-61. 

Sanders, H.L. (1963) The Ccphalocarida. Functional morphol
ogy, larval development, comparati%'e external anatomy. 
Mem. Conn. Acad. Ans Sci. / 5 . i - 80 . 

Sars, G.O. (1896) Fauna Norvegta, vol. I. PhylkK'arida and 
Phyliopoda. Christiana: Joint-Stock Priming. 

Sars, G.O. (1901) Contributions to the knowledge of the fresh
water Entomostraca of South America, as shown by artificial 
hatching from dried material. Arch. Math. Naturvid. (B) 
2J.T-102. 

Sassaman, C. (1989) Inbreeding and sex ratio variation in fe
male-biased populations of a clam shrimp, Eutimnadia tex-
ana. Bull. Mar. Sci. 4J.-425-432. 

Scanabissi Sabelli, F., and S. Tommasini (1990a) Origm and 
early development of female genu cells in Eolepteslheria 
»a'nfra/,vBaisamo-Crivelli. 1859 (Crustacea, Branchiopoda, 
Conchostraca). Mol. Reprod. Dev. 26.47-52. 

Scanabissi Sabelli, F., and S. Tommasini (1990b) Occurrence 
of Leptesilieria dahalacensia Ruppell, 1837 and Eoleptestlxe-
ria ticinemis (Baisamo-Crivelli, 1859) (Conchostraca. 
Leptestheriidae) in Emilia-Romagna, Italy: new morphologi
cal data. Crustaceana 59.-259-264. 

Scharrer, E. {1964a) A specialized trophaspongium in large 
neurons of Leptodora (Crustacea). Z. Zellforsch. 6 / .g03-
812. 

Scharrer. E. (1964b) Cells with microvillous borders in the 
cerebral ganglion aiLeptodora kindtii Focke (Crustacea), Z. 
Zellforsch. (54:327-337. 

Schlecht, F. (1979) Elektronenoptische Untersuchungen des 
Darmtraktes und der peritrophischen Membran von Clado-
ceren und Conchostracen (Phyliopoda. Crustacea). Zoomor-
phologie92.T61-181. 

Schminke, H.K. (1976) The ubiquitous telson and the deceptive 
furca. Crustaceana 2/.•i65-3(K). 

Schram, F.R. (1986) Crustacea. New York: Oxford University 
Press. 

Schram, F.R., and M.J. Emerson (1991) Arthropod pattern 
theory: a new approach to arthropod phytogeny. Mem. 
Queensland Mus. J / .T-18. 

Schrehardt, A. (1986) Der Salinenkrebs Anemia. 2, Die 
postembryonale Entwicklung. Mikrokosmos 75.-334-340. 

Schrehardt, A. (1987a) A scanning electfon-microscope study 
of the post-embryonic development of Anemia. In P. Sor-
geloos, D.A. Bengtson, W. Decleir, and E. Jaspers (eds.): 
Anemia Research and its Applications, Vol. 1. Morphology, 
Genetics, Strain Characterization, Toxicology. Wetteren, 
Belgium: Univer.sa Press, pp. 1-32. 

Schrehardt, A. (1987b) Ultra.stnjctural investigations of the fil
ter-feeding apparatus and the alimentary canal oi Anemia. In 
P. Sorgeloos, D.A. Bengtson. W. Decleir, and E. Jaspers 
(eds.): Artemia Research and its Applications, Vol. 1. Mor
phology. Genetics, Strain Characterization, Toxicology. 
Wetteren, Belgium: Universa Press, pp. 33-52. 

Schultz, H. (1928) Ober die Bedeutung des Lichtes im Ixben 
niederer Krebse (Nach Versuchen an Daphniden). Z. Vergl. 
Physiol. 7.-488-552. 

Schultz, T.W. (1977) Fine structure of the ephippium of DopA-

nia pufei-(Crustacea: Cladocera). Trans. .Am. Microsc. Soc. 
96.-313-321. 

Schultz, T.W., and J.R. Kennedy (1976) The fine structure of 
the digestive system of Daplinia pulex (Crustacea: Clado
cera). Tiss. Cell S.-479-490. 

Schultz, T.W., and J.R. Kennedy (1977) Analyses of the integ
ument and muscle attachment in Daplinia pulex (Cladocera: 
Crustacea). J. Submicrosc. Cytol. 9.'37-51. 

Scourfield, D.J. (1896) The olfactory setae of the Cladocera. J. 
Quekett Microsc. Club. Ser. 1I6.-280-288. 

