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ABSTRACT

‘The morpholoqy 0f the first aptenrae and its associated
sensory receptors was studied in beth herbivbrous and omni-
vorous calanoid copepod species, using scanning ané tran-

smission electron microscopic téchniques.

In most calanoid copepoqs,. the common types of sensory
" hairs (sensillae trichodea and basiconica) are present on
the first articulated antennaa. Spacies-specific differ-
ences, however, include distributional. patterns, frequency

of occurrence, dpd specific morphological features’(tip an-

-

gles, basal dianetérs, annulation) of each type of sensor.

i

The copepods studied h&{e evolved a specific organization

~
~

of tpe‘sénsory structures ;i\theit first, antennae that may
be related to the acological role of the animal. These sen~
sory structures appear to be more diverse in marine than in
" the estuaripne or fresﬁ-uater species,
T
In two marine species studied, -Calapus finmarchicus and
Cenptropages ﬁg;g;;ng. there is a triqnqular'arranqenent of

two or three types of sensory hairs per seqment; this is
S—

also present in two fresh-water species, Skistodiaptomus or-
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egopensis and Leptodjaptomus miputus. However, the latter
species has a less continuous - pattern and three |different
sensory hairg (annulated and unannulated trichodea jand basi-
conica hairs) form thé arranqement in the ninth and _twelfth

seqments, ”i\}LJ

In contrast, the eséuarine species jcartia longiremis, R.
granl and JA. discaudata lack the triangularharranqqnent,
with only two sensory hairs per segment. Eucalapus plleatus
a marine calaamoid, also lacks the trianqu;af pattern? but
two or three Adidnulated sensory hairs are present per seqg-
ment., Acartiidae species have a unique pluuosé sensory hair

P

240 pm long and, the lowest number of potential chendﬁgcep-
tors (aesthetagsc) per indiv%dual. " E. pileatus g;; ai&o a
unique pdnpound seta formed by two elongated segments. The

basal seqment of this seta bears abundant opposed setules,

Additiomally, C. finmarchicus displayed the highest di-
versity of sgnéorf structures (total of 10), including basi-
conica and trichodea semsory hairs; hi&rohairs, and spiny-
liké sirﬂcﬁures. The ultra?tructure of the distal,
penultimate and antepenultimate plumose setae resemble that
of tvpical mechanoreceptors (modified ciliary structures).,
Tfhe ulﬁrastructure of the basiconica senﬁory hair reseables

that of typical contact chemoreceptors. ' The main cellular

coaponents of the first antennae are also described,

= viii -



RESUNE

La uorpholoqie@é;>la premiére paire d'antennes et . de

\

leurs recepteurs semsoriels fut étudiée sur des especes de

copdpodes calanoides herbivores et carmivores, a lvraide de

techniques microscopiques électroniqunes de balayage et de

. %
transmission. ’

'

Chez la plupart des copépodes,ca;anoide§, les types.con-'
K3

1
puns .de soies sensotielles 1sensille tri et -basiconi-

R I y .
que) sont présents sur les premiéres anténnes articulées.

~ .
. . I N ~
Toutefois, des dif férences spécifiques aux especes coapren-

nent les patterns de distribution, la fréquence a laquelle

elles sont présents et des caractéristiqueé norpholoqidues

spécifiques (angle des extrémités, diametre de base, annela-

tion) pour chaque type de "sensor".

1 N - . : \
Les spécimens édtudies ont evolués, -sur leurs premieres

. N .
paires d'antennes, une orqdanisation spécifique de leurs

structures sensorielles gqui peut-atre lide au role ecologi-

que de l'anmimal. Ces structures sensorielles sélblent atre

. . ' . N

plus Hiversés chez les_espéces marines que chez les especes
\ - .

Y

proyenant d'estuariesi?u d‘?ﬁux'douces;
R

el e D ot P e
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Cheéz deux espéces marines dtudides, Calanys fimmarchicus

et aniiggiggﬁ furcatus, il v a um arrangement trianqulaire

de deux ou trois types dse soles sensorihlles par seqnent}

. N g ) ~ . L
ceci est aussi present chez deux espéces d'eaux -douces,

a_umgj.anmnua oregopapsis et Ls.asgihm:nﬁ miputys. Tou-
tefols. cette dernidre espece possede un pattern discontinu

" at tromes soles sensorielles differentes (des soies tricho-~

dea et basiconiques. annelees et non-annelees} -fdrnent ton~’

1ours un arranqelent sur le neuviele et douziene saqlent.

Paf contre, “les espeoes d'estuaires Ac g;t;g ;gng;;ggis
Ao g;an; et A. §1§g§g_g_g n ont pas d'arranqenent trianqu-

1a1re. pe possedant que deux soies sensorielles pa: segnent,

. f

Eg_glgnyﬁ nilﬁisgﬁc un calan01de narin, " ne possede pas ce

pattern trianqulaire bien qu' 11 possade deux ou tpois soises

.sensoriellees: annelees par seqnent. %: Les especes Arcatides

ont una'éoie sensorielle pluneuse ‘unique de 2“0 pe de long
et le nombre 1le plus faible de chiniorecepteurs potentiels
(aesihétascr pat;individu.' E. n ng;g_ possede aussi une

soie composee ugique.‘forpééfde deux,seqnents allonqes. Le

seqment basal de cette sole porte un grand nonbré.,de '557 ‘

tuleﬁ,opposées{

/

L]
.F

.’1;;; ’:zstructurqusquorialles la plus elevee (total de 10}, 1in-

" ‘¢cluant des soles sensorielles -basiconiques et trichodea, das

e e A R

ndditionellenent C. fig_; h;gg§ bosside la divetsité de -




. ) s
soies microsaeopiqlies et.des structures en forme d'epines.

L'uli:astrugture des soles plumeuses distaleé, penultidmes

et antepenultiémes ressemble a celle d= mecanorecepteurs ty-

piques (structures ciliairés modifiees). L'ultrastructure

des soles semsorielles basiconiques ressemble a celle do

‘chiniorecepteurs de contact typiques, les compoganges cellu-~

laires principales de la premiere paire d'antennes sont dé-

Crites.

. - "
e

e Y
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Section I

INTRODUCTION

Ecological and behavioural studies of crﬁstaceans show
that they react to a diversity .of s;i;uii from the physical,
chepical, and piological conponent;:,of their enyironments.
Aspects such as vertical and horizontal distributions, feed-
ing, breeding, aad social bahaviour require that thelaninals
can monitor their surroundings. Such ménitorinq and in-
terpretation imply the presence of a variety of éense organs
in addition to eyes, antennal statocysts, and mouthpart re-
ceptors. Crustaceans have been shown to react to many types
of stimuli (Waterman, 1961; Laverack, 1968, 1975; Katona,
1973; sStrickler 1975; Fuzessery & Childress, 1976)}. The in-
formation that the animal probably obtains about its sur-
roundings can be divided into three categories: The first
type of information deals with the general characteristics
of the emnvironment: such as temperatunre, salinity, pres-
sure, and the.planes of polarization of downwelling light.
The second type deals with events ~close to the animal which
are monitored through sense orqans by touch and taste, as
~well as those which detect the movements of the animal rela-
tive to the force of gravity. The third type of information

is from events taking place at sone distance froam the animal

e



2
which are monitored througqh pressure wvave receptors for
detecting sound, chemorecaeptors for détectinq pheromones,
and mechanoreceptors fof detecting hydrodpaanmic distuan ces

\!nauc?liné, 1977) . N

\

It is knovwn that the integument ~of crustaceans bears
numerous Sensory organs such as sensory recepiors or sensil-
lae and integumental glands. The sensory receptors are in-
nervated by one or several sensorY NEeUromns and generally two
accessory cells. These ;2cessotv cells may -be outgrowth
structures in the form of a hair, a cone, a peqg, or ingrowth
structures such as pits or plate'orqans with sénsory‘cell
bodies located undarmneath (Laverack, 1968). Sensory neuroas
are of ciliary and nom-ciliary types (Ong, 1969). The first
one is associated with the presence of mechanoreceptors and
the second one is associated with chemoreceptors. There are
two types of ciliary structures in receptor cell: I- Cilia
which occur at the stimulus site in some kinds of mechanore-
ceptors and which are structurally very similar to the mo-
tile cilia. Mechanoreceptors of this type appear in vibra-
tion receptors of ctenophores (Horridge, 196 5a) and
eguilibrium receptors of cephalopods (Barber, 1968) . This
type of receptor was called epithelial-cell type by‘Thurm
(1968) . II~ Modified ciliary structures which lie distant

from the stimulus site, occuring in both mechano-, chemo-

and photoreceptors, are called the bipolar-cell type. He-



' ,: .3
'chahoreceptoré of.this ﬂvpe ;ppear in tﬁe‘hair{pidte récép:
tors of the honey bee (Thurm, 1964, 1965); scolopidial sen-
sillum (Gray, 1960); 'arthropéd'chemoreééptor (Haves, 1976;

Laverack and Ardill 1965; Slifer and Sekhon 1963, 1964).

