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Egg and larval development times for 35 species of tropical
stream insects from Costa Rica
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Abstract. We examined total development times for 5 mayfly species, 2 stoneflies, 10 caddisflies,
and 18 chironomid midges collected from three streams that flow through tropical evergreen forest
in northwestern Costa Rica. Most eggs, larvae, and pupae were reared in the laboratory in a pho-
toperiod of 12:12 LD and at 20°C, which simulated field conditions. Algae, algal detritus, and leaves
were provided as food for all species; predators were also given various animal prey. All study
species had total development times that were rapid relative to the univoltine life histories observed
or assumed for many temperate species. Egg development times ranged from a few days to ap-
proximately a week for chironomids and from 10 to 38 days for mayflies, stoneflies, and caddisflies.
Most chironomids had short larval/pupal development times: development was completed in 19~
29 d by seven species, in 30-40 d by nine species, and in >50 d by two species. Relatively short
development times (including the pupal stage when present) were also observed for the mayfly
Acerpenna sp. (28 d) and the caddisflies Wormaldia sp. (45 d) and Oecetis nr. prolongata (52 d). Larval/
pupal development times were longer for the other four mayflies (76-159 d), two stoneflies (83-
167 d), and eight caddisflies (72-209 d). No evidence of egg or larval diapause was observed. The
combination of rapid development and absence of diapause suggests that all these species have
multivoltine life histories. This finding has important implications for temporal changes in the
structure and function of the aquatic insect assemblage in these streams.

Key words: aquatic insect, tropical, development time, growth rate, life history, Ephemeroptera,
Plecoptera, Trichoptera, Chironomidae, Costa Rica.

Total development time (i.e.,, the time be-
tween oviposition and adult emergence) re-
flects the rates at which eggs develop and hatch,
larvae feed and grow, and larvae/pupae meta-
morphose to adults. The time it takes to com-
plete development is a function of the com-
bined influences of environmental conditions
such as temperature, food availability, and pho-
toperiod, and genetically determined physio-
logical processes such as diapause and rates of
growth and development (Sweeney 1984). Many
temperate species have one-year life cycles (i.e.,
univoltine life cycles) with seasonal reproduc-
tive periods (e.g., Wiggins 1977, Clifford 1982,
Stewart and Stark 1988, Newbold et al. 1994).
In contrast, the general assumption has been
that tropical aquatic insects develop quickly (i.e.,
have multivoltine life cycles) and reproduce
throughout the year because of warmer water
temperature and low seasonality in biotic and
abiotic conditions (e.g., Oliver 1971, Bishop 1973,
Clifford et al. 1973). This assumption is sup-
ported by evidence for a limited number of spe-
cies from tropical locations (e.g., MacDonald

1956, Hynes and Williams 1962, Froehlich 1969,
Hynes 1975, Statzner 1976, Marchant 1982) and
from warm temperate locations (e.g., Gray 1981,
Hauer and Benke 1991, Benke et al. 1992).

The presence of insect species with multi-
voltine life cycles rather than univoltine life
cycles has important implications for the ecol-
ogy of tropical stream insects, and in turn, the
structure and function of tropical stream eco-
systems. For example, with comparable densi-
ties and biomass, a multivoltine species should
produce more individuals and have greater sec-
ondary production (Benke 1984), recover more
rapidly from natural or anthropogenic distur-
bance, and track or exploit temporally variable
resources more effectively compared with an
univoltine species (Mackay 1992). While there
is no reason to doubt that many tropical stream
insects are multivoltine, three questions remain
generally unanswered: (1) what are develop-
ment times of tropical stream insects (e.g., 25,
50, or 150 d), (2) how much do development
times of tropical stream insects vary among
tropical environments (e.g., warm and wet ver-
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TABLE 1, Location and time of collection of ovipositing females, and trophic relationships for larvae of
Costa Rican stream insects. Absence of a collection record at a site does not mean that the species does not
occur there. Trophic relationships were determined from observations of feeding in the laboratory.

R.
R. Tem-
Tem- pis- Q.
pis- quito Mari Collection Trophic

Taxon quito Sur  lin time*  relationships®
EPHEMEROPTERA
Acerpenna undescribed sp. Waltz X AM G
Leptohyphes undescribed sp. 1 Funk X AM G,SH
Leptohyphes unidescribed sp. 4 Funk X AM
Tricorythodes sp. X X AM G (SC)
Thraulodes undescribed sp. 1 Funk X PM SC
PLECOPTERA
Anacroneuria undescribed sp. CR13 Stark X AM P
Anacroneuria undescribed sp. CR5V2 Stark X P
TRICHOPTERA
Polyplectropus undescribed sp. 3 Holzenthal X PM
Wormaldia sp. X PM
Leptonema simulans simulans Mosely X F
Phylloicus elegans Hogue and Denning X SH, SC
Phylloicus ornatus (Banks)° X X SH, SC
Phylloicus undescribed sp. nr. ornatus Holzenthal? X PM SH, SC
Helicopsyche dampfi Ross X X AM, PM SC
Nectopsyche gemmoides Flint X PM
Oecetis undescribed sp. nr. prolongata Holzenthal X AM
Triplectides flintorum Holzenthal X X AM, PM SC, SH
CHIRONOMIDAE
Tanypodinae
Paramerina fasciata Sublette and Sasa X X X AM, PM P
Orthocladiinae
?Cricotopus undescribed sp. Cr-1 Epler X
Parametriocnemus undescribed sp. CR-1 Epler X X X PM G,SH
Parametriocnemus undescribed sp. CR-2 Epler X PM G, (SH)
Parametriocnemus undescribed sp. CR-3 Epler X X PM G,SH
Chironominae
Chironomus anonymus Williston X AM, PM G, SH, (SC)
Endotribelos grodhausi Sublette and Sasa X X PM G,SH
Endotribelos undescribed sp. CR-1 Epler X X PM G,SH
Polypedilum cf. corniger Sublette and Sasa X PM G,SH
Polypedilum epomis Sublette and Sasa X PM G,SH
Polypedilum microzoster Sublette and Sasa X X PM G, SH
Polypedilum obelos Sublette and Sasa X X PM G
Polypedilum undescribed sp. CR-1 Epler X X PM G,SH
Polypedilum undescribed sp. CR-3 Epler X PM G, SH
Stenochironomus leptopus (Kieffer) X PM
Stenochironomus cf. quadrinotatus Borkent X PM
Stenochironomus undescribed sp. CR-1 Epler X PM
Tanytarsus pandus Sublette and Sasa X AM G

@ AM = 0430-0630 h, PM = 1630-1830 h. Egg masses obtained from stream substrates were not given a
collection time.
b F = filterer, G = gatherer, P = predator, SC = scraper, SH = shredder (sensu Merritt and Cummins 1984).
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sus cool and wet or seasonally warm and wet),
and (3) are there mechanisms that induce or
maintain seasonality in the life history in sea-
sonal or “non-seasonal” tropical environments?
Answers to these questions are necessary if we
are to better understand the dynamics of trop-
ical stream insects and their role in tropical
stream ecosystems.

Several methods have been used to estimate
development times for stream insects. The most
common method requires sampling larvae (and
often adults) at regular intervals during a year.
Relative abundances of the various life stages
are used to infer when oviposition, egg dia-
pause, and egg hatching occur as well as tem-
poral patterns of larval growth, pupation (if
present), and adult emergence. This approach
has been useful in north temperate regions
where many species have univoltine life his-
tories with distinct periods during which eggs,
larvae, and adults are found. However, it is less
informative with populations that are not tight-
ly synchronized in their development or are
multivoltine with overlapping cohorts. Several
aquatic insects in temperate regions (e.g., many
chironomids), and presumably most species in
warmer regions of the world, exhibit such life
histories. In these cases, two alternative ap-
proaches have been (1) to estimate larval de-
velopment times from instantaneous growth
rates (e.g., Benke and Jacobi 1986, Hauer and
Benke 1991, Benke et al. 1992) or (2) to rear the
insects from egg to adult in the field or in the
laboratory under simulated field conditions (e.g.,
Dejoux 1971, Mackey 1977, Gray 1981, Sweeney
and Vannote 1984). We used the latter approach
to estimate egg and larval development times
for 35 species of aquatic insects from three trop-
ical mountain streams in Costa Rica. These data
were compared with field or laboratory obser-
vations for related species from tropical and
warm temperature locations, and for related
species with summer generations at temperate
locations.
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Methods

