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 Abstract Miniature radio  transrnitters were  used  to monitor  the  movements  of

the  dobsoifly tarvac, Protohermes  grandis (THuNBERG) (Megaloptera, Corydalidae),
in their natural  habitat. The  transmitter,  7 × 18 × 2mm  and  O,25 g in water,  in-

cluded  a  quartz crystal (S2 MHz  band) and  a  si[ver  oxide  battery (life of  about  T

days), and  was  attached  to the back  oflarval  prothorax, The  signal  range  was  about

2m  and  positions of laryae in stream  riMes  were  determined  using  a  small  loep
antenna.  The results  showed  that Iarvae favoured a  central  part of  rienes  and

spent  most  time there for arnbushing  for prey, However,  they  actively  rnoved  about

at some  nights,  but never  in any  daytirnes, probably  to seaTch  for prey or  suitable

feedingsites, The  meanmovementdistance  per nightwas  not  ctearly dependent on
the degr¢ e of  starvation,

Introduction

   Two  extreme  modes  of  fbraging in predators are  ambushing  and  active  search-

ing for prey (PiANKA, 1966;ScHoENER, 1971). Among  insects, for general example,

pit-making ant-lion  larvae are  ambush  predators, whereas  predacious Iady beetles

actively  search  their environment  for prey items. However, recent  detailed studies

have been revealing  the plasticity of  foragillg behaviour in response  to prey avail-

ability,  hunger level, predation risk,  interference competition,  and  otheT  environ-

mental  factors (CARTER &  DixoN, 1982; FoRMANowicz,  1982; GRiFFiTHs, 1986;

HEADs, 1985; HEINRIcH &  HEINRIcH, 1984; HILDREw  &  TowNsEND,  1980; INouE
&  MATsuRA,  19g3'; MATsuRA,  1981; NA-KAMuTA, 1982; PEcKARsKy, 1983;

SJOsrR6M, 1985; TANAKA  &  IT6, 1982; TowNsEND  &  HiLDREw, 1980; WALDE  &

DAv{Es, 1984).

   These  studies  are  conducted  in the Iaboratory or  semi-natural  conditions,

because it is usually  dithcult to observe  the foraging behaviour directly under  the

field conditions.  Espeeially in stream-dwelling  insects, the laboratory observation

or  the indirect evidence  from field sampling  is the only  method  for studying  the
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foraging behaviour quantitatively (PEcKARsKy, 1983).

    In this study,  however, we  developed a new  radio-tracking  system  to apply  to

the stream  insect, larvae of  Protoher?nes grandis (THuNBERG) (Megaloptera, Cory-

dalidae), in their natural  habitat. We  monitored  the rnovements  of  radio-tagged

larvae in the riMes  of  streams,  and  obtained  quantitative data on  foraging rnodes,

feed[ng sites, and  diel activity  patterns. Some  possible factors causing  the altera-

tion in foraging movements  were  also  examined.

    Although radio-telemetry  and  ultrasonic-telemetry  have been u$ed  comrnenly

for monitoring  the behaviour of many  animals,  this is probably the first applica-

tion to insects (STAsKo &  P!NcocK, 1977; AMLANER  &  MAcDoNALD,  1980; MEcH,

1983).

                        Materials and  Methods

    7).ansmitters. A  waterpreof  rniniature  radio  transmitte[ inclucles a  quartz

crystal  with  a certain  frequency around  52 MHz  and  a  silver  oxide  battery. It has

no  transmitting antenna.  The  size of  entire  transmitter  is approximately  7 × 18×

2 mm.  The  weight  in water  varies  among  three types of  transmitters; O,28 g (Type
I), O.33 g (Type II), and  O.25 g (Type III), owing  to different batteTy weight.  Battery

longevity was  8 days in Types  I and  II transmitters, but 7 days in Type III.

    A  transmitter was  attached  to the back  of  larval prothorax with  a  small  amount

of  adhesive  (Bond Aron  Alpha@) (Fig, 1), To rnake  sure  of  attachment,  right  and

lefr fine wires  embedded  
'in

 the transmitter were  tied at  the ventral  side  of  prothorax

(Fig, 1 B). It was  easy  to fix the transmitter with  adhesive  and  fine wire, because

of  the  hard structure  of  prothorax  in this larva, The  front of  the under-surface  of

the transmitter is curved  to sides to fit to the  dorsat prothorax, whereby  no  ac-

cidental  slip or removal  occurred  on  the way  of  tracking.