Zooplankters are very vwell equipped with olfactory sen-
sors. These enable them to racognize food concenttat;ons
(Bainbridge, 1953), the quality of food (Fryer, 1957) and of
the environment, to recognize mates by pheromones (Katona,
1973), and also to sense and avoid pr&datsrs {strickler,
1?73, 1955a.b).: Information available about hair seasillae
apd intequmental gland distribution on crustaceans coma from
mapping studies. In these studies, animals are treated\}ith
hat potassium hydroxide ip order to destroy most of the
intequmentarv sensillae and glands and only holes or pores
remain where they.have been. Under these cénditions. pores
can be mapped and located exactly. Despite the agstruction
of the whole sensillae, this method constitutes the only

procedure to establish patterns and distribution of hair

sensillae on the specimeﬁ(; intequment for the purpose of

definin ntraspecific traits. Fleminger (1973) wapped the

distribuy of the sensillae and glands in species of the
genus E_cﬁhsars. Each species of this genus has a specific
distributional* pattern. In gqeneral,; the species-specifig
differences appear ;o be shaped by character displacement.

strickler (1975} mapped the distribution of sensilla on the
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‘ body of Macrocyclops albidus. Hauchliﬂe and Ballantyne

(1975)‘ mapped ;inilar st?uctug?s in severalrs¥Ec@es of am-
phipods. They found varv_lit£la,va;iation in the pattern of
distribution of intequmental glands in individuals of the
same specles. - Hadchlin§ i1977} found that in copepods,
pores are qistribﬁied iﬁ the'intequment‘*in patterns that
forn "siqnatur335 eiepvalonq'species~of the same family. He
found that among qemb;rsldf ‘the Héqacalanidae family) spe-
cifically in Megacalanus sﬁp.. there is a sensory stfucture
different from the Bathycalapus and Bradycalapys spp. exa-

mined. This sensory structure consists of a sub-intequmen-

tal sac with finger-like extenticdns to the pores.

The mapping studies cannot however, reveal any informa-
tion about the type of semsory structure present. Conse~-
quently, ultrastructural vork is required for such purposes.L
ong (1969) found tvwo types of sensary neurons in the pandi -
ble, second anteanae, labrum, and maxillipeds of the brack-
ish éer calanoid copepod Gladioferepces pectinatus.
strickler and Bal (1973), vorking wvith the apical setae of

Qgglgga scutifer., reported the existence of ciliary types of

.- peurons or mechanoreceptors in its first antennae. FPriedaman

‘and Strickler (1975) described the nature of chemoreceptors

on the mandibular palps of Djiaptomus mingtus. Eloffson
(1971) described: the ultrastructure of the paired nerves,

previously called frqgtal érqans or x- organs in copepods.
7 ,
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These pairs of nerves run from the bragﬁ‘tq the anteripor
tip of§$he'aninal. They have been found to contain the den-
drites of tﬁree ivbeé of norpholoqically‘ differént seisory
neurons. Sinilarities in the norpholoqf of these components
té'othef Bresulqd cheuoéénsory organs imn thé Arthropoda sug-
qest th&t théy are chem¢receptors. -

Copepods lack a visual system and the cycloﬁidian eye

shﬁus a rather primitive structure limited im Ats capacity

for temporal andyspatial Tesolution. (Strickler, in press}.

For this reason, the first antennae are conéidered td be
the main sensory site for the animal (Strickler, 1973; Grif-
fiths and Frost, 1976). Th;s strocture has an abundant nums-
ber of setae and associated semnsory structures which are not
all mechanoreceptors (Fig. 1). If the semsory structures on
the first antennae are not all mechanoreceptors, then what
exactly are these other types? Purther, are the mechanore-
ceptive structures found in the raﬁtorial species Cyclops
scutifer similar to those ones present in herbivoures cope-

pods?.

The first antennae constitute pair omne of the pre-oral
appendaqges. Among the copapod group it is uniramous, anau-
lated and of variable length. As a result, differences in
the first a;tennae have been used as specles- specific indi-

cators among copepod species {Brehnm and Zederbarier, 1906 ;
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Haenpel, 1916: Gurnevg 1931; Hartman, 1951). | Claésically."
svstena;ic‘inforlation has been recordad in terams of morpho-
“Tlogical charactei;.related to sexﬁally modified structhres
dr detaiis in ﬁhe se;ation. Ispination, and seqnentatioq of
. body and appendaqes; However, the first antennae show thel;
selves to be of great value as an evolutionary. indicator.
Por instance, chahqe in the position of the geniculate seg-
ﬁént to the left frod the right in the marine copepod P. ab-
dominale as in other calanoids, alioued Gurney (1931) Eo ar-
" que that geniculation. of both antennae éepresants an
-:hcestral forn, Antennal éyclouorphosis in-z. gqracilis
leads to a much promounced spinuous pfocess'on the twenty-
third seqment of the geniculated antennae. Gurnef (1931
describad how E. pusillus had a réﬁﬁéed antennal process.
The important point is that these two spacies are sympatric.
Therefore, they have evolvedvto be in the one case always
with a pronounced tweaty-third joint in the right male an-

tennule, slightly larger, and more fertile, and in the other

either cyclomorphic or with a reduced process, smaller, and

less fertile.

The first- antenna has regenerative properties (Comover
and Paffenhofer, persomal commumicatiom). In natural condi-
tions after an .attack by a predatoer, the first antenna may
be reqenerateﬂ completely., °~ However, this regeneration may

lead to changes im the setal arrangeaent, depending on the

N
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stage of development of the animal. For inétanée‘in c. fin-
pagchicus, if the breakagqe occurs during eatl} copepodite
staqes the terminal segment of the first antennae vill bear
more ionﬁ_hairs thap a normal ;ninal {(Conover, pérsohal com~
munication), and it will lack the two long plumose sensillae

which are Chéractaristiciof the genus (Fig. 2).

The first antennae play several roles in the behavior of
these zooplénkters.fst:idkle:, 1975; Blades, 1977, 1979)
mainly ﬁsed for orientation of the apnimal im the water co-
lumn, as a grasping device during matinq performances oL as

a complex-sensory site for predatory feedind.
' s’

. ’ w

Swimming Activities: The first use of the first antennae
are as ? bdlan&inq device for svinninq\(LoHndes,193S). Most
of the ﬁlanktonic copepods are floating ‘rqanisms. Rising
and falling govements are linked to specific limbs, the role
of the first antenna is basic to avoid sinking once the mo-
tion of the limbs is stopped (Kaestner, 1970). If the first
antennae are removed, the animal will no longer remain ver-
tical Hlth the anterior end uppermecst but in many cases they
v111 rise and fall with lhe anterior end down (Lowndes,
1935). During swiamiag, C. finparchicus stretches out the
first antemmnae to keep a vertical position and they act as

balancers. The body often hangs diagonally, with the ven-

tral surface up. Friction, increased by the numerous satae,
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is so great that the copepod ‘siﬁks only very slowly (Kaest-
ern, 1970). . . »

Mating Activities: Tﬁa f£irst antennae are used as a me-
chanical and sansorv.device for mating behévior during pre-
copulation (Kaestar, 1970; Katoma, 1973, 1975; Blades, 1977,
1979). In many calanoid males the first antennae are modi-
fied on one side into a grasping str;cture. However, in
most harpacticoids and cyclopoids, they are genlculate on
both sides for holding females (Kaestner, 1970; Rose, 1933).
In additlion to the antennal geniculation present oﬁ the ma=-
les of Centropages typicus, there are specific structures
such as modified rows of teeth and the presence of two
hinges adfoinind®seqment 18 . The fusion of seqmemt 19 to
21 enables the first antenna to fold back upon 1itself
(Blades, 1977).- Im ¢. typicus, mating seemed to be contin-

ued as long as sensory aannulated and unannulated bristles of

the antennae were stimulated (Blades, 1977). Numerous

aesthetasc are present ip adults of both sexes. These

aesthetasc are sexually dimorphic; being much larger in the
male than ia the female (Schneider, 1969). Furthermore, in-
traspecific mating encounters has been suggested to be cont-
rolled by a pheromone produced by the adult female (Grif-
fiths and Frost, 1976}, a%F the first antennge have‘been
considered as the nﬁjoi site for chemoreception in male co-

pepods.
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* Predator-Prey Iﬁtepadtionsﬁ . .Thé first anfeﬂnae play a
fundamental role ' in the predator-prey 1nter;ctions of this |
group oflzoqplanktars (stricklér. .1972; .Gerritsen, 1977;
Laﬁdrv, 1953). Zooplankters can detect small hydroaechani-
cal disturbances and respond by l;vinq avay (Strickler,
1974 ;Gerritsen, 1977)} }xlll the escape reactions occur as -a
response to siqonals in the fors of water displacement.- The
reception of these signals iér,dependent,on the size.ishape,
and speed of the detecting animal (Strickler, 1975). Preda-
tors can,recoqﬂize prey at a q1stance presumably uéinq Re-