Field collection sites

All species examined (Table 1) were collected
from the Rio Tempisquito (10°57'25”N,
85°29'42"W, 590 m a.s.l.), Rio Tempisquito Sur
(10°57'10"N, 85°29'25"W, 580 m as.l.), and/or
Quebrada Marilin (10°57'04"N, 85°29'22"W, 600
m as.l.) near the Estacion Biologica Maritza,
Parque Nacionale Guanacaste, Costa Rica. These
streams are tributaries of the Rio Tempisque,
which flows west-southwest from the Cordil-
lera de Guanacaste to the Pacific Ocean. The R.
Tempisquito and R. Tempisquito Sur are me-
dium-sized streams (mean annual discharge =
0.30 and 0.42 m?®/s, respectively) with forest
canopies that are partially open (mean stream
width = 5.3 m for the R. Tempisquito, but is
not available for the R. Tempisquito Sur). Que-
brada Marilin is a small stream (mean annual
discharge = 0.018 m?®/s) and has a closed canopy
(mean stream width = 1.9 m). Upland vegeta-
tion adjacent to the collection sites is tropical
evergreen forest that is the transition between
lowland dry forest and higher elevation rain
forest. Leaves fall into the streams throughout
the year, with substantial increase during the
dry season (January through May when only
0.3 m or 12% of annual rainfall occurs) relative
to the wet season (June through December).
Water temperature averaged 21.4°C (annual
range = 20.0-23.0°C) in the R. Tempisquito,
21.3°C (annual range = 20.0-22.5°C) in the R.
Tempisquito Sur, and 21.6°C (range = 20.0-
23.0°C) in Q. Marilin. Daylength (sunrise to
sunset) at this latitude ranges from 11.5 h in
December to 12.75 h in June. More detailed de-
scriptions of these three streams can be found
in Newbold et al. (1995).

Rearing methods

Diel and seasonal variation in water temper-
ature and light are not great at our study sites.

—

Trophic relationships arranged in descending order of importance; classifications in parentheses are consid-
ered much less important than preceding classifications. Some species were not abundant enough to classify.
¢ Includes 359 adults reared from six egg masses collected at Quebrada Kathia, Estacion Maritza, Parque

Nationale Guanacaste, Costa Rica.

¢ Includes 181 adults reared from two egg masses collected at Rio Orosi, Estacién Patilla, Parque Nationale

Guanacaste, Costa Rica.
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In an effort to create conditions that were a
relatively close simulation of natural light and
temperature regimes, eggs and larvae were
reared in constant temperature (usually 20°C)
and light (photoperiod = 12:12 LD). This re-
duced the potential for differences between lab-
oratory and field observations resulting from
temperature or photoperiod.

Eggs.—Gravid females were collected by
sweeping over the surface of the stream with a
large insect net. Captured females were placed
in a glass jar (3.0 cm deep; 2.5 cm diameter)
filled with 10-20 mL of stream water. Females
laid their eggs in the water or on the wall of
the jar. Egg masses containing very young em-
bryos were also scraped from rocks or boulders
in or along the edge of the stream; development
times for these eggs were potentially underes-
timated because oviposition dates were not
known. Eggs were kept in constant (20 or 22 +
1°C) temperature water baths. Date of first hatch,
and in many cases median hatch, were noted.
Egg data were summarized with arithmetic
means and standard deviations when more than
one egg mass was collected for a species. If lar-
vae were needed for rearing, eggs were kept at
13 or 15°C to slow development and transported
to the Stroud Water Research Center in Penn-
sylvania, USA.

Immatures.—All immatures were reared at the

Stroud Center. Larvae of most mayfly, stonefly,

and caddisfly species were transferred to poly-
propylene trays (23 X 45 cm, 22 cm deep) filled
with water from White Clay Creek (Chester Co.,
Pennsylvania) and covered with mesh cloth.
With the exception of a few preliminary rear-
ings, offspring from only one female were placed
in a tray. Individual trays were started as closed
systems, with water temperature kept at 20 *
1°C by a heat exchange coil in each tray that
was connected to a large, temperature-regulat-
ed reservoir also filled with water from White
Clay Creek. The bottom of each tray was cov-
ered with sand and gravel. Once immatures were
large enough to be contained by a 500-um screen,
the coils were removed and water from the res-
ervoir flowed through the trays (0.1-1.0 L/min).
Additional current and aeration were supplied
by an air stone. Light was provided by fluores-
cent lights (80 W Vita-lite; Duro Test Co.) sus-
pended directly over trays.

In our early rearings, each tray was provided
with two plexiglass plates (138 cm?) that were
well colonized by algae (predominantly dia-
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toms; Sweeney and Vannote 1984) from White
Clay Creek and/or leaves (primarily sugar ma-
ple [Acer saccharum], red maple [Acer rubrum],
white oak [Quercus alba], and hickory [Carya ova-
ta, Carya ovalis]) that had been soaked in stream
water for at least a week. We soon discovered
that survivorship was greater for some species
when they were provided with more than one
type of food (e.g., presumed collector-gatherers
would also shred leaves; Table 1). Thereafter,
we started trays with algal plates, a mixture of
leaves, and algal detritus (algae scraped from
plates and frozen to kill algae and colonizing
invertebrates). Predaceous stoneflies were also
provided prey in the form of chironomid and
tipulid (Limonia) larvae, oligochaetes, Planari-
idae, and meiofauna (e.g., rotifers and ostra-
cods) that colonize algae-covered plexiglass
plates, while predaceous chironomids were giv-
en meiofauna and chironomids (Limnophyes). We
attempted to provide a non-limiting supply of
food.

Two species (the mayfly Thraulodes sp. 1 and
the caddisfly Leptonema simulans) were reared in
miniature laboratory streams made from cir-
cular plexiglass chambers (14.5 cm in diameter;
Mackay 1981). Each chamber contained gravel
for substrate and water from White Clay Creek;
water current was created by air bubbles. Cham-
bers were placed in constant temperature (20 +
1°C) water baths. Larvae were provided with
algae (growing on the container walls and sub-
strates) and daily additions of algal detritus.
Larger L. simulans were also given deal tipulid
(Limonia) larvae.

Chironomid larvae were reared in mesh-cov-
ered glass jars (2 L) containing sand and gravel
for substrate and filled with 1.2 L of White Clay
Creek water that was aerated slightly. Rearing
jars were kept in constant temperature (20 =+
1°C) water baths. Larvae were provided with
algae (growing on the container walls), algal
and fine leaf detritus, and a piece (~15 cm?) of
leaf. Algal detritus and leaves were added pe-

‘riodically in some jars as larvae consumed the

original food supply.

Rearing containers were checked daily for
adults. When an adult was found, the container
was examined carefully to obtain associated lar-
val or pupal exuviae for taxonomic associations.
Whole larvae (2-5 individuals) were also col-
lected from each container for taxonomic ref-
erences. Representative adults and associated
larval/pupal material were sent to taxonomic
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specialists for species identification or confir-
mation of the undescribed status of the species.
Voucher specimens are currently being curated
as part of the aquatic macroinvertebrate collec-
tion at the Stroud Water Research Center. Date
of emergence and sex were recorded for each
adult. Observations were pooled if adults were
available from more than one egg mass. Emer-
gence data were summarized as minimum, max-
imum, and median number of days from egg
hatch to emergence. Adults of more abundant
species were dried at 45°C for >48 h; mean male
and female dry masses were averaged to cal-
culate mean individual biomass for each spe-
cies.

Egg and larval development times for the
Costa Rican stream insects were compared with
available field or laboratory observations for re-
lated species from tropical and temperate lo-
cations. Egg and larval development times were
converted to degree days (DD = development
time in days X average water temperature [°C]
during development) for comparison of species
living in different thermal environments. This
approach assumes a low-temperature develop-
mental threshold of 0°C for all species and
therefore results in only rough estimates of de-
gree-day requirements (Giberson and Rosen-
berg 1992). Inaccurate comparisons using this
approach would result if temperature falls be-
low developmental thresholds in some studies
but not in others, or if developmental thresh-
olds differed dramatically among species. For-
tunately, errors in the degree-day comparisons
presented here are presumably not great be-
cause temperature was warm in the examples
cited and probably did not go below develop-
mental thresholds. In addition, developmental
thresholds for eggs of temperate species are of-
ten not more than a few degrees lower than
those of tropical species (Sweeney, unpublished
data). No data are currently available on de-
velopmental thresholds for larvae of tropical
stream insects.

Results and Discussion
Ephemeroptera
Baetidae: Acerpenna sp.

Egg hatching for Acerpenna sp. began ap-
proximately 17 d after oviposition, with a me-
dian egg development time of 23 d (460 DD;
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Table 2). Larvae were successfully reared on
an algal diet, completing larval development
rapidly. Minimum larval development time
was 26 d and median larval development time
was 28 d (560 DD). Acerpenna sp. appears to
be parthenogenic; all reared adults were fe-
male, females readily oviposited without mat-
ing, and 25.8-68.5% of the unfertilized eggs
hatched.