    Detertnination of larval positions. The  position of  the radio-tagged  larva in

the riMe  was  determined using  asmalt  loop antenna  equipped  at  the tip ofa  rad,

En'd- 

-a'inUltiple
 cha' n-net  receive'r'(Yaesu  FT-69e)'as shown'  lniFigf2i - -In our  system,

the signal  was  continuously  transmitted in the range  of  at  least 2 m  in radius  above

water  surface,  and  it'was easy  to determine the center  of  signal range.  The  larva

existed  in water  just below it, atthough  slight aberrations  (about 10 cm  in radius)

were  unavoidable.  In practice, all of twenty  radio-tagged  larvae could  be recovered

accurately  after  tracking.

    Stucly sites, Radio-trackings were  dolle on  three occasions;  5-13 April 1986

at the Morito River, H-22  May  and  2e-25 Septembct 1986 at the Anado  Ferk.

The  Morito River is a small  stream  on  the Miura Peninsula, Kanagawa  Prefecture,

 Central Japan and  the Anado  Fork is a  tributary of  the  Natori River, Miyagi Pre-

feeture, Northeast Japan. On  alt occasions,  a  stony  and  knee-deep riMe  was  selected

as a study  site, and  was  mapped  in detail.

    Larvae were  captured  in tbe rienes  a(ljacent to stttdy  sites,  measured  on  the
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  Fig, 1. A  dobsonfiy larva, Protohermes  grandis, with  a  transmitte[ attachecl  te the back of

     prothorax. A,  Dorsal view  (head capsule  width,  7.20 mrn).  B, Lateral view,

head capsule  width,  and  weighed.  Then, transmitters were  attached  to them.  The

radio-tagged  larvae were  immediately released  to the study  riMe  before sunset  on

that day. The number  of  radio-tagged  larvae were  4, 10, and  6 on  the respective

occasions.  The positions of  these larvae in the riMes  were  plotted en  maps  twice
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Fig. 2, Position determination of  a radio-tagged  larva by using  a  sntalt loop antenna  equip-

   ped at the tip of  a  rod.  The ]arva exists in the stream  bed just belew th[s loop antenna.

aday,  at sunset  and  at  dawn. At soTne  nights  except  the day of  release,  time-

rnappings  were  a!so made  at  hourly intervals during the night.  Water temperatures

and  rainfa11s  were  recorded  through  the tracking period.

    Rtliness qfforegut. After the end  of  tracking, all the radio-tagged  ]arvae were

recaptured  at  dawn, They were  immediately killed in the boiling water  to ayoid

regurgitation  of  gut contents.  In the laboratory, the foregut contents  and  the larval

b6aY''bi}e're' se"parately-dried  at 
'8e`C'

 foT one-day;-zan'Ct-'the 'flttiness ef  ibregutLwas-- -

calculated  as  the dry weight  ratio  (%) of  foregut contents  to  larval body  mass.  On

25 September, ten free-living larvae were  collected  at  the same  riMe  and  the  same

time as  the radio-tagged  larvae were  recaptured,  fbr comparison  of  foregut contents.

    Efi??cts of radio-tagging  on  prey handling. The  handling time was  measured

in the laboratory to know  whether  or  not  the larvae with  the transmitter  suffer

inconvenience for handling the prey captured.  Various-sized prey items of  Chiro-

nemus  (Chifonomrd-ae), H)?dropopAcke <Hydropsychldaej, and  Klamimuria (Perlidae)
were  offered  to two  larvae which  were  collected  on  5 November  1986 from  the

Nagura River, a tributary  of  the Yahagi River, Aichi Prefecture, and  were  reared

at  9.5±O,20C. Head  capsule  widths  and  live weights  of  them  were  7.20 mm  and

1.34 g, and  6.95 mm  and  1.27 g, respectively.  Type I transmitters were  attached
                                                                .
to them, and  the time  from biting the prey with  mandibles  untit  swallowing  it was
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measured  in the same  way  as HAyAsHi  (1985), Relationships between  the handling

time and  the relative prey size (the ratio  of  prey width  to the head capsule  width  of

the predator) were  compared  with  those in the larvae without  the transrnitter

(HAyAsHI, 1985).