»
chanoreceptors which are specialized to differentiate bet=-

ween siqnalsv from predators or prey. on the othér hand,
chemoreception may operate at'a very close distancé. For ip-
stance, during filtg; feeding, Eucalanus pileatus is able to
sense an alga from up to_a'distanée of two body leagths (500
um) away and by using its mouthparts .is able to change the
direction of the water current io drav the alga towards its
méuth {Alcaraz et al., in prass). It i5 not yet kno&ﬂ.‘how-
ever, whether this activation of the mouthpartjappendages is
triqgered by cheémoreceptors _vhicﬁ may be present on the
first antennae,
Becently, Landry (1980) analysed the r61e of the first

antennae during feeding acﬁivit?es in'gglgngg pacificus, g?;
ing amputated anin§1s. He uas.séle to show thai tggre vere

no significant differences in }he amount of phytoplankton

N
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taken in durind feeding with respect to the controls. In

predation experiments, however, removal of the first antan-

- .
nae of C. pacificus significantly reduced predatory feeding

rates. The fact that predatory feeding is not completely

reduced in the amputated specimens is an indication ihat

,
sensing mechanisms on other parts of the body are involved.

Antennal Cleaning Activities: The first antennae seem to
be related with cleaning activitles of the mouthparts after
feeding (Strickler et al.. ) unpublished\data). Using high
speed “cinematoqraphy, it was found while describing the
feeding of certaia calamoid cogepods that theté-'is a move-
menﬁ of the first antennae thought to be part of a cleaning
activity after feeding. They found that both Eucalapus pi-
leatus and Temora stylifera were able to clean their mouth

appendaqges after feeding. The sequence involves two rela-

tively fast smooth bendings ofjégg antennae towards the ani-
.

,mal's veatral area where the mouth appendages are located.

.

A third bending of lonqgqer duration sweeps the antennae over

each appendage and the respactive setae,

s | ]
L

There are reports; of sensory '‘orqans, sensory hairs and

other structares in or on the intequments of a varlety of

crustaceans (Waterman, 19€61). A few studies on sense organs
have been concerned with determining their structure and

function, Most of this work has been carried out in larger
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and, in general, the sensillae are small and

to manipulate. Thus, insufficient information
about the lhﬁ:&//.distribution and types oﬁ structures in
the intequment of those animals is available for an assess-
" ment of their importance. :

This thesis has four main objectives :

1. To determine through ultrastructural work the main

types of sensory hairs present on the first anten-

nae.

2. To establish the constancy of type-and occurrence
of the sensory structures present on the first an-

tennae among the differemt gemera studied.

3. To establish relationships between the occurrence
of a particular sensor with the life habits of the

species, particularxy feeding habits.

4. To examine the diversity of the sensory structures
amonqg the genera studied which may indicate evolu-
tionary trends, specificdilv species segreqaticn

and species specialization.

Adult females of the n . representative families of the
order Calaqoida vere usedfin the present study. They were
chosen on the basis of t’_ifA?elatively abundance and their

important r#le in the aquatic environments.

\ .



General morphological features shoving segmental shapes 'and
position of the main types of sensory hairs. £ -
C-type hairs or aesthetacs dotted. \

A, B, C, E = types of sensory hairs

SI, SI1II = long plumose setae

Piqure 1: =«Schematic first antennae of typical fenale
Calanus pacificus Brodsky.X 300,
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(a) Normal setal arrangement of the same area on the left
antennae distal end, showing the plumose setae (b} Setal
arranqgement of the same aresa on the right anterna lacking the
long plumose setae characteristic of £he genus and showing

the distal e-type hairs in higher number than the left antenna.
SI= long and plumose setae

E = e-type seansory hair

Figure 2: calanus finmarchicus showing the upeven setal

pattern on the distal end of the right antenna .

R o
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Section II

N
“MATERIALS AND METHODS \
2.1 A= FIELD COLLECTION
Animals were collectéd with a 250 um plankton net. Ver-

tical tows were done from B0 m depth to the surface. The

net surface opening was 1/8 m? and the bottle 1 L capacity.

Zooplankters were placed in plastic jars of 3 L capacityﬁ‘
/

The containers were completly filled up with water andfa
plastic film was placed over the water to prevent air bub-
bles, This was done to avoid specimens being trapped at the
vater-air interface. Animals were kepnt in low densities, at
oo more than twenty, im each container to avoid overcrowd-
inq. Water from the field was always filtared. This aspect
was considered inpbrtant because amn excess of large parti-

cles could accunulate on tha sufface of the animal. The an-

imals examined are from several sources. Many were col-

lected from the Atlantic east coast between latitude 35 and

450 N. For instance, C. fipmagrchicus vere obtainad from the
Halifax port, Nova Scotia, Canada: Acartia lggg;;ggig were
collected at the 5t. Laurence gulf, east coast Canada. Cen-
tropages furcatus and Eucalanus pjleatus vere collected at
the southeastern shelf of U.S.A. Some spacies are absent or

rare in the N.E. Atlantic and so some of them have been oh-
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tained from other seas, e.q9. the Mediterranean sea, as is
the c;se for A. grapi ana A. discaudata. Fresh-uater spe-
cies, skistodiaptomus gxggug/ énsis and Leptodiaptomus miputus
vere collected from Meach lake, Ottawa area, Canada.

2?2/3 - LABOEATORY PBOCEDURES:

2.2.1 specimea handling

Animals were placed into glass beakers and selected ac-
cordi "o sex, stage of development, and condition of body
and appendages. Spacial cage vas givemn to antennal condi-
tion: specimens with broken antennae or setae wvere dis-
carded. Wide pipets were used to avoid mechanical damage to
the hgirs. In order to standarize the study, only adult fe-~
males were used, since sexual dimorphism of calanoid cope-

pods occurs im the first antemnnae.

2.2.1.1 Scanniug Electron Microscopy
For this preparation, I followed the procedures of Friedman
{1977y and Hayat (1974, 1978); with some modifications,

especially vhen dealiaq with marine calanoid copepods.

The animals vere heat-marcotized. For SEM observatiosns
of the first antennae and associated structures, animals
should keep body and apperdages streched out after reqular
fixation. Therefore, heéat-narcotization was used to avoid

distress in the amimal durimg fixation. ¥No more than four
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animals were placed in a small petri dish amd it was left on
the top of a 50 ml beaker containiqg 25 =l of warm water
(50¢9C) . fhe animals should not receivé these warm vapors
for more than 10 sec. The animals are very sensitive to the
temperature changes and they can easily get overheated. In
this case, the animal bends the appendages towards the body
and it has to be discarded for this purpose. ii;; the ani-
mals started dacreasing swiaming movements and the- first an;
tenpae streched out froﬁ the bedy, they were ready to be
transferred to the fixative. Steady animals are

handle and final checks can bé ‘done if it is nece

heat-narcotized animals wvere imamersed in a 2% v/v glutaral-

dehyde solution buffered with 0.1 M sodium cacodylate for 1

h at 20°C (pH 7.2). Marine saamples were fixed with 2% v/v
qlutaraldehyde solutjon buffered with filtered saauateg/‘

———

The specimens were washed three times with filteréh sea wa=~
ter for 15 pin. each and xrahsferred through decreasing con-
centrations of filtered gbauater to eliminate salts ( 100%,
75%, 50%., 25%, and distilled wa er) for 10 min. each. The
specinens were post-fixed in ‘1% osmium tetroxide in 0.1 &
sodium cacodylate buffar, washed three times in the same
buffer for 15 min. e€each, The specinens vere rapidly dahyd-
rated in ascending concentrations of ethanol to 100% abso-
lute ethanol and a qraded ethanol-acetone series to 100%

pure acetone. Two changes were done with 100% pure acetone

for 10 min. each. Specimens were dried in liquid CO; using a




N

g 17
critical‘point drying apparatus ( Sandrli PTV-3, Tousimins
Resear ’EorpdratiOn. Rockville, Maryland, USA)., They were
then/wounted directly on SEM aluminum stubs using a thin
film of conducting silver paint, and coated with 100% pure
gold usieq a coating umit (Model 12 Fé6,/1258 from Edwards
Hiqh Vacuum Ltd, Crawvley, Sussex, Uk). Specipens wvere exa-
liqéd in an scanning electron microscope (AMR 1000. Advanceﬂ
Metal Research, Bedford, Massachusetts, O0SA) and photograph-
ically recorded on fila either usirq Kodak, Plus-X Pan or

Pelaroid 4x5 land film.