Baetid mayflies often have more rapid de-
velopment than other aquatic insects. For ex-
ample, multivoltinism is not unusual for Baetis
spp. in many temperate locations where other
mayflies are univoltine (Clifford 1982). This
life history results from rapid egg and larval
development. Egg development for several
baetid mayflies has been found to be much
faster than the 23 d observed for Acerpenna sp.
at 20°C. For example, egg development at 19-
22°C was completed in 1-2 d (22-44 DD; Gray
1981) and 6 d (138 DD; Gray 1989, personal
communication) for Fallceon (formerly Baetis)
quilleri; 9 d (180 DD) for Baetis rhodani (Elliott
1972); 11 d (220 DD) for Centroptilum (formerly
Cloeon) triangulifer (Sweeney and Vannote 1984);
and 12 d (228 DD) for Baetis soror (Suter and
Bishop 1990).

Larval development time for Acerpenna sp.
was comparable to or shorter than that of most
baetid species in warm environments; e.g., 18
d (495 DD) for Baetis spp. in a subtropical
stream in Georgia, USA (Benke et al. 1992);
18 d (459 DD) for Centroptilum in Ghana (Hynes
1975); 28 d (840 DD) for Cloeon fluviatile in
tropical Australia (Marchant 1982); 30 d for
Baetis and Centroptilum in Uganda (Hynes and
Williams 1962); 27 d (675 DD) for C. triangulifer
from Pennsylvania reared at 25°C (Sweeney
and Vannote 1984); and 45 d (900 DD) for C.
triangulifer reared at 20°C (Sweeney and Van-
note 1984). Development time for Acerpenna
sp. was also similar to the 26-d (520 DD) de-
velopment time predicted for Baetis spp. at
20°C using the temperature-dependent growth
model derived by Benke et al. (1992) with a
cohort P/B = 5 (Benke and Jacobi 1986). In
contrast, larval development times for Acer-
penna sp. and the other temperate or tropical
baetid species listed above are longer than
development times for F. quilleri from a So-
noran Desert stream (6-11d, 132-242 DD; Gray
1981) and from a prairie stream in Kansas,
USA (17 d, 391 DD at 23°C; Gray 1989, per-
sonal communication).
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TABLE 2. Egg and larval development times for Ephemeroptera (mayflies), Plecoptera (stoneflies), Tri-
choptera (caddisflies) and Chironomidae (aquatic midges) collected from streams in Costa Rica and reared in
the laboratory. Rearing temperature was 20°C except where indicated for eggs of Chironomidae. Development

times were rounded to the nearest day.

Median
days Range
Days to egg  daysegg Number Individual
Days to 1st median egg hatch  hatch to of adults  biomass
Taxon egg hatch® hatch® toadult  adult reared®  (mg, dry)
EPHEMEROPTERA
Acerpenna sp. 17 £3((7) 23+1(7) 28 26-34 86 (5) 0.47 (2)
Leptohyphes sp. 1 19 £ 5(64) 19 £ 1(5) 82 65-125 169 (12) 0.68 (41)
Leptohyphes sp. 4 29 + 4(2) NAs 76 70-98 19 (4) 0.22 (4)
Tricorythodes sp. 19 £ 3(16) 21 £ 1(5) 86 58-109 97 (7) 0.35 (59)
Thraulodes sp. 1 18+1(3) 19x1(3) 159 131-165 6 2.73 (3)
PLECOPTERA
Anacroneuria sp. CR13 38 + 4(2) NA 83 1 NA
Anacroneuria sp. CR5V2 264 NA 167 135-197 14 (2) 7.73 (11)
TRICHOPTERA
Polyplectropus sp. 3 12 12 96 89-106 4 0.60 (3)
Wormaldia sp. 11 12 45 1 NA
Leptonema simulans 24 NA 103 90-122 43) 17.89(4)
Phylloicus elegans 16 = 0(2¢ NA 72 66-87 47 (2) 5.32 (28)
Phylloicus ornatus 10£0(6) 11 x=0(5) 110 59-178 1404 (35) 4.26 (642)
Phylloicus nr. ornatus 10 NA 114 70-151 386 (5) 4.11 (190)
Helicopsyche dampfi 9+ 2(2) 9 +2(2) 77 55-141 208 (10) 0.35(81)
Nectopsyche gemmoides 23 NA 87 82-90 4 0.67 (3)
Oecetis nr. prolongata 10 10 52 50-54 3 0.51 (2)
Triplectides flintorum 13+£2@3) 14+1(2) 209 151-261 87 (7) 6.46 (68)
CHIRONOMIDAE
Tanypodinae
Paramerina fasciata 4+1(3)F 4=£0(2) 40 26-86 25 (3) 0.02 (2)
Orthocladinae
?Cricotopus sp. Cr-1 3¢ 3¢ 19 17-20 2
Parametriocnemus sp. CR-1 4 4 30 21-57 258 (11)  0.05(17)
Parametriocnemus sp. CR-2 9 98 24 22-33 32 0.05 (8)
Parametriocnemus sp. CR-3 4+0(4) 4+0@4) 36 21-73 551 (7) 0.04 (174)
Chironominae
Chironomus anonymus 312 312 50 28-64 195 (2) 0.60 (60)
Endotribelos grodhausi 2+1(@3) 3+1(3) 31 17-50 144 (3) 0.13 (48)
Endotribelos sp. CR-1 3¢ 4f 34 23-62 38 (3) 0.10 (16)
Polypedilum cf. corniger 5 5 26 20-37 70(2) 0.07 (21)
Polypedilum epomis 4 NA 22 18-33 90 (3) 0.08 (42)
Polypedilum microzoster 4f 4f 24 20-37 55 (2) 0.09 (17)
Polypedilum obelos 3 3 72 30-105 865 (3) 0.15 (287)
Polypedilum sp. CR-1 3+1(3)Y 3+£1@3) 26 19-58 839 (10)  0.05 (265)
Polypedilum sp. CR-3 9 9s 40 36-49 15 0.03 (3)
Stenochironomus leptopus 4f 4f 33 1 NA
Stenochironomus cf. quadrinotatus 9% 98 23 22-23 2 NA
Stenochironomus sp. CR-1 3 3 30 1 NA
Tanytarsus pandus 2f 2f 33 25-41 58 0.05(22)

*If more than one egg mass was examined, hatching data are summarized as ¥ + 1 SD and number in

parentheses represents number of egg masses.
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Leptohyphidae (formerly Tricorythidae): Lep-
tohyphes sp. 1, Leptohyphes sp. 4, Tricorythodes sp.

Adults of Leptohyphes sp. 1. and 4 and Tricor-
ythodes sp. were collected in morning swarms
that formed 0.5-4.0 m above riffle/run areas (Ta-
ble 1). Unlike some other leptohyphid mayflies
(Jackson 1988), spatial or temporal segregation
among species was not evident because males
and females of all three species were collected
simultaneously at one location. Leptohyphes sp.
1 was more common at the R. Tempisquito and
Leptohyphes sp. 4 was more common at Q. Mar-
ilin.

Egg hatching for Leptohyphes sp. 1 began after
19 d (380 DD) and was synchronized (Table 2).
Egg development took approximately 50% lon-
ger for Leptohyphes sp. 4 (29 d, 580 DD). Larvae
of Leptohyphes sp. 1 were successfully reared in
trays containing algae, algal detritus, and leaves
that the larvae skeletonized rapidly. No adults
were successfully reared from trays without
leaves. Median larval development time was 82
d (1640 DD) for Leptohyphes sp. 1 (Table 2). Lar-
val development for Leptohyphes sp. 4 took 76
d (1520 DD) when larvae were fed leaves, algae,
and algal detritus. Larvae of Leptohyphes sp. 4
also appeared to consume leaves, but we have
not determined if leaves are an essential part
of the larval diet.

Egg and larval development times for Tricor-
ythodes sp. were similar to those for Leptohyphes
sp. 1. Median egg development of Tricorythodes
sp. was 21 d (420 DD), and median larval de-
velopment time was 86 d (1720 DD; Table 2).
Unlike Leptohyphes sp. 1, larvae of Tricorythodes
sp. were successfully reared on algae as well as
algae supplemented with algal detritus and
leaves.

Egg development has not been examined ex-
tensively for leptohyphid mayflies. Egg devel-
opment times for the three Costa Rican lepto-
hyphids in our study were approximately half
as long as the development time observed for
Tricorythodes minutus from a constant tempera-
ture stream in Idaho (40 d, 840 DD; Newell and
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Minshall 1978). In contrast, the Costa Rican lep-
tohyphids had egg development times that were
much longer than those reported for Lepto-
hyphes packeri and Tricorythodes dimorphus from
a Sonoran Desert stream (1-2 d, 22-44 DD; Gray
1981).