                               Results

Radio-trackings

   The  fiuctuation of  water  temperature  and  the  duration of  the rainfaII  are  shown

in Fig. 3. ALI the rainfa11s  were  not  so heavy as  to flood the stream.

   The  routes  of  movements  by respective  larvae are  shown  in Fig, 4 through  the

traeking period. The  larvae moved  to a  central  part of  riMes  after being released
in the shore.  The  movements  to downstream were  somewhat  more  frequent than

those to upstream  or  across  the stream.

   The  minimum  estimate  of  daily movement  distance (m) was  determined from
the change  of  larval positions at  sunset  and  at  the following dawn  (Tab]e 1), because

any  position changes  did not  occur  in the daytime, that is, from dawn  to sunset

in the same  day  (a total number  of  daytime observations  were  92). Although Iarvae
seldom  moved  even  at night,  their movements  occurred  only  at  night.  In the case

of  the Morito River, larvae were  stationary  in 15 of  28 night  observations  (53.6%) .

AywE3eaEela-nt)

1

e Anade

May 17la19  20 21 22

                16

                12

                Sep, ro 21 22
                          Date

Fig. 3. Fluctuations of  water  temperature

   three radio-tracking  oecasions;  at  the

   May, and  also at the Anado  Fork in

   diy  and  night,  respectively,

23 24 25

Anade

and  durations of  rainfall (horizontal bars) on
Morito  Riyer in April, at the Anado  Fork  in
September. Open  and  solid  columns  indicate
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  Fig. 4. Trails of  movernents  by individual radio-tagged  aarvae on  thvee  occasions;  at  the

     Morito River in April, at  the Anado  Fork in May,  and  also  at the Anado  Fork  in Septem-

     ber. Each  iltustration shews  the fulL range  of  one  riMe  downstream to the  left (detted
     area  is part of shallow  poo]s). C!osed clrcles indicate positions Qf  larvae staying  during

     the daytime; the ]aryae eften  continued  to stay  at the same  position fer several  days.

     Numerals  reptesent  inclividual larvae (the same  as in Table  1) and  are  added  to the

     position at which  they were  recovered  at  the  end  oftracking  periods,

except  fbr the  night  of  releasing  the larvae. In the Anado  Fork, they were

stationary' 
'in"34'o'f40

 night$  (85,e%) in May,  and't9'ef24  nights  <79.2%) inSeptem----- --

ber. After all, the laryae inoved  in on{y  24 of  a  total 92 night  observations  (26.1 %).
The  mean  movement  distance per night  in these 24 nights  were  2,6 m  (SD==2.5).
   The time-mappings  of larval movements  were  obtained  fbr a total of eleven

cases  (Fig. S). The larvae began to rnove  within  a  few hours after  the sunset  and

continued  to meve,  on  average,  fbr 3,2 h (SD==2.6, n=11)  at a speed  of  O,88 m/h

(SD=O.63, n==33;  the range  ofwater  temperatures, 8-160C), The  maximum  speed

of  move  was  3,ISmlh. The movements  observed  at  hourly interyals showed  rela-

tively smooth  patterns, and  the larvae never  resumed  the movements  at  the same

night  once  after  they  stopped  moving.  Other stationary  larvae were  also  moni-

tored hourly at the same  night,  but no  sign  of  movements  was  detected. This
eliminated  the possibility that they were  apparently  stationary  because of  homing

behaviour.
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Fig. 5. Traits ofradio-tagged  larvae (eleven exarnples)  whichwere  mappcd  at houtly interyals

   (two hours intervals in one  exception)  during a  might.  A, At the Morito River on

   8-9 April. B, At the  Morito  River on  12-13 Aprit. C,  At  the Anado  Fork on  18-19

   May. D, At the Anado  Fo[k on  22-23 September, Ciosed  circle indicates the pesition
   of  larvae at an  indicated tirne of  day, The left is downstream  in ali  illu$tratlons. Scales

   are  the distance ef1  rn,

fuctors aLfflecting movements

   Probably the light inhibited laryal movements  because they  never  changed

tlie'i-r='Pb-si't'it'i 
's-in"the

 daytime as  mentioned  
'above;'-Larvae

 
'wefe

 
'alse

 stattena-ry

at most  nights, whereas  they moved  about  at  some  nights,  which  suggested  the

behavioural regulation  by some  factors other  than  light, Water  ternperature and

rainfa11  were  unlikely  to concern  (see Fig. 3 and  Table 1).