2.2.1.2 Transmission Electromn Microscopy

The animals were fixed at 20°C for 1 h in 2% glutaraldeh-
yae with 0.1 ® sodium cacodylate, pH 7.2. Théy were washed
three times in 0.1 ¥ sodium cacodylate for 15 min each and
postfixed in 1% osmium tetroxide with 0.1 M sod;um cacody~-
late pH 7.2 at 70C, &he specimens were washed again with
the buffer and transferred through decreasing concentrations
of filtered sea water, terminating in 100% distilled water.
Dehydration vas done using a qraded acetone series ending up
in 100% pure acetone. The last two changes were each for 10
min. at room temperature, Specimens were embedded in
Spurr's hard resim mixture (Spurr,1969) wvhich was polymer-
izad at 609C for 24 h. Thick and thin sections were cut on
an ultrasicrotome (Sorvall Porter Bluam KT-2B, Sorvall Inc,

Normalk, Comnecticut, USA) with glass and diamond knife (Du-
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pont{. stained for 7 =in. with 'uranyl acetate (Watson,
1958), folioved by 5 wuain., wvwith 1lead citrate (Reynolds,
1963), and examined with an electronllicroscope {EM6B Asso-
clated Electrical Industriss Ltd, Harlow, Essex, UK). Thick
sections for iiqht microscopy were stained with 1% toluidine

blue according to Rudeberq (1967).

~



Section III

-RESULTS

All the morphological features and measurements were taken’
from séanninq electron microgqraphs. Information on cephalo-
thorarx 1enqth,.'number of segments aqd habitat of occurrencé
for the specles studied is qiven in Table 1. Segsory hailrs
were categorized into five groups: a, b, c, [d, and e-types
respectively, on the basis of the total length, base diame-
ter, and the extanal features, such as annulation, shape
and tip angles. Information on total length and basé diame-
ter is qiven in Table 2. In some scanning elcectron micf®-
graphs these hairs are identified with the same letters but
capitalized. The other features mentioned are explained in
the text, Observations will be reported first for the ma-
rine species, then the estuarine and lastl# the fresh-water
épecies. In this study many specimens were examined because
results are directly dependant on the quality of fixation
procedures. Por this reason, the obtainéﬁ data for Eucala-
nus pileatus, (Table 2) is imcoaplete because specimens vwere
previously fixed in a 2% fdrnaline solutibn and as a result
sensory hairs were not clearly identified. For EN ﬁfoce-
dures, the saaple aust be alive for the respective traat-
ment. The sampie size, for the SEE studies was 10 well pre-

pared specimens and two for TEM analysis.

-19 = ~ -
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3.1 MABINE SPECIES

3.%.0 ﬂgmngmm Gurnner 17€5
\‘jfi . raner >,

[
iy

The external surface of the first antegﬁae diSplay.ten
different types of semnsory hairs uhich'oécur in different
positiohg. The second proximal segment bears the hiqhesp
number of sensory hairs (hair sensi;lae“;ypes)"per segment ,
with a total of nine. In the \fpbsequent seqments sensory
hairs are uniformly, distributed, Jumberinq three per segment
(Fig. 4 arrow). However, this setal pattern of .three hairs
per segment, changes in the tuenty-thirg‘and twenty-fourth
seqments where two long setae are present (SI and.~SII).
These-lohq setae consist of ninety annuli and bear a pair of
opposing articulated setﬁles on every second anmnulus, &éhese
sefuies are only seen by light microscopy observations since
they disappear after SEM treatment . probably as‘a result of
mechanical damage during drying routines. The innnervation
of these l§nq setae on the first antennae make the penulti-

i N
mate and antepenultimate seqments wider thaz/4£p¢ preceding

.opes at their distal end (Pig. 4). This fea ure-is also ob-

served in the basal seqments, after which the seqlents.ipep

a reqular shape and size. This giveg a symmetrical appoar-

L4 .

ance to the wvhole structure. C::f;

4 7

Calanys finmarchicus possesses three types of u agﬂmlpted
hairs calleé a-, b=, and c~types in this study (Table 2).

Cne pair of a-type sensory hairs occurs on each article,

-7
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with the exception of, the third, seventh, fourteenth,
eighteenth,  tveaty Eirst and twenty fourth articles. In
those, one b-type sensory hair replaces eac} a-type (F
5a). These two sensory haircs @éve thick walls, taper qradu-\\\
ally, and end in a pointed tip. -\,/'?-\
The third unannulated sensory hiEt is a c~type. These
are found singly oa 3gcﬁ'artif1e énd are sitvated at the
latefo-ventral sidafﬁg each seqment, just beside the distal _‘/}
a-type. The a-, b-, and c-p;pe sensory hairs form an isos-
celes trianqular pattern where c- and either a~- or b-type
sensory hairs are located at the bases (Fiq.SEJ. The apical
position is always occupied by an a-type hair. They are
thin walled, nearly cylimdrical for the first one third of
their length, ending i;_a.tound tip with a droup of three
peres (Pig. 5b,c;11). Transmission electron microqrgﬁﬁgkr%-
veal that the ciliary dendrites branch within the hair lungq
until the tip. The following description is made for this
species because of the unique 6ccurrence of the pértiéular
structure.
-

£
[

Hicro~hairs or rimng~hairs: This .name was q;yen to a par-
ticular group of hairs located between the second and the .
eighth segment. One group is 5 to 7 um long, with a diame-
ter of 3 um at the base.~ The hairs occur in patches of ten e

rows,and are positioned behind the apical a-type sensory
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hair of the trianqular qonfiquratiﬁi/}Fig.sb,c). Phese ring
hairs form a dense covaring arognd the ventral amnd dorsal
surface of each article. After the fifth segment they begin
to decrease 1in density, disappearing completely -after the
elghth seqment. In tramsaission electron micrographs, these
microhairs show a thim outer tube \separated by a space from
a thick inmner tube. These structures are empty of any cel-
lular component (Fig. 7a,b).

\L/"\ -

Spine~like structures: These are present on the ventral
and lateral surfaces of segments thirteem to nineteen
(Fig.8a). These structures have a broad base (2 to 5 um in
diameter), taper to a pointed emnd, and range in length from
3 to 8 un, They are arranged in rows of fifteen to tweaty
spines (Pig. 8,c,d). There is a second group of related
structurés located at the inner edge of the first seven ba-
sal segmentgs These spine-like structures are of similar:
lenqih and are always located at the proximal part of the
articulated seqments. This is an important feature from the
mechanical point of view, Electrcn amicrographs show that
the cuticle around the joints is highly sclerotized (Fig.
by .

The first antennae of C. finmarchicus are also equipped

with striated auscle (Fig. 7c,d) The antennal musculature is

orqanized into bundles, _-In transverse sections, these fi-
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bres are qrouped together to forﬁ hexagonal patterns. In
longitudinal sections the musculature éhous. the typical
Jstriation of skeletal muscle in which the ®"A™ and "I" bands
can be distinquished clearly. | Prohinent mitochondria are
present lying between individual nmuscle fibres (Fig. Tc,
12a). H and 2 lines can be g%sarved-lilitinq the sarcomere.
Lateral fibres seem to attach one article to the neitl(Fiq.

9a,b.c).

