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histories of these animals. In this study, | used blacky
larvae (Diptera: Simuliidae) as a model animal to
examine the e ects of variations in food supply and
current velocity on its feeding apparatus. Blacky larvae
are suspension feeders with a cosmopolitan distribution
in streams and rivers (Crosskey987. They use a pair of
labral fans consisting of rays to capture food particles
from the water column. Species living in habitats with
fast currents are typically equipped with small fans,
while those living in slow "ow have large fans (Currie
and Craig 1987 Zhang and Malmgqvist 1996. Within
species, the larvae also show phenotypic plasticity of fan
traits in response to the change in dierent current
velocities (Zhang and Malmqvist1997), which, in turn,

a ects their feeding rates (Zhang2000. In slow currents,
larvae develop large labral fans to enhance the food
particle capture rate because drag and thus the perfor-

mance costs of feeding increase slowly with increasing

fan area. By contrast, the balance of fan size and drag
forces is critical for larvae in fast currents (Lacoursies
and Craig 1993. At high velocities, reduced size of la-
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Fig. 1 A graphical illustration demonstrating the relationship
between current velocity, food, fan traits and growth of blacky
larvae. Predictions from the illustration: (1) fan area and ray
numbers increase with decrease in current velocity and food
concentration, (2) growth increases with food and velocity increases

bral fans sharply decreases the costs of resisting the drag

(Zhang 2000. Due to the relatively high delivery rate of
food in fast currents, su cient food can be acquired with
a smaller fan area. In black’y larvae, a number of
studies have examined e ects of either current velocity
or food condition or both on the distribution (Cibo-
rowski and Craig 1989 and feeding behavior (Chance
and Craig 1986 Schréder 1987 Hart et al. 1992, Finelli
et al. 2002. Also the e ects of seston load on ray
number have been studied (Lucas and Hunted999.
However, the impacts of current velocity and food on
the plasticity of fan structure are yet to be studied
simultaneously. Thus it is not known whether current
velocity or food supply is the primary stimulus for the
phenotypic plasticity of fan structure.

This study aimed to examine the hypothesis that fan
morphological plasticity of blacky larvae could arise as
the result of interaction of the feeding structure and the
surrounding habitat, i.e. food availability and current
velocity, and such fan phenotypic changes would in"u-
ence larval growth rate. A graphical demonstration of
the relationships between fan traits, current velocity,
food supply, and growth of blacky larvae is given in
Fig. 1. Generally, when food supply and current velocity

slowly and the larval development period will be
extended. (4) When current is slow but food availability
is high, larvae will develop large fans and grow fast with
a relatively short development period.

Materials and methods

I conducted an experiment to rear Simulium noelleri
Friederichs larvae in arti“cial stream "umes in the lab-
oratory under two di erent food concentrations and two
current velocities. S. noelleriis a common species often
found in abundance at lake outlets in Sweden, Finland
and Great Britian (Wotton 1987 Adler et al. 1998.
Eggs of S. noelleriwere collected on the same day in
June from the upstream section (average current velocity
22 cms?t) of a lake-outlet stream near Norrmjde
(63 40N 20 19€) in northern Sweden. The substrate of
the lake-outlet stream consisted of boulders and cobbles
with some pebbles and gravel. The sampling section of
the stream was 1.5...2.0 m wide, and the water depth in
the channel was about 10...20 cm. The current velocities
of the stream varied from 10 to 60 cm s* during the

increase, fan area and ray number decrease but not be-experimental period. The density ofS. noelleri larvae

low the optimum threshold for feeding, and larval

and pupae at the upstream section was-@0° ind. m—2

growth increases. This graphical model generates four(Wotton et al. 1998. S. noelleriadults laid eggs in bat-

testable predictions. (1) In high food concentration and
a rapid current velocity, black”y larvae will develop
small labral fans, grow fast and minimize development
time in the larval stage. (2) In low food concentration
and slow current, larvae will develop large fans and so
capture more food particles. However, since overall re-
source availability is low, the larval growth will be lower
and development time will be relatively long. (3) When

ches within aggregations, with many "ies ovipositing at
a single site. The egg number per batch varied from 200
to 300. Each egg batch was reared in a separate indi-
vidual Petri dish in the laboratory at 21 C. With plastic
pipettes and without injuring these tiny larvae, | picked
newly hatched “rst-instar larvae (body length ca. 1 mm).
This picking method was used in all experiments.
Approximately, more than 90% larvae hatched from