Leptohyphid mayflies in our study had larval
development times that were 1.5-2X longer
than larval development times reported for T.
minutus (44 d in field and 48 d in laboratory, 836
and 960 DD, respectively; Newell 1976), for Tri-
corythodes atratus from the headwaters of the
Mississippi River (50 d, 1025 DD at mean tem-
perature = 20.5°C; Hall et al. 1980), and for Tri-
corythodes spp. from a subtropical river in Geor-
gia, USA (31 d, 853 DD; Benke and Jacobi 1986).
Moreover, the Costa Rican leptohyphids had
larval development times that were 5-9 x lon-
ger than those reported for L. packeri and T.
dimorphus (7-11 d, 176-242 DD; Gray 1981, Fish-
er and Gray 1983).

Leptophlebiidae: Thraulodes sp. 1.

Egg hatching for Thraulodes sp. 1 began 18 d
after oviposition, with a median egg develop-
ment time of 19 d (380 DD; Table 2). In the
laboratory streams, larvae were observed feed-
ing on algae and algal detritus, completing lar-
val development in 131-165 d (median larval
development time = 159 d, 3180 DD). Like Ac-
erpenna sp., Thraulodes sp. 1 appears to be par-
thenogenic; all adults from laboratory rearings
and field collections were female and 74.2-95.2%
of the unfertilized eggs hatched.

Development times from field or laboratory
rearings are not available for other tropical lep-
tophlebiids; however, Campbell (1994) used
larval size distribution to estimate total devel-
opment time (i.e., the combination of egg and
larval times) for three leptophlebiid species
(Jappa edmundsi, Jappa serrata, Jappa sp.) in a trop-
ical Australian river system. Total development
time for Thraulodes sp. 1 (178 d, 3560 DD) was

—

> If adults were reared from more than one egg mass, number in parentheses represents number of egg

masses.
¢ NA = data not available.

4 Egg mass was collected from stream substrates; exact date of oviposition is not known.

¢ Data for an undetermined species of Leptonema.
f Eggs reared at 22°C.
& Eggs reared at 15°C.
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similar to development time estimated for J.
serrata (130 d, 3500 DD), and longer than for J.
edmundsi (100 d, 2500 DD) and Jappa sp. (75-120
d, 2000-3000 DD).

Plecoptera

Perlidae: Anacroneuria sp. CR13, Anacroneutia sp.
CR5V2

We have successfully reared two of the 11
species of Anacroneuria currently known to oc-
cur in these streams (unpublished data). Egg
development time was 38 d (760 DD) for Ana-
croneuria sp. CR13 and at least 26 d (520 DD) for
Anacroneuria sp. CR5V2 (Table 2). Larval devel-
opment was completed in 83 d (1660 DD) for
Anacroneuria sp. CR13 and 135-197 d (median
larval development time = 167 d, 3340 DD) for
Anacroneuria sp. CR5V2.

Most stoneflies have either univoltine or se-
mivoltine life histories (Hynes 1976, Stewart
and Stark 1988). The relatively rapid develop-
ment time and absence of an egg or larval dia-
pause is strong evidence that Anacroneuria sp.
CR13 and Anacroneuria sp. CR5V2 are able to
complete two or more generations per year. To
our knowledge, our observations are the first
clear documentation of multivoltinism for a
stonefly. Bivoltinism has been considered for
some stoneflies based on laboratory growth
studies and/or the presence of overlapping co-
horts in the field (e.g., Froehlich 1969, Hynes
and Hynes 1975). For example, Froehlich (1969)
estimated that larval development time for the
detritivore Paragripopteryx anga (Griptoptery-
gidae) from a Brazilian stream was 150 d (2175
DD), which is longer than for Anacroneuria sp.
CR13 but shorter than for Anacroneuria sp. CR
5V2. Unfortunately, egg development was not
observed for P. anga. Rapid larval development
such as was observed for the stoneflies in our
study is known to occur in other stoneflies (e.g.,
approximately 120 d for Isoperla signata [Ernst
and Stewart 1985, see Stewart and Stark 1988
for further examples]); however, rapid larval
development in these other species is preceded
by a long egg diapause that results in a uni-
voltine life history.

Trichoptera
Polycentropodidae: Polyplectropus sp. 3

Median egg development for Polyplectropus
sp. 3 was 12 d (240 DD) and median larval /pupal

J. K. JACKSON AND B. W. SWEENEY

[Volume 14

development was 96 d (1920 DD; Table 2). De-
velopment times for Polyplectropus sp. 3 are
shorter than those estimated for the polycen-
tropodid Neureclipsis crepuscularis in the Savan-
nah River, Georgia, USA (120 d, 2700 DD at
22.5°C for egg, larval, and pupal development
combined; Cudney and Wallace 1980), but lon-
ger than those estimated for Pseudoneureclipsis
aculeata in a mountain stream in Zaire (total
development time as the combination of egg
and larval/pupal times was ~90 d, 1710 DD at
19°C; Statzner 1976, temperature from Béttger
1975), for Polycentropus halidus from a Sonoran
Desert stream (6-28 d [132-616 DD] and 40 d
[880 DD] for egg and larval/pupal develop-
ment, respectively; Gray 1981), and for Polycen-
tropus flavomaculatus from England (42 d, 588
DD at 14°C for larval development; Bass et al.
1982).

Philopotamidae: Wormaldia sp.

Median egg development for Wormaldia sp.
was 12 d (240 DD) and larval/pupal develop-
ment lasted 45 d (900 DD; Table 2). Total de-
velopment time for Wormaldia sp. (57 d, 1140
DD) was much shorter than that estimated by
Cudney and Wallace (1980) for a summer gen-
eration of the philopotamid Chimarra mosleyi (120
d, 2700 DD at 22.5°C) in the Savannah River,
Georgia, USA.

Hydropsychidae: Leptonema simulans simulans

Eggs of L. simulans are found on large, par-
tially submerged rocks in turbulent riffles. Fe-
males lay their eggs in contiguous rows forming
flat patches (~1 cm in diameter) on rock sur-
faces that are above the water surface and con-
tinuously wetted by water splashed from the
stream. Eggs from several females may be
grouped together forming larger patches in
some locations. In egg jars, females deposited
their eggs on the glass walls above the water
or on the plastic lid. Eggs began hatching 24 d
(480 DD) after oviposition, and larval capture
nets and gravel retreats were first visible after
30 d in laboratory streams. Larvae actively con-
sumed algal detritus as well as animals that col-
lected in the nets. Median larval/pupal devel-
opment time was 103 d (2060 DD). The pupal
stage lasted 21 d (range = 20-22 d, n = 4); thus,
larval development was 82 d (1640 DD).
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Egg and larval/pupal development times from
field or laboratory rearings are not available for
other tropical hydropsychids; however, Statz-
ner (1976) estimated total development time for
three hydropsychid species (Cheumatopsyche
boettgeri, Cheumatopsyche explicanda, Diplectro-
nella medialis) based on adult emergence from a
mountain stream in Zaire. Total development
time for L. simulans in our study (127 d, 2540
DD) was comparable to development times for
C. explicanda and D. medialis (~120 d, 2280 DD
at 19°C, temperature from Bottger 1975), but
longer than for C. boettgeri (~60 d, 1140 DD).
Similarly for temperate hydropsychids, total
development time for L. simulans was compa-
rable to development times for summer gen-
erations of Hydropsyche incommoda, Hydropsyche
rossi, and Cheumatopsyche passella (120 d, 2700
DD at 22.5°C; Cudney and Wallace 1980), but
longer than for Cheumatopsyche arizonensis from
a Sonoran Desert stream (50 d, 1100 DD; Gray
1981) and Cheumatopsyche campyla from the Mis-
sissippi River (51 d, 1377 DD at 27°C; Fremling
1960).

Calamoceratidae: Phylloicus elegans, Phylloicus
ornatus, Phylloicus nr. ornatus

Eggs of Phylloicus spp. were encased in ball-
shaped gelatinous matrices that were common-
ly found in pools attached to large rocks and
exposed soils just below the water surface. Egg
development was rapid for all three species (10-
16 d, 200-320 DD, Table 2). Our laboratory and
field observations confirm those by Wiggins
(1977, 1984) that leaves are the primary case-
building material for Phylloicus larvae, and an
important part of the larval diet (along with
algae). Leaf material incorporated into cases was
also consumed as the larvae grew and removed
the posterior ends of the cases (i.e., the older,
smaller portions). Median larval/pupal devel-
opment times were 72, 110, and 114 d (1440,
2200, and 2280 DD) for P. elegans, P. ornatus, and
P. nr. ornatus, respectively (Table 2). The pupal
stage lasted 14 d (range = 12-17 d, n = 15) for
P. ornatus and 15 d (range = 14-16 d, n = 4) for
P nr. ornatus. Using these estimates, larval de-
velopment was 96 d for P. ornatus and 99 d for
P. nr. ornatus, respectively.