3.1.0.4 Innervation

The sengory jnnervations of the "long and feathered" termi-
nal setae were studied in detail. Basically, they contain
tWo sensory neuross with a yell-developed ciliary apparatus
vith basal bodies and a 9+0 patterm of wmicrotubules in the
ciliary base. The sensory cilium terminates in a ganal sev=-
eral microas aQav from the base of the setae. The dendriteé
at their distal reqion present an accumulatipn of microtu-
bules forn%fq a tubular body. . The presence:of this tubular
body c<an be.easilv recoqnized even in liqht micrographs.
There are neither pores on the surface of these sensillae,
vhich dismisses any olféctorv function (Slifer; 1959), nor
are there single openings at.the tip, which are a basic
character of contaét cheroreceptors (Skifer, 1959; 1970).
No cellular orqanelles’are present vitﬁin the long setae;
only nenrdtubules and vesicles are found to occupy almost

the whole hair lumen. At the basal body, the structure re-

~
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a
sembles that of a classical scglopidium (Howse, 1968; Corbi-
ere, 1969). These scolopidia possess two dendrites and the
scolopale cells fprm a thick 'évlindgt of dénse material
vhich form no separate rods. This 4is a dense and granular
natef}al vhich contains many microtubules. " The cytoplaég of
the scolopale cell contains nuaerous mitochondria. The
thickness of the scolopale reéaches its maximum dimensions
alonqg the proximal reqion and start shrinking beyond the ci-
liary basal body region. The"scolopale cells foram desmo-
sore-like 1unctioﬁs (JL} at all the points of contact with
the tubu}ca;_ sheath cells (Pig. — 10d), " of which there are
three cout;ctinq‘the scolopale cell and lying between it and
the QEarest uall,df the antennae. At the very proximal seq-
went of the dendrites, the scolopale cells appear aggregated
‘apd thevy conpnect the dendrites with théir enveloping cells

(Fig.104). They have abundant microtubules and scattered

mitochondria.
- ?‘
. -~ r

SN,

The sensory innervation of the a- and b-type hairs shows
the presence of two bipolar neurons. The ciliary segmeht of
the dendrite which contaias neurotubules is surrounded by
the scopale iatrix at the basal body region and at the base

of the hair. In qeneral, there . is no difference between the

id¥nervating neurons and gssoéiated structures of the a-, b=

type and the long feathered (SI and SII) sensory hairs.

s

-
-~
1
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Sensory hairs c-type do not have the scolopale matrix as-

sociated with the base of the setae (Fig. 11c). At this
~

hair lumen (Pig. 11 a,c,f). | Bach branch differs in the num-

[ .
ber of microtubules presant and it is assumed that the num-

level, the iﬁﬁﬁgvating ;5Agrites start branching within the

or of microtubules per dendrite imcreases distally. Some
'é drites show less than niame microtubule doublets found at
the ciliuam, It seems that the dendrites terqinates vithin
the hair iumen at different distances. This branching of

the dendrites will aﬂ}ou them to contact the exterior envi-

ronment through setal pores.

The nerve cells of all the sensillae could noque morpho~
logically distinquished from each other; the ﬁerv cell typ-
icall; has a large nucleus, sends an axon proximally nd\a
dendrite distally. : Groups of axon®; as well as single nyé-
linated and unmyelinated types of axoms, are present. Neu-
rotubules are abumndant around unmyelinated axomns, but ran-

domly distributed (Fig. 12 a,b;c).

The distal seqment of the first antenna bears a group of
six nonsocketed, annulated e-type sensory hairs. They have
a defined baed of microtubules (tubular body) extending fron
the distal sequment into the hair semsilla. This band mar-
rovs at the junction point, after which the band expands un-

til it reaches the tip of the hair, where it occupies one



30
third of the whola annulus. No evidence ‘of‘tgpical basal
body structures has been found in the dendrites innervating

the setae (Figq. t13a). The setal cuticle shovs a fibrous

network im comtrast to the normal laminated chitin around

the basal portion of the setae (Fig. 13b). - Inslde the se-
tae, only vesicles, aitochondria and neurotubules are pre=

sent.

3.1.0.5 cantropazes furcatus. Kroyer 1849

Centropgages furcatus, shares the triangular arrangenment
of semsory hairs a, b, and c-type per article with Calanus

finmapchicus. However, antennal articles are less symmetri-
cal and ¢two "horn-likenhrojactions" af the”foufth seghent
gives the first antennae a completely dié}frent appearance
{(Fig. 14). These structures are 12 uq/;ganﬁnd have a diam-
eter of 19 um at the base (Fig. 15, arrow). No.hairs or
pores are present on the surface of thede structures. The
distal article of the firsp antennae bears four e-type sen-

~
-

sory hairs.

3.1.0.6 Eucalanus pileatus, Dana 1848

P

This species differs conpletely from the two marine spe-
cies reported before in its setal arrangement and type (Fig.
16a,b) . There are three sensory hairs only in the fourth,

seventh and fourteenth segments. Each hair bends once at
[

pa )
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the middle point of its lenqth (Fig. 16c), vith opposed se-
tules of 12 um lenqth. E. pileatus bears a differemt type
of annulated hair sensillae. These hairs have two segaments
with a broad base and bear abundant sSetules aleng their
lenqth (Fig. 17b). Ia Fig. 17a, it can be seen howv the dis=-
tribution of hairs and their djoints maintain a 1lime which
. could allov a great flexibility, for instance, to water dis-
placements. Each even numbered seqment bears one e-type
hair. Thisxpattern changes in the tvwenty second seqgment and
tugntv fifth seqgments with two anﬁ four e—fype haifs raspec-

tively.

3.2 ESTUARINE SPECIES

- The three estuarine species studied were: Acartia longi-
reais, L}111eborq.1853. (Piq. 18{ L. grami, Sars.1904. (Figqg.
20) A. discaudata., Giesbrecht.1881. (PFig. 22). 1In the three
species the first antennae consist of nineteen articles
showing a high deqree of asymmetry in thelr general morphol-
oqy and the arrangement of the articles. This as;mmetrv is
reflected mainly in constrictions and an irreqular shape of
the segments. There is a constant number of four hair sen-
sillae at the second basal sehment. The gemneral pattern of
hair sensillae distribution is two hairs per article (Fig.
24a) . The most important morphological feature, however,
o&lv present in the Acartiidae family, is the presence along

the vhole surface of the first amntennae of a specific e-type
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sensory hair (Figq. 24¢) . These hairs are very similar in
lenqth to the distal setae of C. finmarchicus (Table 2) but
A- lomngiremis is 2;3 times smallef than ¢. finmapchicuys.
Additionally, these hairs have a well developed base {FPiqg.
24b,d) which allows them to be mobile. They resemble a
feathered structure. Pafrs of opposing setules are inserted
along the seta main axis with an intersetular distance of 6
pm each. The setules vary in lemgth from 4 pm at the base
to 3 pm at the tip of the hair. These ertype hairs are dis-
tributed in number of ome per article ending in five at the

distal seqment.

A. grani and j. éigg;ggggg haye the same setal arrange-
ment (FPiqg. 21,23 . Both species have the same overall bedy
length, but the hairs of A. discaudata are half as lonq as
those of A} qrani. (Table 2. The-threg_species have seven
c-type hairs (aesthetasc) per antenna, in contrast tec the

twenty four found in C. finmarchicus.

3.3 FRESH-WATEB SPECIES

ihe twvo fresh-water specias studied were §kisgggigg§ggg§l
oreqopensis (Fig. 25) and Leptodiaptomys minutus, Lilldje-
borgq, 1889 (Fig. 26). In both species first antennae are
composed of twenty five articles. There is more symmetry in
the article shape and arrangement along first antennas tham

in the Acartiidae species. Two constrictions, at the ninth
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. and tvelfth saqﬁents are shared by both diaptomid speciles
(Fig. 26,28). Both species have fonr sensory hairs in the
second basal seqment and. display a trianqular configuration
of the hair sensillae alonqg first antennae, a character

which is completely absent in the Acartiidae family.

5. oreqopensis has a distribution of three hair‘sensillae
per article. No b-type hairs are present, but an e-type
hair replaces, im all the segments, the position of the b-
type hair found in ¢. finmapchicus. Seventeen aesthetasc
are present per antenna, and the last two distal articles

bear two and five e~type sensory hairs.

In contrast to S. gpegonensis, L. minntus has a sliqghtly
different pattern of sensory hair distribution. Firstly,
the three sensory hair/seqment character 1is present only in
the ninth and twelfth sequments. The basic distributional
pattern is the presence of one c- and e-type sensory hairs
on each odd segment and one a~type on each even seqment. In
L. minutys, the trianqular comfiquratiom of a-, o, and e-
type sensory hairs, is the same as that displayed by S. ore-
gopensis. A total of eleven c-type (aesthetasc) are located
alonqg the first antennae and two and four e-type hairs are

present in the last two distal articles.



Fiqure 3:

General anterior ventral view of Calanus
finmarchicus X 30. ‘
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Second basal seqment bears the maximum number of hairs (arrow);
A,B,C = Sensory hairs

Ch = Chaetica sensory hair

SI,SII= Lonqg and plumose setae

Figqure 4: Cglapus finmarchicys anterior ventral view of the
first antennae X 308.
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(a) Dorsal view of am article showing the triangular arrangement
of the sensory hairs, (b) (c) ' An aesthetac close-up, arrows
indicates the group of pores at the tip. (4) Distal setae

BSH Basiconica (c-type sensory hair)

CH = Chaetica sensory shair .

TSH = Trichodea (a, b-type sensory hair)
E = e-type sensory hair

SII = long plumose setae

P =

apical pores

Pigqure 5: Main types of sensory hairs and their positionms
: on the first antennae of Calanus finmarchicus.
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(a} First basal segqments showing the presence of microhairs
or rinq-like structures, b) (c) Positicn of the microhairs

\3\ surrounding the apical a~type hair (thick arrow).
(d) Details of the basal area of these hairs (thin arrow).