   As  shown  in Fig. 6 A, the movement  distance per night averaged  fbr Iast four

days in the tracking period tended to be long in the larvae with  lower foregut con-

tents which  were  evaluated  at  the end  of  tracking. However,  this tendency  was

not  sigfibicant  (r=-O,09, P>O.05); the larvae were  often  stationary  in spite  of

     .

starvatlon.

    The  condition  factor of  larvae, live body weightl(head  capsule  width)S,  was

different among  individuals and  seasons  owing  to their life cyeles. In general, this

species  has a  2- or  3-year larval period. They moult  to the finat instar larvae in

autumn  and  grow in weight  to the next  early  summer  when  they leave the stream  to
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Fig. 6, Relationships between  the mean  distance moved  per night  and  the fullness of  fbregut

   (A), the  condition  factDr CB), or the  load of  transmitters  (C) in respective  radio-tagged

   larvae (n=20), See text fordetails.

pupate (YosHmA et al., 1985; HAyAsm  &  YosHiDA, 1987; HAyAsm,  1988). The
condition  factor was,  therefbre,  lower in September than  in April and  May  (Table
1). However, this factor was  unlikely  to atiect  the movement  distance per night

averaged  for last four days (r===O.03, P>O.05) (Fig, 6 B).

EL17leets ofradio-tcrgging on  larval behaviour.

    Although the ratio  ef  the transmitter weight  in water  to the larval live weight

(load) varied  firom 12%  to 41 %  (Table 1), no  tendency  was  obtained  between the
load and  the mean  mevernent  distance per night  excluding  the night  of  releasing  the
larvae (r-O.02, P>O.e5) (Fig. 6 C).

    According to the observation  in the aquarium,  the fiattened shape  of  the trans-

mitter  (Fig, 1) allowed  the larvae to enter  into a  space  under  the stone.  The tagging
to the back ･of pfothofax  also  allewed  to bend a  body, to walk,  and  to 'calpture and

handle the prey without  any  diMculties. In fact, the relationships  between the
handling time  and  the relative  prey size in two  radio-tagged  latvae were  similar  to
those in free larvae obtained  by HAyAsm  (1985) (Fig. 7). The load of  the trans-
mitter  in these larvae was  2t % and  22%,  respectiyely.

    Figure 8 shows  the fullness of  foregut evaluated  at the end  of  tracking. Large

variations  among  larvae were  observed  including a contrel  sample.  On  25 Septem-
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ber, the rnean  values were  not  different significantly between the radio-tagged  laryae
                                                            head
and  the controls  (MANN-WHiTNEy's U-test, U==19, P>O.05), The  larval

capsule  width  was  not  diffbrent between both groups; 6.67 mm  (SD=O.47, n=6)

and  633 mm  (SD=O.63, n=10),  respectiyely  (t== 1,14, O.2<P<O.3).

Discllssian

      One  important prQblem in the study  using  the radio-telemetry  is the effects of

   attached  instrurnents on  the behaviour of  anirna!s,  The effects  for aquatic  animals

   have been evaluated  in fishes (shad, trout, salmon,  bluegill, and  tuna) and  seabirds

   (penguin) (STAsKo &  PiNcocK, 1977; WiLsoN  et  at,, 1986). These animals  mu$t

   swim  in water  which  is a  much  mere  viscous  medium  than air,  and  some  effects

   were  noted  on  swimming  speed,  swimming  stamina,  and  buoyancy regulation.  In

   gn,:fa8}lke,e.ff,e,c,t%rn.,az,Be,,I?.:,y,yes.rgttga:,k",gsu.glh'3,eig,tzi.st,Ra,n,t
'

s,R.,gtt.'{fJ,d,w,fiiixg
   shown  in this paper, the foraging behaviour of  P. grandis larvae, which  dwell in the

   stream  bed and  walk  slowly,  was  unlikely  to be seriously  affected  by attachment

   of  our  transmitter,  because 1) the movement  distance per night  was  independent of

   the  weight  ratio  of  the transmitter to larval body rnass, 2) the fu11ness of  fbregut did

   not  differ significantly  between radio-tagged  larvae and  free-ranging ones,  and
 
3)

   the handling time did not  differ between radio-tagged  larvae amd  controls,

      The larvae of  P. grandis do not  make  a  retreat  with  pit like ant-lion  larvae or

   with  net  like caddisfiy  larvae. They rnereiy  hide under  stones  of  the stream  bed,

   which  suggests  that they are mobile  predators. The radio-tracking,  
however,

   revealed  that the larvae did not  walk  about  the stream  bed but stayed  for a  long tirne

   at the same  site in thei: natural  habitat, When  they moved,  they did only  at  night

   and  never  in the daytime. Even at night,  they moved  in only  26.1%  of  a                                                                total

   number  of nights  examined.