Scourfield, D.J. (1905) Die Sogenannten "Riechstabchen" der 
Cladoceren. Forschgsber. Biol. Stat. Plon. /2.'340-353. 

Sebestyen, O. (1931) Contribution to the biology and morphol
ogy of Leptodora kindtii (Focke) (Crustacea, Cladocera). 
Magy. Biol. Kutatointez. Munkai 4.151-170. 

Shakoori, A.R. (1968) Morphology and skeletomusculature of 
Caenestheria propirujua (Sars) (Conchostraca; Branchi
opoda; Crustacea). Bull. Dept. Zool. Univ. Panjab 2.T-48. 

Shaw, S.R., and S. Stowe (1982) Photoreception. In H.L. At
wood and D.C. Sandeman I eds.): The Biology of Crustacea, 
Vol. 3. Neurobiology: Structure and Function. New York: 
.Academic Press, pp. 291-367. 

Sissom, S.L. (1980) An occurrence o( Cyclestheria hislopi in 
North America. Texas J, Sci. .?2.i . 

Smimov, N.N. (1971) A new species of Archedaphnia (Clado
cera, Cmstacea) from Jurassic deposits of Transbavkal. Pale-
ont. J. J.-391-392 (In Russian) 

Smimov, N.N., and B.V. Timms (1983) A revision of the 
Australian Cladocera (Crustacea). Rec. Austral. Mus. 
(suppl.)/.T-132. 

Smyth Templeton, N., and H. Laufer (1983) The effects of a 
juvenile hormone analog (Altosld ZR-515) on the reproduc
tion and development of Daplinia magna (Crustacea: Clado
cera). Int. J. Invert. Reprod. 6:99-110. 

Snyder, S.D., andA.F. Wolfe (1980) A histological study of the 
digestive system of Anemia with reference to the production 
of its peritrophic membrane. Prtx:. Penn. .Acad. Sci. 54:123-
127. 

Sorgeloos, P.. D..A. Bengtson, W. Decleir, and E. Jaspers 
(eds.) (1987) Artemia Research and its .Applications, Vol. 1. 
Wetteren, Belgium: Universa Press. 

Spangenberg, F. (1875) Zur Kenntniss van Branchipus stagna-
li.s. Z. Wiss. Zool. (suppl.) 25:1-64. 

Spencer, W.K. (1902) Zur Morphologic des Centralnervensys-
tems der Phvllopoden nebst Bemerkungen iiber deren Fronta-
lorgane. Z. Wiss. Zool. 7/:508-529. 

Stein, R.J., W.R. Richter, R.A. Zussmann, and G. Brynjolfs-
son (1966) Ultrastractural characterization of Daphnia heart 
muscle. J. Cell Biol. 29:168-170. 

Steinsland, A.J. (1982) Heart ultrastructure in Daplinia pulex 
De Geer (Crustacea, Branchiopoda, Cladocera). J. Crust. 
Biol. 2:54-58. 

Sterba, G. (1956) Zytologische untersuchungen an grosskerigen 
Fettzellen von Daphnia pulex unter besonderer Beriicksichti-
gung des Mitochondrien-Formwechsels. Z. Zellforsch. 
44:456-^87. 

Sterba, G. (1957aj Die Riesenzellen der Daphnien-Oberlippe. 
Z. Zellforsch. Mikrosk. Anat. 47:198-213. 

Sterba, G. (1957b) Die neurosekretorischen Zellgruppen einiger 
Cladoceren (Daphnia pulex und magna. Simocephalus vetu-
lus). Zool. Jb. Anal. Ont. 76:303-310. 

Stevenson, J.R. (1985) Dynamics of the Integument. In D.E. 
Bliss and L.H. Mantel (eds.): The Biology of Crustacea, Vol. 
9. Integument, Pigments, and Hormonal Processes. Orlando, 
FL: Academic Press, pp. 1^2. 

Stobbart, R.H., J. Keating, and R. Earl (1977) A study of 
sodium uptake by the water flea (Daphnia magna). Comp. 
Biochem. Physiol. JM:299-309. 

Strausfeld, N.J.. and D.R. Nassel (1980) Neuroarchiteclure of 
brain regions that subserve the compound eyes of Crustacea 



BRANCHIOPODA 223 

and insects. In H Antrum (ed.): Handbook of Sensory Physi
ology. Berlin: Springer Verlag, pp. 1-133. 

Tasch, P. (1963) Evolution of the Branchiopoda. In H.B. Whit-
tingdon and W.D.I. Rolfe (eds.): Phylogeny and Evolution of 
Crustacea. Cambridge, MA; Museum of Comparative Zool
ogy special publication, Harvard University Press, 145-157. 