,)A.B,C = Sensory hair types
“ mh = Microhairs or ring hairs . /,—~ﬁ\\\\\ i

Micro-sensory hairs limiting the basal segnents

of the first antennae.

Piqure 6:
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(d) Microhairs showing twod tube like structures. (b) Joint
betveen two segments showing the highly sclerotized cuticle
at this point. (c) Reduction of the muscle fibn;gto narrow
picrofibres along the joining line (arrow). (d)

: ransverse
section through a muscle buadle.

cut = cuticle

£ = muscle fibre “

1p = electrqg_dense granules

L} = mitochoadria .
tt = intra-fibrillar tubules \

T

Piqure 7: Ultrastructural features.of microhairs amd
cuticle joints. '
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Basal seqments showing the spine-like structures. (b}

(a)
e proprioceptors at the edge of each

(c) (d) Position of th
segment (arrows).
pr = proprioceptors

External features and position of spiny-1liks
structures or proprioceptors in Calanus

finmarchicus.

Fiqure B8:
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Fiqure

{:)\(c) Show the pos
y Lateral fibres o

central muscle fibres
lateral or peripheral muscle fibres
tventy fourth segment
muscle bundle

9:

Light micrographs of the nuscle fibres within

first antennae
postfixation.

after osmium tetroxide

article.
les at the 24 segment.

Wo

jtion of the central and lateral fibres.
f muscles connecting each
(d) End of the central fibre of striated musc
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(a) Transverse section through dendrites just below shaft hair.

only two dendrites are visible. (b) The two dendrites at the apical
reqion of the clljary segment showing microtubule singlet

and the scolopale granular matrix. (c) Cross section through the

the scolopidium showing the two dendrites with the scolopale matrix.

(d) Section of the scolopidium at the very proximal segment showing ;//"\—;
the scolopale cell joints with the tubular sheath cells. W T
cut = cuticle o
d = dendrites
b—/yc = envelopliang cells
ds = dendrites distal segment
qo.. = plectron dense matrix or dendritic sheath
JI = membranal jumctions between the scolopale ard enveloping cells
mt = microtubules
n = pnucleus
* ps = dendrites proximal segament
sc = scolopale matrix=
Th = trichogen cell

Piqure 10: Cross section of the penultimate and
* antepenultimate long and plumose setae.
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, (a) (d) Longitudipal sections showing the c@llary branching of the de
’ ndrites within the lumen of the hair. (b} Three dendritic limiting
pore (c) Cross section at the ciliary seqgment of the dendrites

showing the microtubulas singlets and the 1 ck of the deanse granular
matrix surrounding the dendrites.

‘ cut = cuticle
/ ‘ d = dendrites //
. . por =

pore

Fiqure 11: Ultrastructural featutes of the basiconica or
aesthgtac sensory hair.

-
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A v

(a) (b) Abundant number of larqe mitochondria surrounds the
muscle bands , trichogen cells are present close to the cuticle
containing larqe nucleus (c) Transverse sectiom of a )
myelinated axom showing the central axon and surrounding ;
microtubules. (d) Laminated pattern present in the cuticle.

cut
ax

‘ER

Figure 12: Maim cellular components of the first antennae. _
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13§inated cuticle
axvbn “

‘endoplasaatic reticulum

Golqgi apparagus .
muscle fibrils

z line hd
h “zone

pitochondria

microtubules

myelinated axons -

nucleus . aN ’
intra~-fibrillar tubdles e _ I

‘'vacuoles

electron dense granules ‘ N
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(a) Showing the continuous microtubule bundle. {b}) Fibrous
network (arrows) withim the setal cuticle different from
the laminated aptennal cuticle and abundant neurotubules.

A1 = antennae main body .
mt = microtubule bundle

nt = neurotubules

sS¥ = setal wall

Figure 13: Llongitudinal section of e-type setae of Calapus
finmarchicus first antennae.
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Plgure 14:

¥

General anterior ventral view of Céntrogages
furcatus ¥ 52,

u5
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(a} Shows the trianqular arrangement of the a, b, and c-type setae.

The horn-like structure is apparent at the third basal segment
{arrowv) .

A,B,C = Types of sensory hairs \\
L]

Figure 15: General viewvw of Centropages fnigﬁtns first
: antennae X 1200.
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(a) Body general ventral view, (b} Pirst antennd‘dnngﬁ{[::::

showing the position of the sensory hairs. {c) C ompound sensory
hair showving the position of the setules. (d) Distal e-type
seasory hairs.

A1 = first antennae

E = type sensory hair

csh = compound sensory hair
5T = setules

Fiqure 16: Main morphological features of Eucalanys
pileatus.
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\ " W
~
\____
{a) General view ofvthe first antenna showing the long feathered
e~type hairs and terainal plumose setae, bending line of the compound
setae (arrows). .(b) High magnification of a compound setae and
basal setules. (¢) Complete viav of the specimen.

CSH = compound setae

E = type sehsory hair

ST = long EPd plumose terminal setae
ST = setuleés ;:

Piqure 17: Light micfographs of main morphological features
of pileatus first antennae.
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Figqure 18:

-

General viev of Acartia longiremjs X 76.
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Fiqure 19: General view of Acagtia lopgjrepls first

dntennae, _\1 .
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Pigure

202

General view of Acartia grani.
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Figqtte 21: General view of Acartia ani first antennae X
~1080.. '
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Fiqure 22: General vigy of Acartia discaudata X €6 ..
s A
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Fiqure 23: General view of jAcartia discaudata first
antennae X 1080, :
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{a) (b) Asymmetric basal segment and article constrictions
{¢) Details of the abundant nuaber of setules present im the
e-type hairs and Position of an aesthetac, (d) High
magnification of the socket-like base of the e—type hairs.

41 = first antemnae

C = aesthetacs or c-type sensory hair
E = @-type sensory hair

SB = socket-like base

Fiqure 24: Horpholoqical dstalls of the: ng;;iﬁ lgnginglla

first antennas.
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Pigure 25:

General view of
153.
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Figure 26:° General view of gkjistodiaptomus oregonensis
first antennae X 960,
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Fiqure 27

-

General viev of Leptodiaptomus minutus x 84.
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Figure 28: General view of Leptodiaptomus miputus first
antennae X 560.
-
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Saction iv

DISCUSSION AND CONCLOSIONS

Mechanoreceptive structures have the same feature in com-
mon; that is, the nerve cell is stimulated by a mechanical
deflection (Corbiere-Tichane, 1971). In mechénoreception
there are two typ;; of receptors involved: the tactile re-

ceptors, which are represeated by the articulated setae and

the proprioceptors which include canmpaniform sensilla and

.chordotonal orqans (Corbiere-Tichane, 1971).

In most calanoid copepods studied here, there are basi-
)

cally two types of hair sensjllae, sensilla trichodea (a-.,
b-, d-, e-type} and sensily basiconica (c-type). They re-
semble the types described by Fleminger (1973) for Fucalanus

species. The sensory hairs studied here are long and arti-

culated protudiag from the CE{%QZ; (sensilla trichodea, ba-

siconica and chaetica).

. A1l the seasillae trichodea studied (a-, b-, d-, e-type
sensory hairs) appear to be mechanoreceptors. The basis for
this conclusion 1s the presence of a nerve scoldpale matrix

located at the basé of the hair which articulates with the

socket membrane of the setae (Borqg amd Norris, 1971; Corbi-
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ere~Tichane, 1971) and .£he ciliary portions of their
dendrites. The tubular body present im the distal reqion of
the dendrites is also characteristic of arthropod cuticular
mechanoreceptors (McIver, 1975) but it has been found only
in the antennal setae of the copepod Cyclops §ggg;ggg
{(Strickler and Bal, 1973), and in the tr;ch Zpa sensillae
studied here. ° For ingect nechanoreceptogs'it i's believed
that the tubular body at the tip of the dendrite is imvolved
in the transduction process and the conpression of this bedy
is the effective stiaulus (Thurm, 1965; Chapman and.Duckrou,
1975) . This tubular body ends in a canal above the hair
base; the "canal also characterizes " mechanoreceptors
{Schneider and Steinbrecht, 1968). Also, the trichodea
hairs are mounted on a fle;xple membrapne and they have abun-
dant setules vhich would make them more gffic;enf in picking
up nearby waterborne vibrations. The bases of the tricﬁodea
sensillae are surrounded by a ridge. Bali and Cowan (1977)
suggested that this ridge might either have the effect of
carrying water smoothly upward and past the setule base,'yq%

the gap between the ridge and the setulé base nay,he'shffi-

cient to create an area of turbulent flow in front of the

setule,

Thura (1968) described similar trichodea structures in
honey bees as being mechanoreceptors with wmodified ciliary