Comparable data on egg and larval devel-
opment are available for the tropical calamo-
ceratid Anisocentropus kirramus from an Austra-
lian stream (Nolen and Pearson 1992). Egg
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development times for Phylloicus spp. were sim-
ilar or slightly longer than that observed for A.
kirramus (maximum of 10 d at 22-25°C), whereas
larval development times for Phylloicus spp. were
shorter than the several-month development
suggested for A. kirramus from field collections
(Nolen and Pearson 1992). Many other life his-
tory traits exhibited by A. kirramus (e.g., first-
instar behaviors, feeding, case building, contin-
uous emergence) are similar to those we have
observed for Phylloicus spp. in Costa Rica.

Helicopsychidae: Helicopsyche dampfi

Eggs of H. dampfi are encased in a ball-shaped
gelatinous matrix like those of Phylloicus spp.
However, egg masses of H. dampfi were much
smaller than those of Phylloicus spp. and gen-
erally are found singly or in small clusters be-
low the water surface on cobbles (partially or
completely submerged) in the shallow water
along riffle edges. Egg hatching for H. dampfi
began after 9 d (180 DD) and was synchronized
(Table 2). Larvae successfully completed devel-
opment on an algal diet, with adults emerging
55-141 d (median = 77 d, 1540 DD) after egg
hatching (Table 2). The pupal stage lasted 16 d
(n = 3); thus, larval development was 61 d (1220
DD). These development times are longer than
those reported for Helicopsyche mexicana in a So-
noran Desert stream (6 d [132 DD], 33 d [726
DD]J, 11 d [242 DD] for egg, larval, and pupal
stages, respectively; Gray 1981), but similar to
those reported for Helicopsyche borealis in a stream
in Oklahoma (16-17 d [320-340 DD] for egg
stage, 63-84 d [1260-1680 DD] for larval stages;
Vaughn 1985).

Leptoceridae: Nectopsyche gemmoides, Oecetis nr.
prolongata, Triplectides flintorum

Development times differed greatly among
the three leptocerid species that have been
reared (Table 2). Egg development for N. gem-
moides lasted 23 d (460 DD). Larval and pupal
development of N. gemmoides were difficult to
monitor because larvae burrowed in the gravel.
Adults emerged 82-90 d (median = 87 d, 1740
DD) after egg hatching (Table 2). Development
times for O. nr. prolongata were shorter than for
N. gemmoides: egg development lasted 10 d (200
DD) and larval/pupal development lasted 52 d
(1040 DD).
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Egg masses of T. flintorum were collected from
ovipositing females or from the damp under-
sides of logs lying across Q. Marilin, approxi-
mately 0.5 m above the water. Median egg de-
velopment was 14 d (260 DD; Table 2). Larvae
of Triplectides spp. are believed to be shredders
(Flint 1991); however, larvae of T. flintorum also
actively consume algae in the field and labo-
ratory, and early instars appear to feed exclu-
sively on algae in the laboratory. Late instars
feed on leaves and algae. Larval/pupal devel-
opment time for T. flintorum was the longest of
the aquatic insect species examined in this study
(range = 151-261 d, median = 209 d, 4180 DD;
Table 2). The pupal stage lasted 21 d (n = 1);
thus, larval development was approximately 188
d. The extended larval development may to some
degree reflect time spent locating and prepar-
ing new cases as larvae grew; the other caddis-
flies in our study simply added to their old cases
as they grew. When larvae of T. flintorum hollow
out twigs for new cases, they select well con-
ditioned twigs collected from a stream rather
than twigs soaked briefly in water.

Diptera

Chironomidae: one species of Tanypodinae,
four species of Orthocladiinae, 13 species of
Chironominae

Egg development ranged from 2 to 9 d for
the 18 chironomid species examined (Table 2).
Longer egg development times (9 d, 135 DD)
are for three species reared at 15°C whereas spe-
cies reared at 20-22°C completed egg develop-
ment in 2-5 d (44-100 DD). Egg development
time generally decreases as temperature in-
creases. For example, respective development
times for Chironomus anonymus and Polypedilum
sp. CR-1 were 6 and 7 d at 15°C (unpublished
data) versus 3 d at 22°C. Thus, egg development
times would presumably be 3-5 d at 20°C for
those species examined only at 15°C.

Adult chironomids began to emerge 17-36 d
after egg hatch (Table 2). Seven of the 18 species
examined had median larval/pupal develop-
ment times of <30 d (380-520 DD); nine species
had development times between 30 and 40 d
(600-800 DD); and two species had develop-
ment times >50 d (1000 and 1440 DD). Longer
development for C. anonymus to some degree
must reflect the large size of the species (Table
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2), but food limitation may have also contrib-
uted: it was difficult to keep food non-limiting
in the first rearing (164 adults were obtained
from a jar containing one egg mass). The large
number of Polypedilum obelos adults reared (>280
adults from each of three egg masses) suggests
the potential for food limitation contributing
to longer development for P. obelos, although
leaves and algal detritus were added frequently
to these rearing jars. We were able to monitor
the duration of the pupal stage for 12 species
(Paramerina fasciata = 1 d, Parametriocnemus sp.
CR-1 = 1 d, Parametriocnemus sp. CR-3 =1d, C.
anonymus = 2 d, Endotribelos sp. CR-1 = 1 d,
Endotribelos grodhausi = 2 d, Polypedilum cf. cor-
niger = 2 d; Polypedilum epomis = 2 d, Polypedilum
microzoster = 1 d, P. obelos = 1 d, Polypedilum sp.
CR-1 = 2 d, Polypedilum sp. CR-3 =2d; n = 1-
16 individuals for each species). Using these
estimates and assuming 2 d in the pupal stage
for the other chironomid species, median larval
development time was 17-71 d (340-1420 DD).

Chironomid egg development times are
known for a limited number of species from
tropical and temperate locations; most studies
estimate egg hatching within a few days to a
few weeks after oviposition, depending on the
species and the temperature (e.g., Dejoux 1971,
Nebeker 1973, Gray 1981, Menzie 1981, Ladle
et al. 1985). Estimates for the 18 species exam-
ined in this study are comparable to the more
rapid estimates in these studies as well as in
unpublished data that we have for other Costa
Rican chironomids (range = 3-24 d at 20°C) that
were not successfully reared to the adult stage.

Our estimates of larval development time for
Costa Rican chironomids are comparable to ob-
servations for other tropical chironomids (e.g.,
MacDonald 1956, Hynes and Williams 1962,
Syrjaméki 1965, Dejoux 1971, Hynes 1975,
MacLachlan and Cantrell 1980) as well as for
temperate chironomids in warm conditions. For
example, larval development times for sum-
mer/autumn generations for multivoltine spe-
cies in temperate locations have ranged from
several days (e.g., Mackey 1977, Gray 1981,
Menzie 1981, Stites and Benke 1989) to a few
to several weeks (e.g., Nebeker 1973, Mackey
1977, Gray 1981, Menzie 1981, Pinder 1983, La-
dle et al. 1985, Rempel and Harrison 1987, Stites
and Benke 1989, Berg and Hellenthal 1992). Two
temperature-dependent growth models have
been developed for chironomids at temperate
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locations (Huryn and Wallace 1986, Hauer and
Benke 1991). Using growth rates from these
models and a cohort P/B = 5 (Benke and Jacobi
1986), the Huryn and Wallace model predicts a
larval development time of 29 d at 20°C whereas
the Hauer and Benke model predicts a larval
development time of only 8 d. Several species
in our study had larval development times that
were similar to the Huryn and Wallace predic-
tion, but none were comparable to the Hauer
and Benke prediction. This difference between
models presumably reflects physiological dif-
ferences (e.g., different larval growth and de-
velopment rates, final size) between species ex-
amined by Hauer and Benke (1991) and Huryn
and Wallace (1986). Mackey (1977) observed the
same degree of variation among several chiron-
omid species from the River Thames. Because
chironomid richness can be high at a single
location on a Costa Rican stream (e.g., >150
species at our study reach in the R. Tempisquito,
Coffman et al. 1992, W. P. Coffman, University
of Pittsburg, personal communication), more
data were obviously needed before generali-
zations can be made about development times
for Costa Rican chironomids or the applicability
of growth models derived for temperate spe-
cies.