Tasch, P. (1969) Branchiopoda. In R.C. Moore (ed.): Treatise 
on Invertebrate Paleontology, pt. R. Arthropoda 4. 
Lawrence, KS: Geological Society of America and University 
of Kansas Press, pp. 128-191. 

Terwilliger, R.C. (1980) Structures of invertebrate hemoglo
bins. Am. Zool. 20.53-67. 

Thiery, A. (1985) Ponte et ultrastructure de I'oeuf chez Triops 
granarius Lucas (Crustacea, Notostraca): adaptations a 
I'assechement de I'habitat. Verb. Int. Verein. Theor. Angew. 
Limnol. 22:3024-3028. 

Thiery, A., and C. Gasc (1991) Resting eggs of Anostraca, 
Notostraca and Spinicaudata (Crustacea, Branchiopoda) oc
curring in France: Identification and taxonomical value. In D. 
Belk, H.J. Dumont, and N. Munuswamy (eds.): Studies on 
Large Branchiopod Biology and Aquaculture. The Nether
lands: Kluwer, pp. 245-259. 

Timms, B.V. (1986) Cyclestheria hislopi (Conchostraca) in 
Australia. Crustaceana 57.302-305. 

Tj0nneland, A., B. Midttun, S. 0kland, and H.O. Liebich 
(1980) Heart ultrastructure in Lepidurus arciicus Pallas 
(Crustacea, Branchiopoda, Notostraca). Cell Tiss. Res. 
2/2.-203-212. 

Tommasini, S., and F. Scanabissi Sabelli (1989) Eggshell origin 
and structure in two species of Conchostraca (Crustacea, 
Phyllopoda). Zoomorphology 709;33-37. 

Tommasini, S., F. Scanabissi Sabelli, and M. Trentini (1989) 
Scanning electron microscope study of eggshell development 
in Triops cancriformis (Bosc) (Crustacea, Notostraca). Vie 
Milieu i9.-29-32. 

Trentini, M., and F. Sabelli Scanabissi (1978) Ultrastructural 
observations on the oogenesis of Triops cancriformis (Crusta
cea, Notostraca), L Origin and differentiation of nurse cells. 
Cell Tiss. Res. 194:1\-11. 

Trentini, M., and F. Sabelli Scanabissi (1982) Follicle duct cell 
ultrastructure and eggshell formation in Triops cancriformis 
(Crustacea, Notostraca). J. Morphol. /72.T13-121. 

Trusheim, F. (1938) Triopsiden (Crust. Phyll.) aus dem Keuper 
Frankens. Palaont. Z. /9.198-216. 

Tyson, G.E. (1968) The fine structure of the maxillary gland of 
the brine shrimp, Anemia salina: The end sac. Z. Zellforsch. 
S6.T29-138. 

Tyson, G.E. (1969a) The fine structure of the maxillary gland of 
the brine shrimp, Arlemia salina: The efferent duct. Z. Zell
forsch. 9 i . l 51 - l63 . 

Tyson, G.E. (1969b) Intercoil connections of the kidney of the 
brine shrimp. Anemia salina. Z. Zellforsch. 700:54-69. 

Tyson, G.E. (1975) Phagocytosis and digestion of spirochetes 
by amebocytes of infected brine shrimp. J. Invert. Pathol. 
26:105-111. 

Tyson, G.E. (1980) Fine structure of the type 2 antennular 
sensillum of the brine shrimp. Am. Zool. 20:816. 

Tyson, G.E., and M.L. Sullivan (1979a) Frontal knobs of the 
male brine shrimp: Scanning electron microscopy. Am. J. 
Zool. /9:891. 

Tyson, G.E., and M.L. Sullivan (1979b) Antennular sensilla of 
the brine shrimp. Anemia salina. Biol. Bull. /56:382-392. 

Tyson, G.E., and M.L. Sullivan (1980a) Scanning electron 
microscopy of the frontal knobs of the male brine shrimp. 
Trans. Am. Microsc. Soc. 99:167-172. 

Tyson, G.E., and M.L. Sullivan (1980b) Scanning electron 
microscopy of cuticular sensilla oi Anemia: Setae of the adult 
trunk segments. In G. Persoone, P. Sorgeloos, O. Roels, and 
E. Jaspers (eds.): The Brine Shrimp Anemia, Vol. 1. Wel-
leren, Belgium: Universa Press, pp. 99-106. 