. PLOCeSS. The trichodea as well as’ the lomng (SI and SII)
-

ol i e e 2
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sensillae have the same basal body-like stpyézures found by
strickler and Bal (1973) in the apical setae of Cyclops Scu-
tifer. However, at this lavel the whole structure resembles

Ll v

that of a basal scolopidium (Howse, 1968; Corblere-Tichane,
1969) . Chordotoral organs, im which scolopidia are con-

tained, are the basic structures for the: novesent of body

and appendaqes (Schneider and Steimbecht, 1968y or are sen-
. L

sitive to vibrations (Howse, 1968). Triple scolopidia are

basic conmponents of the Johnston's organ of SpegphYe€sS SPP«

a cave coleoptara, fouad to be extremely sensitive to vibra-

/ .
tions (Corbiere-Tichame, 1975). Géwecke and Schlegel (1970)7/{ /\

studied the respouse of this organ to vibrations, in the an-

tennae of a blow fly, Calliphora erythrocephala. They found

that the action potentlial always depeﬁded on the vibrational -

forces in the antennae and its anqular positiom with respect
to the antennal base or pedicel, In contrast, in this
study, the scoloﬁiqipm found in the sengory‘uhits of the
;;rst antennae Idiffers from the above nenLioned in having
only two dendrites uhich.forﬁ a tubular body apically. A's
seen in'Fiqure 10d, the scoloplidium is surrounded by envel-
oping cells '(glial Eells); abundant microtubules are close
to the djunctions (JI} with the scolopa¥e)cells and the tubu-
lar shesath cells. They may provide support and contribute
to the functioning of the recaptor. Moran et al., (1971)

‘working in the fipne structure of cockroach campani form sen-

silla suggested that microtubules of the sensory process
- )
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{nodified cilium) ;lay an important roie in nechanoeibctric-
transduction of this sensilla. On the basis of their ul-
trastructure, the mechanoreceptive units of the first anten=

nae of the copepods studied here might be considered vibra-'

tion receptors. ) —~

-
19

The other type of seasilla found on the antennae of gala-
noild copepods was the sensillé basiconica. These.t be-like
structures lack setules. The presence of eight to teén den-
drites in this seta is unusual for an arthrobod mechanore~
ceptor, since mechanoreceptors are qeﬁerally chéracterized
as ﬁavinq only one or two neuroans innervating each setae
(Slifer. 1970; Mclver, 1975).while chehoreceptérs have more.
sensory hairs have been called aesthetasc (Esterly,
1907: Slifer, 1961; Laverack, 1968). Grouped as chemorecep-
%ors because of tﬁéir dendritic branches (Slifer and Sekhon,
1965; Elofsson, 1971), they are externally exposed through
'poras in the cuticular vall of e;ch seta, The nuember of
pores 1p the setal wall was not ﬁeternined,s‘but they appear
" to be numerous on the distal one-third of the setae (Fiqg.
5b, of. A pore opaning in " the cuticular wall is spherical.
The presence rof three pdres at the +tip of the hair {(Piqg.
5¢), and five dendritic Branches mg?_cateqorize thema as che-
moreceptive structures, of an oifactory type (Slifer, 1961).
This type of seta aiso lacks the scolopale-nerve complex

found consisteuntly in mechanoreceptors (Borg and Rorris, ~
— ‘\\
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1971). Griffiths and Frost (1976) reported in éxperilental
studies of chemical compunication in calanuns spp., that the
antennae seem to accumulatae dissolved oréaqic matter at a
higher gate tham the rest of the body. ’ Inspection of the

autoradioqraphs indicates that there was uptake of labelled

. dissolved orqganic matter at points along the_antennae which

lcorfaspond to the locatiqn of aesthetacs. This also sup-
ports the hypothesis that aesthetacs are the antennal chemo-
receptors. On the basis of the uItrastructural evidence
Dresentéd in this study, no statement can be made on the
types of chemicals to which the sensilla basiconica is sen-
sitive. Further studies using electfophysioloqical proce-

dures nust be done to identify the specific properties,

The micro-hairs or Ling-hairs reported here cannot be ca-
tegorized. as chemo~ or mechanoreceptors. When the animal
bends the antennae towards the body, these hairs éfe border-

"ing the mouthpart area, it is unknown whether they are ro-
lated to the ran?vél of undesirable particles attached to
the setal appendages after feeding. Ball and Cowan (1967)
suqqésted that " in sergid shrimps, the antenn;I\:Ecrohai:s
(tuft hairs) may be used to trap small amounts of food.
This food is then cleaned off the microhairs by the'qonth

parté and transferred into the mouth.
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Spine-liké structures has been also reborted by Alcaraz-
(1977 in\so#e Acartia species; Blades (1979) reportad.phen.
as be _,epicuticular structures with no.- sensory fﬁnction.

In both cases, ﬁhese spines were found on the genital seg-

.ment of two species of female copepods. In contrast} there

are sensory spines located in the chela of the male Ceptro-
pages typicuys fifth leg that could possibly be stimulated as

the chela grips the female urososae. Repeated stimulation of

the spines may control the hehavioural pattern during mating

once the antennae have released their hold (Blades, 1977y .
In spite of lacking ultrastfuctural data to describe the
characteristics of the sécond group sf spine-like struc-
tures, it could be said from their positiion and appearance
that they are probably related to identified proprioceptors
(Laverack, 19683 Coberiere-Tichane, 1975;: Barth,1976). Si=
milar strﬁciure; were also located on segments of tye mata-~
some, swimming legs, " amnd on the f;rca of'ugc:ocxglggg albi-~

dus (Strickler, 1965). As was mentioned previously,

proprioceptor3~are-basic structures for bendimg, of the an-

tennal flaqellua\end the antennal pedicel (Bromley et al..
1980,

The presence of muscle attachment sites is another factor
to be considered in " the bending-of the antennae. It is
knowvn that bending forces cam be set up by muscular contrac-

tions -(Barth and Picklesman, 1975). The high degree of scle-
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rotization of cuticle around the- joints may be required for
sliding. In those joints, forces are transferred from one

seqment to the nmext by the surface of articular «ondyles or

'.Finqbs (F}q. 7b). ' The presence of sclerotization may theﬁ

indicate that antennal sagoments can nove, TrTesponding to
their muscular attachnentsiand proprioceptors present along

the first antennae;

[
.

" The sensory machinery of the first antennae is repre-

' sented by the trichodea - and basicqnica‘sensillae.‘ Charac-

teristics of number, potenﬁiél use, and arrangement of these
tvo main types were used to establish the species-specifit
diff%fences. These differences were interpreted ia terms of
species specializatioms qﬁich iay 'reflect evolutionary of

(3]

ecological trend;.'

Sympatrlc species may differ from each other, im order to

e .
several nmon-morphological characters

relatipg to their physiologqy, ecology, and behayibr (Mayr,
196%5). Bcological incowpatabiIity,h;s fofced speclies to
display spatial and temporal seqregation ( uaclrthuf. 1958 ;
ﬁutchip;on; 1959). Althoudh this divergence néy be at first
strictly non- morphological, consisting of a-diffe%gnt uti-

Yization of the available resources, it would be reinforcaad
} ]

_ -by selection of morphological differemces in order to faci-

litalé ééoloqical diverqgence (Mayr, 1965).  In copepods,
. ; v N

‘e
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differences in adult size h'ave often been used as an effec-

\»,..._, ¥

" tive paraneter to axpress character displacenent or segrega-

‘tion ( Hutchinsoan, 1967;  sandercork, 1967). qu main fac-

tors affecting size ére telperatpre, salinity @and food sup-
Ply (Deevey, 1960). The coexistence of i. clausi and 3.
margalefi wvas :ot deterained, houev;r, by the factors af-
fecting size (Alc%raz,IQ?%). i e length of the metasome

and maxillipeds setae differed in fhgir allometry, and the

minimal particle size they were able tg filter ranged from 9

to 15 um. An identical spacing of the first maxilliped se-’

tae implied stronq competition betwesen the two species.

‘However, thig“Cﬂgpetitiye force was reduced by spatial

‘'segregation. According to the present®data, 3. grapi and A.

L]

discaudata are closely related species which coexist in the
same area. Both species have similar metasonme length, but

trichodea sensiilae (e~t¥pe- hairs) are almost double in

lenqth in }. g;gg;, with respect to A. dlscaudgta (Table 2)./

This difference amight increase the sensory field of A. gg_ ni

and could help the orqanisms to seqreqate in a particular i

e

habitat.