Factors affecting development ratesin R. Tempisquito
drainage

All aquatic insects reared from the R. Tem-
pisquito, R. Tempisquito Sur, and Q. Marilin
had development times that were fast relative
to the univoltine life histories commonly ob-
served or assumed for temperate species. Un-
doubtedly, rapid development reflects in part
the warm average temperature and absence of
thermal extremes that might limit growth (e.g.,
temperature below developmental thresholds).
However, it also reflects the absence of egg or
larval diapauses that can commonly prolong de-
velopment and maintain univoltinism in tem-
perate environments (Newbold et al. 1994). In
fact, none of the 85+ aquatic insect species that
we have examined have exhibited evidence of
egg diapause (Sweeney, unpublished data). Our
data support early suggestions that multivoltin-
ism will be a predominant life history for in-
sects in tropical streams (e.g., Oliver 1971, Bish-
op 1973, Clifford et al. 1973). The number of
generations completed annually should vary
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among species, depending on their develop-
ment times. Larval/pupal development times
are partially a function of adult size: it generally
takes more time to grow to a larger size (Fig.
1). Thus, small species such as Polypedilum sp.
CR-1 (adult biomass = 0.05 mg; total develop-
ment times = 29 d) should complete more gen-
erations per year than larger species such as
Phylloicus ornatus (adult biomass = 4.3 mg; total
development time = 121 d).

Unlike the 35 species examined here, there
is evidence of longer life histories for some in-
sects in these Costa Rican streams: the damselfly
Cora marina (Polythoridae) appears to be uni-
voltine (G. Pritchard, University of Calgary,
personal communication) and the mayfly Eu-
thyplocia hecuba (Polymitarcyidae) appears to be
semivoltine (Sweeney et al. 1995). Univoltinism
in C. marina may be the combined result of slow
larval growth and seasonal reproductive suc-
cess associated with wet-season spates. Three
factors contributing significantly to semivoltin-
ismin E. hecuba are: very long egg development
(55 d), slow larval growth, and an extraordi-
narily large adult size (maximum = 35 mg for
males and 135 mg for females). Seasonality in
adult emergence of E. hecuba suggests that some
environmental or physiological mechanisms
(e.g., a biological clock) are also influencing de-
velopment rate at some time during its life cy-
cle. The role of factors such as environmental
seasonality and physiological timing mecha-
nisms on the developmental rates of the 35 in-
sect species in our study remains to be exam-
ined.

Egg and larval development rates for many
of the Costa Rican species we examined were
comparable to or faster than temperate species
living in warm environments. However, there
were several cases where development times
for the Costa Rican species were slower than
those observed for their temperate relatives. The
most dramatic difference was that none of the
35 species examined had extraordinarily rapid
development times such as have been observed
for some mayflies and chironomids living in
the subtropical and desert regions of North
America (Gray 1981, Benke and Jacobi 1986,
Hauer and Benke 1991). For example, the egg
development time for baetid and leptohyphid
mayflies from Costa Rica was longer than the
time it took related species from a Sonoran Des-
ert stream to complete their entire life cycles
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FiG. 1. Simple linear regression evaluating the relationship between median larval (and pupal, if present)
development times and mean adult biomass (g, dry) for Ephemeroptera, Plecoptera, Trichoptera, and Diptera

from three Costa Rican streams (r> = 0.65, p < 0.001).

(Gray 1981). Similarly, larval development time
for baetid and leptohyphid mayflies was 2-9 x
longer for the Costa Rican species compared
with species in a Sonoran Desert stream or sub-
tropical stream in Georgia (Gray 1981, Fisher
and Gray 1983, Benke and Jacobi 1986). In some
cases, larval development times in our study
were also longer than larval development times
reported for north temperate relatives (e.g., Tri-
corythodes sp. 1 versus Tricorythodes minutus and
Tricorythodes atratus; Newell 1976, Hall et al.
1980). Some differences may be the result of the
variety of methods used, whereas others appear
to reflect significant taxonomic differences that
are presumably related to different evolution-
ary histories.

One explanation for the apparent discrep-
ancies might be that laboratory conditions in
our study in some way slowed development
(e.g., because temperature was inappropriate or
food inadequate). This view is actually the op-
posite of the commonly held belief that labo-
ratory rearing conditions are so ideal (i.e., with
optimal temperature and photoperiod and un-
limited food resources) that development times
observed in the laboratory may underestimate
field development times (e.g., Mackey 1977,
Ward and Cummins 1979). Because of the lim-
ited diel and seasonal variation characteristic of
our Costa Rican study sites, we believe that tem-
perature and photoperiod regimes in the lab-
oratory had little or no effect on development
time.

Food quality and quantity are known to affect
larval development times; low food quantity or
quality can increase development time and de-
crease adult size (Sweeney 1984). Obviously,
the food we provided was of temperate origin,
but a variety of unrelated temperate species have
found it acceptable (e.g., Sweeney and Vannote
1984, Vannote and Sweeney 1985, Sweeney et
al. 1986a, 1986b, Sweeney, unpublished data).
In addition, it was readily consumed by the
tropical species in our study, and laboratory-
reared adults were similar in size to field-col-
lected adults (personal observation). Other re-
searchers have also observed the rapid con-
sumption of temperate leaves by tropical
microorganisms and macroinvertebrates (e.g.,
Stout 1989). We found in preliminary rearings
that food preferences of some species differed
from those expected from published accounts
for related species. For example, leaves ap-
peared to be very important in the diets of sev-
eral species (e.g., Leptohyphes sp. 1, Chironomus
anonymus, Parametriocnemus sp. CR-1, Endotribe-
los grodhausi, Endotribelos sp. CR-1) that we ini-
tially assumed to be primarily fine-detritus
feeders. Conversely, species believed to be prin-
cipally detritivorous shredders (e.g., Triplectides
flintorum, Phylloicus elegans, Phylloicus ornatus,
Phylloicus nr. ornatus) eagerly consumed algae
when available. We attempted to ameliorate this
influence in subsequent rearings (representing
most of the adults reared) by providing an
abundant and diverse supply of food that was
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replenished frequently. Thus, with the possible
exceptions of Chironomus anonymus and Polype-
dilum obelos, we do not believe that food in-
creased the larval development times reported
here. Assuming that food was not a factor, the
extended larval development times such as were
exhibited by baetid and leptohyphid mayflies
from Costa Rica suggest that some species in
our study have higher thermal thresholds for
development (i.e., they accumulate degree days
more slowly) or greater thermal requirements
compared with some related species from more
northern areas.

Implications for population dynamics and ecosystem
function

Development times observed for the Costa
Rican species have important implications for
temporal and geographic variation in popula-
tion dynamics and ecosystem function. First,
development times should affect rates of change
in the structure of the insect assemblages in
these Costa Rican streams relative to temperate
streams. For example, our study suggests that
recovery rates following natural or anthropo-
genic disturbances (e.g., severe spates, stream
drying, pollution spills) should be slower in
these Costa Rican streams than in Sonoran Des-
ert streams (Fisher et al. 1982, Jackson and Fish-
er 1986, Grimm and Fisher 1989, Bouton et al.
1992), but faster than in cooler temperate streams
(e.g., Giller et al. 1991). Like the desert stream,
the presence of mature, non-diapausing eggs in
stream refugia and/or an “aerial reserve” of
adults (cf., Gray and Fisher 1981) virtually in-
sures that recovery of the insect assemblages in
these Costa Rican streams will begin immedi-
ately following these disturbances; however,
longer egg and larval development times should
lengthen recovery time in the Costa Rican
streams relative to Sonoran Desert streams. In
contrast, recovery rates in the Costa Rican
streams should be faster than in temperate
streams because temperate insect assemblages
are generally dominated by univoltine and bi-
voltine species that have delays inherent in their
life histories (e.g., seasonal reproduction, egg
or larval diapauses, temperature-limited growth
rates).

Second, the several-fold difference in devel-
opment times between chironomids and other
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insects in the Costa Rican streams suggests that
chironomids might be more prominent in the
early stages of recovery following disturbance.
In addition, the structure of the insect assem-
blage may change following disturbance as oth-
er species are able to complete life cycles. One
unknown factor. that may affect his recovery
process is the presence of eggs in refugia. If
eggs from all species are abundant following a
disturbance, then successional patterns may be
minimal. Thus, successional patterns may be
most evident in intermittent streams near R.
Tempisquito because viable eggs are presum-
ably rare when surface flow resumes at the be-
ginning of the wet season.

Third, the combination of taxonomic varia-
tion in growth rates, temporal variation in the
structure of the aquatic insect assemblage, and
seasonal differences in leaf input and algal
standing crop (J. D. Newbold, Stroud Water Re-
search Center, unpublished data) should result
in significant temporal variation in trophic
structure in these Costa Rican streams.

Finally, because of geographic variation in
development time and therefore growth rates,
estimates of secondary production in these Cos-
ta Rican streams will differ from estimates from
north temperate and warm temperate streams.
Assuming comparable densities and biomass,
aquatic insect secondary production should be
greater than estimates for many north temper-
ate streams (see review by Benke 1993), but less
than the extremely high estimates from desert
and subtropical regions of North America (Fish-
er and Gray 1983, Benke et al. 1984, Jackson and
Fisher 1986). Preliminary observations suggest
that aquatic insect densities and biomass are not
exceptionally high in these Costa Rican streams,
and therefore would not contribute to unusu-
ally high production.