Tyson, G.E., and M.L. Sullivan (1981) A scanning electron 
microscopic study of the molar surfaces of the mandibles of 
the brine shrimp (CI. Branchiopoda: O. Anostraca). J. Mor
phol. 7 70,-239-251. 

Tyson, G.E., M.L. Sullivan, and W.A. Monroe (1991) Ultra-
structure of cuticular cones of the male brine shrimp Anemia 
franciscana (Crustacea). Trans. Am. Microsc. Soc. / /0 :80-
84. 

Vaissiere, R. (1956) Evolution de I'oeil median d'Anemia sal
ina Leach (Crustace, Branchiopode, Phyllopode) au cours de 
ses stades post-embryonnaires. C.R. Hebd. Seanc. Acad. 
Sci. Paris 242:2051-2054. . 

Van Beek, E., G. Criel, H. Walgraeve, and A. De Loof (1987) 
Moulting hormone in adult Anemia. In W. Decleir, L. 
Moens, H. Siegers, P. Sorgeloos, and E. Jaspers (eds.): Ar
lemia Research and its Applications. Wetteren, Belgium: 
Universa Press, pp. 173-179. 

Van den Bosch de Aguilar, P. (1976) Neurosecretion et regula
tion hydroelectrolytique chez Anemia salina. Experientia 
i2:228-229. 

Van den Bosch de Aguilar, P. (1979) Neurosecretion in the 
Entomostraca crustaceans. La Cellule 7 i : 2 7 ^ 8 . 

Vehstedt, R. (1940) Liber Bau, Tatigkeit und Entwicklung des 
Ruckengefasses und des lacunaren System von Anemia sal
ina var. ariela. Z. Wiss. Zool. 754:1-39. 

Walls, M., and M. Ketola (1989) Effects of predator-induced 
spines on individual fitness in Daphnia pulex. Limnol. 
Oceanogr. i4:390-396. 

Walossek, D. (In press) Morphology and early life history of the 
Upper Cambrian Rehbachiella kinnekullensis Muller, 1983, 
and its bearing upon the phylogeny of Branchiopoda and 
Crustacea. Fossils strata. 

Warner, A.H., T.H. MacRae, and J.C. Bagshaw (eds.) (1989) 
Cell and Molecular Biology of Anemia Development. New 
York: Plenum Press. 

Warren, H.S. (1930) The central nervous system of the adult 
Anemia. Trans. Am. Microsc. Soc. 49:189-203. 

Warren, H.S. (1938) The segmental excretory glands of Artemia 
salina, Linn. var. principalis Simon (the brine shrimp). J. 
Morphol. 62:263-297. 

Waterman, T.H. (1966) Polarotaxis and primary photoreceptor 
events in Crustacea. In C.G. Bemhard (ed.): The Functional 
Organization of the Compound Eye. Oxford: Pergamon 
Press. 

Watling, L. (1989) A classification system for crustacean setae 
based on the homology concept. In B.E. Felgenhauer, L. 
Watling, and A.B. Thistle (eds.): Crustacean Issues, Vol. 6. 
Functional Morphology of Feeding and Grooming in Crusta
cea. Rotterdam: A.A. Balkema Press, pp. 15-26. 

Watts, E., and M. Petri (1981) A scanning electron microscope 
study of the thoracic appendages oiDaphnia magna Straus. J. 
Nat. Hist. 75:463^73. 

Weber, R.E. (1980) Function.s of invertebrate hemoglobin.s with 
special reference to adaptions to environmental hypoxia. Am. 
Zool. 20.79-101. 

Weigold, H. (1910) Biologische studien an Lyncodaphniden 
und Chydoriden. Int. Rev. Ges. Hydrobiol. Hydrogr. 
(Suppl.) i : l-118. 

Weismann, A. (1874) Uber Bau und Lebenserscheinungen von 
Leptodora hyalina Lilljeborg. Z. Wiss. Zool. 24:349^18. 

Weismann, A. (1880) Beitrage zur Naturgeschichte der Daph-
noiden. VII. Die Entslehung der cyclischen Fortptlanzung bei 
den Daphnoiden. Z. Wiss. Zool. 33:55-210. 

Weisz, P.B. (1947) The histological pattern of metameric devel
opment m Anemia salina. J. Morphol. S/.'45-89. 

Wilson, G.D.F. (In press) Computerized analyses of crustacean 
relationships. Acta Zool. 

Wingstrand, K.G. (1978) Comparative spermatology of the 
Crustacea Entomostraca. I. Subclass Branchiopoda. Kongl. 
Danske Vid Selskab. Biol. Skr. 22:1-66. 