The divers sensory structures present in the marigpe

-

calanoids, for example in €+ finmarchicus, aight indicate a
certain deqregr of specialization to the habitat where the
- L4

species occurs regularly. Lowndes (1933) vpointed ont that

C. fipmarchicus is considered te be the most successful of

-

(_'(

N
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all the calandqid copepods. uhich is nanifeétqd'hy its domi-
nance in the North Atlantic and VNorth sea. His main argu-
ment vas the diversity of limb movements. additiomally, T
have found that this species  bears the highest diversity of
sensory structures on its first antennae,‘ in-a tptal of ten
different types. This spacies success is possibly due to
its ability to adapt to ;nd survive adverse environnental

conditlons, like food scarcity.™~ _Survival can be enhanced by
a sophistlcated and dlvers;/iensory apparatus. It wounld ap-

pear that the combined, and sensory bllltles of cala~-

gg;/zgﬁld betteéhgg;lain e succesg;of this species. Ale-
hough §uccessfu1, the Calanijae haﬁgnbeen}consigéfed as the
most primitive family (Giesbfgtht, 1892). It has Been found
that adults beatr fus%ﬁ spines in the caudal7armature, vhich
is considered a priaitive characteristic (Hanaoka, 195&).
Adults are less dlmorphtc and have the fiﬁ}h palr of legs
more symmetrical thaam is Wsual in other éopepods: adults
also pbssess a larqge nuaber of seqgments in *the body. All
the above features iﬁaicate primitiveness (Hanaoka, 1952y,
In addit%pﬁ, primitive traits are also.apparent in the mor-
p@oloqv g; the nauplii, such as abundant setae on the nanﬁi-
bule and in the antennae (Heberer, 1932; Bjarnberg. 1972).

The Calanid species studied here is a specialized filter
. {

feeder according to Dahl (1956) who considers filter feeding
a primitive process, and finds that the Calanidae have a

- .

morphologically simple arrangement of- the appendages for
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filter feedinq. . For this reason they.lare restricted to
pianktonic life and to filter feeding. - In brief. crustacean
evolutién probably consisted of sequential simplification,
reduction, and speclalization of structures (Sanders,
1963). - If this proposal is accep;eﬁ, €. finparchicus has a’
sensorial arranqenent’in.the first antennae to be considered
the most primitive as coapared to the Centropagidae, Rucala-
nid%&,'ncartiidae and Diaptomidae species. Therefore, the
Acartiidae speciés represent probably the uo€§FIgQ9nt group

because of their simple. and asymmetric sensorial arrange-

rent.

FProm this study, hovever, it would appear that the number-
of setae is not as important aé the conplet;ty and arrange-
nent of the setae, Therefore, it is not safe to estaglish
"primitiveness" of a species by the number of sensory hairs
present in its early or late staqges, In order to establish
vhich species is _more primitive than another, information is
required on the actual structure, distributional pattern,
and frequeacy of occurrence of the sensors on the first an-
tennae. Observing adult members of this‘group, I have founad
that most calanoid copepods have the same tyre of sensory
hairs (sensillae trichodea anpd Basiconical. The species-
specific differences are established by the distributional
pattern and frequency of occurrence of each sensilla on the

first antennae,
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Marine aad fresh-water calanoid copepods share a triangu-
lar arrangement of semsillae. In the marine species this is
usually composed of two types of sensillae but ip sowme in-
stances they are composed of three types especially in the
odd numbered seqmeants. The triamqular arrangement occurs on
every segment but the last, The fresh-uater species always
possess thre? types of sensory hairs-on each article where
" the trianqular pattern is present. This pattern is present
on each article for S. oresgopensis .but not for the clgselv
relafed L. minutus. In contrast, Acartiidae lack coampletely
the trianqular arrangemeat, with a maximum of only two sen=-
sillae per article. Additionally, it is this group which
possesses the maximua number of e-type sensory hairs (mecha-
'noreceptor§1 ~and the lowest number of c-type (aesthetasc)
sensory hairs. 1Is the low frequency of occurrence of aesth-
etasc in the ‘Acartiidae siqnificant with respect to the high
frequéncv'of occurrence of e-type sensory hairs? Might it be
‘related to the feeding and predation habits of the animal?
Late copepodid".and adult Acartiidae are mainly omnivoroas
(Mullin, 1966) and, as such, a superior mechanoreception
should help them in detecting and‘in capturing prey and
large part}cies. If so, ay data suggqgest basic differences
between herbivorous and omnivorous species based on the vay

the sensors are orqanized om the first antennae.

A



71

In the present study I have found that ommnivorous copapod

specles posses chemoreceptors and lonqg mechanoreceptors in a

proportion of 1:3 respectively (Figq. 29 Species 2,4,5,6).
‘ ;

If the percentage of occurrence of each hair is calculated

per antenna, then in oanivorous species-the occurrence of

aesthetasc is less than 18X, but the occurrence of e-type

" sensory hairs is 45% (Fig. 29, Species 2,4,5,6). The herbi-
o h

vorous sgecies L. @iputus has 43% occurrenca of e-type sen-
sory hairs bdt has a higher proportion (28%) of c-type sen-
sory hairs. S. oreqgopensis shares the same proportion of
c-type sensory hairs but with only 31% of e-type. " The evo-
lution of more mechanoreceptive sensors in L. ®migytys than
in its closely related species S. ofegongpsis might be the
result of predation pressure. The/presence of more mechano-

receptive structures in this species could facilitate faster

‘responses and make it less vulnerable to predatiom (Fig. 29,

Species 8). b

In general, the frequency of occurrence of the c-type
sensory hairs wmay provide an important clue to establish a
tentative division between obliqafe herbivorous and omnivo-
rous calanoid copepods. Therefore, when the proportion of
occurrences 'of c¢-type or basiconica sensory hairs 1is less
than 18% of the total number of sensory hairs per antenna

the species may be classified as omnivorous.

m~
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Trichodea sensory hair: a-type {—1: b-type (ID; e-type (E5}.
Basiconica sensory hair:c-type SR .

S pecies studied: (1) calanus finmarchicus; (2) Centropages
furcatus: (3) Eucalanus pileatus; (4 Acartia longirenis

(5) Acartia grami; (6) Acartia discaudata: (7) Sklstodiaptogus
oreqonensis: (8) Leptodiaptomus minutus.

Fiqure 29: Percentage of occurrence of trichodea and’
basiconica sensory halrs io the spaclies studied.
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Carnivorous and omnivorous copapods must be able to de-
tect and locate their prey at a distance (Mauchline, 1977).
It seems that localizatioq of prey could be done by special-
1zed nechanorece}tors. e.qg. a vibration sense. The presence
of compound setae,'sinilag;to some of those described in am-
phipods (Mauchline & Baliantine, 1975) and considared to
have a hydrodvnﬁliﬁ function, has been found in the ganus
Eucalapus. From all the studied species, these hairs look
similar to those preseat in Epigghﬁ;g lacustris and Hetepo-
copa horealis which are omnivorous fresh-wvater calanoid co=-_
pepods (Barrieatos, unpublished data). Additionally, the
presence of seéules .iﬁ most of the trichodea sensory, hairs
migqht identify them as hydrodynamic receptors like those re-
ported by Mauchline (1977). The seta with setules is a me-
chanoreceptor and occurs in decapods, mysids, anphipods, co-
pepods, and other groups. It is most developed in decapods,
.beinqg feather-like in Palinurus vulgagis (Védel and Clarac,
1976), while moderately developed in the calfnidae, hcaftii-
dae and and Bucalanidae species stpdied here, but relatively
simple in form in amphipods (Mauchline and Ballantyne,
1975) . These setae are more developed im the Acartiidae
species than in any other gqroup member studied here, They
have similar characteristics to those.uhich Mauchline (1977)
describes as mechanoreceptors sensing water curreats or

pressure waves.

R

-
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The preségt study has provided & description of the more
common sSensor hairs in calanoid /ZépePEds on the basis of
their gpole :Etucture, and not by analysing the specimen-
intequn?nt aft chemical digestion by potassium hydroxide

as it has beenjtraditionmally described by several authors.

in coaclusion, the sensory organization of the first an-
tennae in calanoid copepods reveals many differences that
may be relateﬁ to specific evolut;onary traits or ecological
roles, such’as food gathering activiﬁies.‘ Mechanoreceptors
'And chemoreceptors are the domipant semsory structures inm
copepods. Fdither detailed vork has-to be carried out on
the ultrastyucture of each sensor in order to understand the
sensory orq;nization of the animal. Behavioural and field
studies are also reguired to give a better understanding of

the role of these structures in nature,.

Pinally, this study leaves a very important opening for
further relsearch. The well developed feather-like sensillae
present in Acartia Spp. constituted the most interesting
stru tuRp reported in the presemt study. The ecological and
adapS}tive implications of such a development for species

limiaJ in a estuarine habitat deserves a careful examina-

tionm.

-~
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