The accuracy and general applicability of these
predictions depends on how representative our
results are to other tropical streams and how
representative the limited studies of the desert
and subtropical streams are to other warm tem-
perate streams. The above discussion compar-
ing available data for the individual species il-
lustrates the obvious need for more data on
stream insects from warm temperate as well as
a variety of tropical locations (e.g., warm versus
cool or wet versus dry) before these predictions
can be assessed and possibly modified (Jackson
and Sweeney 1995).



128

Acknowledgements

We would especially like to thank Sally Peir-
son and David I. Rebuck for their diligence in
monitoring egg and larval development, re-
spectively. We also appreciate the additional
assistance that P. Bosak, D. H. Funk, R. M. We-
ber, and L. Fiireder provided at various times
during the study. R. J. Blahnik, J. H. Epler, O.
S. Flint, D. H. Funk, R. W. Holzenthal, B. P.
Stark, and R. D. Waltz kindly confirmed iden-
tifications and gave preliminary names for un-
described species. This work was supported by
the National Science Foundation (BSR-9007845),
the Stroud Foundation, the Pennswood No. 2
Research Endowment, and the Francis Boyer
Research Endowment.

Literature Cited

Bass, J. A. B.,, M. LADLE, AND J. S. WELTON. 1982.
Larval development and production by the net-
spinning caddis, Polycentropus flavomaculatus (Pic-
tet) (Trichoptera), in a recirculating stream chan-
nel. Aquatic Insects 4:137-151.

BENKE, A. C. 1984. Secondary production of aquatic
insects. Pages 289-322 in V. H. Resh and D. M.
Rosenberg (editors). The ecology of aquatic in-
sects. Praeger, New York.

BENKE, A. C. 1993. Concepts and patterns of inver-
tebrate production in running waters. Verhan-
dlungen der Internationalen Vereinigung fiir
Theoretische und Angewandte Limnologie 25:
15-38.

BENKE, A. C., F. R. HAUER, D. L. StITES, J. L. MEYER,
AND R. T. EDWARDS. 1992. Growth of snag-
dwelling mayflies in a blackwater river: the in-
fluence of temperature and food. Archiv fiir Hy-
drobiologie 125:63-81.

BENKE, A. C., AND D. I. JacoBr. 1986. Growth rates
of mayflies in a subtropical river and their im-
plications for secondary production. Journal of
the North American Benthological Society 5:107-
114.

BENKE, A. C., T. C. VAN ARsDALL, D. M. GILLESPIE, AND
F. K. PARRISH. 1984. Invertebrate productivity
in a subtropical blackwater river: the importance
of habitat and life history. Ecological Mono-
graphs 54:25-63.

BERG, M. B., AND R. A. HELLENTHAL. 1992. Life his-
tories and growth of lotic chironomids (Diptera:
Chironomidae). Annals of the Entomological So-
ciety of America 85:578-589.

BisHop, J. E. 1973. Limnology of a small Malayan
river, Sungai Gombak. W. Junk, The Hague.

BOTTGER, K. 1975. Produktionsbiologische Studien

J. K. JACKSON AND B. W. SWEENEY

[Volume 14

an dem zentralafrikanischen Bergbach Kalengo.
Archiv fiir Hydrobiologie 75:1-31.

BouLTON, A. J., C. G. PETERSON, N. B. GRIMM, AND S.
G. FisHER. 1992. Stability of an aquatic macro-
invertebrate community in a multiyear hydro-
logic disturbance regime. Ecology 73:2192-2207.

CaMpBELL, I. C. 1994. The life histories of three trop-
ical species of Jappa Harker (Ephemeroptera:Lep-
tophlebiidae) in the Mitchell River System,
Queensland, Australia. In L. D. Corkum and J. J.
H. Ciborowski (editors). Current directions in re-
search on Ephemeroptera: Proceedings of the VII
International Conference on Ephemeroptera.
Canada Scholars’ Press Inc., Toronto (in press).

CuirForD, H. F. 1982. Life cycles of mayflies (Ephem-
eroptera), with special reference to voltinism.
Quaestiones Entomologicae 18:15-90.

CuirrorD, H. F., M. R. ROBERTSON, AND K. A. ZELT.
1973. Life cycle patterns of mayflies (Ephemer-
optera) from some streams of Alberta, Canada.
Pages 122-131 in W. L. Peters and J. G. Peters
(editors). Proceedings of the First International
Conference on Ephemeroptera. E. J. Brill, Leiden.

CorrMaN, W. P., C. DE LA RosA, K. W. CUMMINS, AND
M. A. WILZBACH. 1992. Species richness in some
Neotropical (Costa Rica) and Afrotropical (West
Africa) lotic communities of Chironomidae (Dip-
tera). Netherlands Journal of Aquatic Ecology 26:
229-237.

CUDNEY, M. D., AND J. B. WALLACE. 1980. Life cycles,
microdistribution and production dynamics of six
species of net-spinning caddisflies in a large
southeastern (U.S.A.) river. Holarctic Ecology
3:169-182.

Dgjoux, C. 1971. Recherches sur le cycle de dével-
oppement de Chironomus pulcher (Diptera:Chiro-
nomidae). Canadian Entomologist 103:465-470.

ELuoTT, J. M. 1972. Effect of temperature on the time
of hatching in Baetis rhodani (Ephemeroptera:Bae-
tidae). Oecologia 9:47-51.

ERNST, M. R., AND K. W. STEWART. 1985. Growth and
drift of nine stonefly species (Plecoptera) in an
Oklahoma Ozark foothills stream, and confor-
mation to regression models. Annals of the En-
tomological Society of America 78:635-646.

FISHER, S. G., AND L. J. GRAY. 1983. Secondary pro-
duction and organic matter processing by collec-
tor macroinvertebrates in a desert stream. Ecol-
ogy 64:1217-1224.

FISHER, S. G., L. J. GrRAY, N. B. GRIMM, AND D. E. BuscH.
1982. Temporal succession in a desert stream
ecosystem following flash flooding. Ecological
Monographs 52:93-110.

FLINT, O. S. 1991. Studies of Neotropical caddisflies,
XLV: the taxonomy, phenology, and faunistics of
the Trichoptera of Antioquia, Colombia. Smith-
sonian Contributions to Zoology 520:1-113.

FREMLING, C. R. 1960. Biology and possible control



1995]

of nuisance caddisflies of the upper Mississippi
River. Iowa Agricultural Experiment Station Re-
search Bulletin 483:856-879.

FrOEHLICH, C. G. 1969. Studies on Brazilian Plecop-
tera. 1. Some Gripopterygidae from the biological
station at Paranapiacaba, State of Sao Paulo. Bei-
trige zur Neotropischen Fauna 6:17-39.

GIBERSON, D. J., AND D. M. ROSENBERG. 1992. Effects
of temperature, food quantity, and nymphal rear-
ing density on life-history traits of a northern
population of Hexagenia (Ephemeroptera:Ephem-
eridae). Journal of the North American Benthol-
ogical Society 11:181-193.

GILLER, P. S., N. SANGPRADUB, AND H. TWOMEY. 1991.
Catastrophic flooding and macroinvertebrate
community structure. Verhandlungen der Inter-
nationalen Vereinigung fiir Theoretische und
Angewandte Limnologie 24:1724-1729.

GRAY, L. J. 1981. Species composition and life his-
tories of aquatic insects in a lowland Sonoran
Desert stream. American Midland Naturalist 106:
229-242.

GRAY, L. J. 1989. Emergence production and export
of aquatic insects from a tallgrass prairie stream.
Southwestern Naturalist 34:313-318.

GRrAY, L. J., AND S. G. FisHER. 1981. Postflood reco-
lonization pathways of macroinvertebrates in a
lowland Sonoran Desert stream. American Mid-
land Naturalist 106:249-257.

GriMM, N. B, AND S. G. FisHER. 1989. Stability of
periphyton and macroinvertebrates to distur-
bance by flash floods in a desert stream. Journal
of the North American Benthological Society
8:293-307.

HaLL, R.J., T. F. WATERS, AND E. F. Cook. 1980. The
role of drift dispersal in production ecology of a
stream mayfly. Ecology 61:37-43.

HAUER, R. F,, AND A. C. BENKE. 1991. Rapid growth
of snag-dwelling chironomids in a blackwater
river: the influence of temperature and dis-
charge. Journal of the North American Benthol-
ogical Society 10:154-164.

Huryn, A. D., and J. B. Wallace. 1986. A method for
obtaining in situ growth rates of larval Chiro-
nomidae (Diptera) and its application to studies
of secondary production. Limnology and Ocean-
ography 31:216-222.