224 MARTIN 

Wolfe, A.F. (1971) A histological and histochemical study of 
the male reproductive system of Anemia (Crustacea. Branchi-
opoda). J. Morphol. / i5:51-70. 

Wolfe, A.F. (1980) A light and electron microscopic study of 
the frontal knob o( Anemia (Crustacea, Branchiopoda). In G. 
Persoone, P. Sorgeloos, O. Roels, and E. Jaspers (eds.); The 
Brine Shrimp Artemia, Vol. 1. Morphology, Genetics, Ra-
diobiology. Toxicology. Wetteren, Belgium: Universa Press, 
pp. 117-130. 

Wolken, J.J., and G.J. Gallik (1965) The compound eye of a 
cmstaceanLepiodora kindtii. J. Cell. Biol. 26.•968-973. 

Yager, J. (1991) The reproductive biology of two species of 
remipedes. In R.T. Bauer and J. W. Martin (eds.): Crustacean 
Sexual Biology. New York: Columbia University Press, pp. 
269-289-

Young, S., and A.C. Downing (1976) The receptive fields of 
Do/j/inm ommatidia. J. Exp. Biol. 64.185-202. 

Zaddach, E.G. (1841) De Apodis cancriformis Schaeff. Anat
omic et Historia Evolutionis. Adolphum Marcum. 

Zaffagnini, F. (1964) Prime indagini sul controllo endociino 
della muta e della reproduzione in Daphnia magna (Crusta
cea: Cladocera). Arch. Zool. Ital. '?9.-157-179. 

Zaffagnini, F. (1968) Contributo alia conoscenza della biology 
riproduttiva dei fillopodi concostraci, 11. Osservazioni 
suH'apparato riproduttore e suH'accrescimento ovocitario di 
Limnadia lenticularis (L.). Mem. Ist. Ital. Idrobiol. 2J.'129-
140. 

Zaffagnini, F. (1969) Rudimentary hermaphroditism and au-
tomictic parthenogenesis in Limnadia lenticularis (Phyl-
lopoda. Conchoslraca). E.Kperientia 2J.'650-651. 

Zaffagnini, F. (1987) Reproduction in Daphnia. In R.H. Peters 
and R. De Bemardi (eds.): Daphnia. Memorie dellTstituto 
Italiano di Idrobiologia Doit. Marco de Marchi, Vol. 45. 

Verbania Pallanza, Italy: Istituto Italiano di Idrobiologia. pp. 
245-284. 

Zaffagnini, P., and M.L. Lucchi (1965) Indagini col microsco-
pio elettronico sull'ovogenesi partenogenetica in Daphnia 
magna (Crustacea, Cladocera). I. Origine comune 
dell'ovocita e delle sue tre cellule nitrici. Arch. Zool. Ital. 
50.49-58. 

Zaffagnini, F., and G. Minelli (1970) Origine e natura delle 
membrane che avvologno I'uova di Limnadia lemictdaris 
(Crustacea: Conchostraca). Boll. 7xx.l. i 7 . i 39 - l49 . 

Zaffagnini, F., and M. Treniini (1980) The distribution and 
reproduction of Triops cancriformis (Bosc) in Europe (Crus
tacea Notostraca). Monitore Zool. Ital. (N.S.) /4.-I-8. 

Zaffagnini, F., and C. Zeni (1986) Considerations on some 
cytological and ultrastnictural observations on fat cells of 
Daphnia (Crustacea, Cladocera). Boll. Zool. 5i.'33-39. 

Zaffagnini, F. , and C. Zeni (1987) Ultrastnictural investigations 
on the labral glands of Daphnia vbtusa (Crustacea, Clado
cera). J. Motphol. /95.-23-33. 

Zahid, Z.R. (1981) .A preliminary study on the structure and 
ultrastructure of the compound eye of Simocephalus velulus 
Sch0dler (Cladocera). Crustaceana 40:127-131. 

Zeni. C . and A. Franchini (1990) A preliminary histochemical 
study on the labral glands of Daphnia obtusa (Crustacea, 
Cladocera). Acta Histochem. S(S.-175-181. 

Zeni, C andF. Zaffagnini (1988) Occurrence of innervation in 
labral glands of Daphnia obtusa (Crustacea, Cladocera). J. 
Morphol. /9».-43^8. 

Zeni, C., and F. Zaffagnini (1989) Electron microscopic study 
on oocytes, nurse cells and yolk formation in Leptestheria 
dahalacensis (Crustacea, Conchostraca). Invert. Repiod. 
Dev. /5.119-129. 