       The larvae reared  in the aquarium,  in which  they usuatly  turned  over  on  th¢ ir

' ' blrck as'shown  in Fig. I B, well- fed on-thepfey-gtven  undet  lightcQnditians.in.the

   daytime. Probably  in the  field, they  are  ambushing  fbr prey during  the daytime.

   At night, most  larvae also continue  to ambush.  But some  begin to search  fbr prey

   actively, which  may  lead them to move  out  of  the space  under  the stone  
where

 
they

   hide in the daytime. These larvae walked  slowly  (O,88 mlh  on  average)  and  seemed

   to seek  a  suitable feeding site as well  as to search  for prey, because they  never  re-

   sumed  the movements  at the same  night  ence  after  they ceased  moving.  The  mean

   dnration and  distance of  moyements  per night  were  only  3.2h and  2.6m, respectively.

       Several insects such  as the mantis  and  the  damselfly larvae have been known  to

    switch  their foraging mQdes  from arnbush  to active searoh  in response  to hunger

    ievel (e.g., INouE &  MATsuRA,  1983; HEADs, 1985). Even in the ant-lions, starved

    larvae relocate  their pits rnore  frequently than well fed ones  (HEINR{cH &  
HEirsRigH,

    1984; GRiFFiTHs, 1986), and  in the predaclous caddisfly, larvae abandon  net-spinning
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Fig. 7. Retationsbips bctween  the retative  prey size,  i.e,, the ratio  of  prey width  to the  head

   capsule  width  of  predators, and  the handling  time  for the  prey of  Perlidae <ctosed
   circles) and  for the prey of  Chironomidae and  Hydropsychidae (open circles), Circles
   indicate the data obtained  from radio-tagged  larvae, and  thc tines aire drawn from the  re-

   gression equatiens  obtained  from norrnal  larvae (the same  as in HAyAsEi,  1985). Water
   temperatures are  9.50C in both cases,

MerApr.n=4
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                        Fullness  of  feregut  (t)

Fig. 8. Frequency distributions of  the  fullness ef  foregut evaluated  for jndiv[dual laTyae at

   the end  of  three tracking occasions  <at the Motito River in Aprit, at the Anado  Fork  in

   May, and  at the  Anade  Fork  in September)  and  a  control sample  (at the  Anado  Fork

   on  25 September).
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sites and  wander  after  a  certain threshold time during which  no  prey has been

captured  (HILDREw &  TowNsEND,  1980; TOwNsET"D &  HILDREw, 19gO).
 
The

larvae of  P. grczndis partly showed  a similar  response;  the mean  
movement

 
distance

per 
nilig.h.t

 ::g:eg,:g 
b.e,l2"g,ig.tke,t,t-gta.e,,wil･kh

 ;;l,gr.iPEe.g."t,gP,g,t:2t;:F.i
'

gi g,."]i .w

{ gyiitxl.e: 
tb,e?},js.gr,2P,zbil{y,:ge::,g:,ha:h,

 X,2baiilK :f, g ,eg.:"L ;.h3,;igl,7'.lr,?':.h.g.i
WATERs, 1972; MULLER, 1974; TowNsEND  &  HiLDREw,  1976), In the riMe,.thus,

the ambush  mode  of foraging is successfu1  even  in starved  larvae. By staying  
at

the same  pesition, they can  also  save  the energy  expenditure  
by

 
movements.

    Larva{ movernents  might  be caused  by other  factors such  as physical suitability

of
 microhabitat  and  interference interactions by cornpetitors  or predators. It is

i,M.e9,S2LbSg,,a,t,g,rei.en,t,:Il,SX,,a,MiE"S,,`.h,eagi,ffe,[])'i,',b.".t,th,e,tlr,X::,gf,.JP,ug,:",Z",:
'S.a,r:.',X

                                                 shore.
moved  to a  oentral  part of  rienes  after  belng released  in the
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