Hynes, H. B.N. 1976. Biology of Plecoptera. Annual
Review of Entomology 21:135-153.

HyNes, H. B. N., AND M. E. HynNgs. 1975. The life
histories of many of the stoneflies of southeastern
mainland Australia. Australian Journal of Marine
and Freshwater Research 26:113-153.

HyNES, H.B.N., AND T. R. WILLIAMS. 1962. The effect
of DDT on the fauna of a Central African stream.
Annals of Tropical Medicine and Parasitology 56:
78-91.

HyNEs, J. D. 1975. Annual cycles of macro-inverte-

DEVELOPMENT TIMES FOR TROPICAL STREAM INSECTS

129

brates of a river in southern Ghana. Freshwater
Biology 5:71-83.

JacksoN, J. K. 1988. Diel emergence, swarming and
longevity of selected adult aquatic insects from
aSonoran Desert stream. American Midland Nat-
uralist 119:344-352.

JAacksoN, J. K., AND S. G. FisHER. 1986. Secondary
production, emergence, and export of aquatic in-
sects of a Sonoran Desert stream. Ecology 67:629~
638.

JACksON, J. K., AND B. W. SWEENEY. 1995. Present
status and future directions of tropical stream
research. Journal of the North American Ben-
thological Society 14:5-11.

LADLE, M., D. A. COOLING, J. S. WELTON, AND J. A. B.
Bass. 1985. Studies on Chironomidae in exper-
imental recirculating stream systems. II. The
growth, development and production of a spring
generation of Orthocladius (Euorthocladius) calvus
Pinder. Freshwater Biology 15:243-255.

MacDoNALD, W. W. 1956. Observations of the bi-
ology of chaoborids and chironomids in Lake
Victoria and on the feeding habits of the ‘ele-
phant-snout fish’ (Mormyrus kannume Forsk.).
Journal of Animal Ecology 25:36-53.

MaAckay, R.J. 1981. A miniature laboratory stream
powered by air bubbles. Hydrobiologia 83:383-
385.

Mackay, R.J. 1992. Colonization by lotic macroin-
vertebrates: a review of processes and patterns.
Canadian Journal of Fisheries and Aquatic Sci-
ences 49:617-628. ,

MACKEY, A. P. 1977. Growth and development of
larval Chironomidae. Oikos 28:270-275.

MARCHANT, R. 1982. Life spans of two species of
tropical mayfly nymph (Ephemeroptera) from
Magela Creek, Northern Territory. Australian
Journal of Marine and Freshwater Research 33:
173-179.

MCLACHLAN, A. J., AND M. A. CANTRELL. 1980. Sur-
vival strategies in tropical rain pools. Oecologia
47:344-351.

MEeNzig, C. A. 1981. Production ecology of Cricotopus
sylvestris (Fabricius) (Diptera:Chironomidae) in a
shallow estuarine cove. Limnology and Ocean-
ography 26:467-481.

MERRITT, R. W., AND K. W. CUMMINS (editors). 1984.
An introduction to the aquatic insects of North
America. 2nd edition. Kendal/Hunt, Dubuque,
Iowa.

NEBEKER, A. V. 1973. Temperature requirements and
life cycle of the midge Tanytarsus dissimilis (Dip-
tera:Chironomidae). Journal of the Kansas En-
tomological Society 46:160-165.

NEwsoOLD, J. D., B. W. SWEENEY, AND R. L. VANNOTE.
1994. A model for seasonal synchrony in stream
mayflies. Journal of the North American Ben-
thological Society 13:3-18.



130

NEwBOLD, J. D., B. W. SWEENEY, J. K. JACKSON, AND L.
A.KAPLAN. 1995. Concentrations and export of
solutes from six mountain streams in northwest-
ern Costa Rica. Journal of the North American
Benthological Society 14:21-37.

NEweLL, R. L. 1976. The effect of temperature on
growth and development of the mayfly Tricory-
thodes minutus Traver. Ph.D. Thesis, Idaho State
University, Pocatello.

NEweLL, R. L., AND G. W. MINSHALL. 1978. Effect of
temperature on the hatching time of Tricorythodes
minutus (Ephemeroptera:Tricorythidae). Journal
of the Kansas Entomological Society 51:504-506.

NOLEN, J. A, AND R. G. PEARSON. 1992. Life history
studies of Anisocentropus kirramus Neboiss (Tri-
choptera:Calamoceratidae) in a tropical Austra-
lian rainforest stream. Aquatic Insects 14:213-221.

OLIVER, D. R. 1971. Life history of the Chironomi-
dae. Annual Review of Entomology 16:211-230.

PINDER, L. C. V. 1983. Observations on the life-cycles
of some Chironomidae in southern England.
Memoirs of the American Entomological Society
34:249-265.

REMPEL, R. S., AND A. D. HARRISON. 1987. Structural
and functional composition of the community of
Chironomidae (Diptera) in a Canadian Shield
stream. Canadian Journal of Zoology 65:2545-
2554.

STATZNER, B. 1976. Die Kocherfliegen-Emergenz
(Trichoptera, Insecta) aus dem zentralafrikan-
ischen Bergbach Kalengo. Archiv fiir Hydro-
biologie 78:102-137.

StiTES, D. L., AND A. C. BENKE. 1989. Rapid growth
rates of chironomids in three habitats of a sub-
tropical blackwater river and their implications
for P : B ratios. Limnology and Oceanography 34:
1278-1289.

STEWART, K. W., AND B. P. STARK. 1988. Nymphs of
North American stonefly genera. Thomas Say
Foundation Volume 12, Entomological Society of
America.

Stout, R. J. 1989. Effects of condensed tannins on
leaf processing in mid-latitude and tropical
streams: a theoretical approach. Canadian Journal
of Fisheries and Aquatic Sciences 46:1097-1106.

SUTER, P. J., AND J. E. BisHOP. 1990. Post-oviposition
development of eggs of South Australian may-
flies. Pages 85-94 in I. C. Campbell (editor). May-
flies and stoneflies: life histories and biology.
Kluwer Academic, Dordrecht, The Netherlands.

SWEENEY, B. W. 1984. Factorsinfluencing life-history

J. K. JACKSON AND B. W. SWEENEY

[Volume 14

patterns of aquatic insects. Pages 56-100 in V. H.
Resh and D. M. Rosenberg (editors). The ecology
of aquatic insects. Praeger, New York.

SWEENEY, B. W., J. K. JACKSON, AND D. H. FUNK. 1995.
Semivoltinism, seasonal emergence, and adult size
variation in a tropical stream mayfly (Euthyplocia
hecuba). Journal of the North American Benthol-
ogical Society 14:131-148.

SWEENEY, B. W, AND R. L. VANNOTE. 1984. Influence
of food quality and temperature on life history
characteristics of the parthenogenetic mayfly,
Cloeon triangulifer. Freshwater Biology 14:621-630.

SWEENEY, B. W., R. L. VANNOTE, AND P. J. DoDDs. 1986a.
Effects of temperature and food quality on growth
and development of a mayfly, Leptophlebia inter-
media. Canadian Journal of Fisheries and Aquatic
Sciences 43:12-18.

SWEENEY, B. W., R. L. VANNOTE, AND P. ]. DobDs. 1986b.
The relative importance of temperature and diet
to larval development and adult size of the win-
ter stonefly, Soyedina carolinensis (Plecoptera:
Nemouridae). Freshwater Biology 16:39-48.

SYRJAMAKI, J. 1965. Laboratory studies on the swarm-
ing behaviour of Chironomus strenzkei Fittkau in
litt. (Dipt., Chironomidae). Annales Zoologici
Fennici 2:145-152.

VANNOTE, R. L., AND B. W. SwEENEY. 1985. Larval
feeding and growth rate of the stream cranefly
Tipula abdominalis in gradients of temperature and
nutrition. Proceedings of the Academy of Natural
Sciences of Philadelphia 137:119-128.

VAUGHN, C. C. 1985. Life history of Helicopsyche bo-
realis (Hagen) (Trichoptera:Helicopsychidae) in
Oklahoma. American Midland Naturalist 113:76~
83.

WARD, G. M., AND K. W. CUMMINS. 1979. Effects of
food quality on growth of a stream detritivore,
Paratendipes albimanus (Meigen) (Diptera:Chiro-
nomidae). Ecology 60:57-64.

WiGGINs, G. B. 1977. Larvae of the North American
caddisfly genera (Trichoptera). University of To-
ronto Press, Toronto.

WIGGINS, G. B. 1984. Trichoptera. Pages 271-311 in
R. W. Merritt and K. W. Cummins (editors). An
introduction to the aquatic insects of North
America. 2nd edition. Kendall/Hunt, Dubuque,
Iowa.

Received: 8 March 1994
Accepted: 10 December 1994