food level is low and current velocity is high, larvae will each egg batch. Experiments were carried out in 12 re-
have limited scope to develop large fans due to hydro- circulating stream "umes (72 cm long, 21 cm high and
dynamic constraints. Accordingly, larvae will grow 10 cm wide) with an inner 12 cm9.2 cm cross-sectional
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area of the rearing section, following the design of La- quently two-way ANOVA was applied to examine the
coursig¢ge and Craig (1990. The eects of current e ects of each factor on fan area, ray number and body
velocity and food concentration on labral fan metrics length. The Bonferroni correction was used to set sta-
were investigated in a randomized 22 full factorial tistical signi“‘cance at 0=0.025. Treatment e ects on
complete block design with two levels for each treatment food "ux through fans and the growth rate of black”y
and three replicates for each cell. The two levels oflarvae were examined by Model Il ANOVAs, with
mainstream current velocity were eefast "owee (velocity current velocity and food concentration as the main ef-
32cms?), and esslow “owee (8 cm s?), measured fects, using mean values in each "ume. All raw data were
1.2 cm above the bottom of the "ume using a velocity log-transformed to stabilize variance and meet the
meter (WP-Flowtherm, Hontzsch Instruments). Baking assumptions of normality and homogeneity of variance
yeast was used as food (Hart et al199]) at two con- needed for ANOVA and MANCOVA.
centrations: low food (2 mg DW [|=%) and high food
(20 mg DW [7%). The natural particle concentration in
the stream during the study period (6.0 mg DW T%) Results
exceeded the lower level. | did not measure the particle
sizes, but they typically were dominated by small parti- Phenotypic plasticity in fan traits
cles (<4 um) (Zhang et al. 1998. At the start of the
experiment, 150 “rst-instar larvae from the same batch As predicted the two main factors exhibited highly sig-
were transferred to static water in the central channel of ni“cant overall e ects on fan traits (Table 1A). The two-
each "ume, which contained 8 | of aged tap water. After way MANCOVA interaction term between velocity and
the larvae had settled the engine of the "ume was startedfood was signi“cant because of the dierence of the
and velocities slowly increased to 32 or 8 cm's. Since slopes, in which fan area increased with food reduction
“rst-instar simuliid larvae had high drift rates (Fonseca in fast current and decreased in slow current (Fig2). In
1999) and high mortality (Cummins1987), and were too univariate ANCOVAs, both current velocity and food
small to be seen in the "umes, realistic starting densitiessigni“cantly a ected fan area and the interaction term
could not be established. Flume water was changed dailywas signi“cant. Current velocity had stronger e ects of
by simultaneously adding and siphoning 8 | of aged tap fan area than food concentration (Table1B). Surpris-
water. Pre-dissolved yeast suspension was added afteingly, the ray number was not signi“cantly in"uenced by
each change of water, and the temperature was kept atvelocity, but was only a ected by food concentration,
21+1 C. When most larvae in a particular "ume had and the interaction term was not signi“cant (Table1B).
reached their “nal-instar, identi“ed by pupal gill buds, When reared in slow current compared to fast current
the experiment was terminated and all larvae were re-conditions, S. noellerilarvae developed larger labral fans
moved and stored in Carnoyes solution (three parts (9% larger in low food and 39% larger in high food) and
ethanol and one part glacial acetic acid) at 4C. more rays (6% for low food and 7% for high food
Several traits of each “nal-instar larva were measured treatments) (Fig. 2). Under low food compared to high
under a Wild M5 dissection microscope using eyepiecefood levels, larvae developed 16% larger labral fans in
micrometers to the nearest 0.1 mm. | measured thefast current, but not in slow current (—9%). However,
number of fan rays, the width and length of the com- under low food availability, they grew 19...21% more
pletely opened labral fan, and the body length (Fig2 in  rays in both velocity treatments.
Zhang and Malmqvist 1997). The frontal area (FA) of
the primary fan was approximated to the area of an
ellipse: FA= abr/4, where a is the fan width and b the Flux of food particles
fan length (Chancel970. Food particle "ux rate (PFR)
through a labral fan of a “nal-instar larva in each The estimated "ux rates of food particles through fans
treatment was estimated from PFR=C A & whereCis were higher in fast current "umes compared to slow
the food particle concentration, FA is the fan area, andv  current "umes under both high food and low food
is the current velocity. | estimated the individual larval treatments (Table2A). The "ux rates of food particles
biomass using length...mass regression (Benke et alnder high food treatments were higher than those
1999) and estimated the average per capita growth rateunder low food treatments. The two-way ANOVA
of larvae in each "ume. indicated signi“‘cant e ects of current velocity and
Model Il multivariate analysis of covariance food concentration on the average "ux rate of food
(MANCOVA) with food concentration and current particles through a labral fan (Table2B). There was a
velocity as the main e ects and body length as a co- signi“‘cant interaction term between the two main
variate was conducted to test the hypothesis that fan factors because increasing food concentration in fast
area and ray number (dependent variables) would be current caused the "ux of food particles to increase
a ected by current velocity and food supply. A signi“- more steeply than in slow current (Table2A). In fact,
cant Wilkse lambda (a multivariate equivalent of theF- the slope coe cient of particle "ux increase from low
test statistic) indicates a signi“cant overall dierence food to high food in fast current was 2.8 times that in
between the traits under the two treatments. Subse-slow current.
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Growth rate their “nal-instar in fast current (18 days) than in slow
current (21 days). Under low food treatment, larvae in
Average per capita growth rates ofS. noelleri larvae both fast and slow currents have a long developmental
were higher in fast currents compared to slow currents period (30 days).
under both high and low food treatments. Under high
food treatments, average growth rates were higher than
those under low food treatments (Table2A). Food Discussion
supply and current velocity both signi“cantly a ected
the average growth rate of blacky larvae under dier- This study demonstrates that both current velocity and
ent treatments (Table2B), as the schematic model pre- food concentration can have strong overall e ects on the
dicted. The interaction term was not signi“cant. Growth fan structure, growth rate and developmental time ofS.
rates for larvae reared in high food treatments were noelleri blacky larvae. As predicted by the graphical
104% higher in fast current and 96% higher in slow model (Fig. 1), morphological traits of the fan structure
current treatments than in the low food treatments. of S. noellerilarvae changed in response to changes in
Larvae in fast current grew faster at the high food level current velocity and food concentration (Fig. 2). When
(74%) and at the low food level (27%) than larvae maintained in a fast current with a high food concen-
reared at two di erent food levels in slow current. Under tration, larvae grew rapidly and developed relatively
high food treatment, larvae developed faster to reach small fans with a low number of rays. In contrast, when
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Table 1 Summary of two-way MANCOVAs for (A) the overall e ects of current velocity and food concentration on fan area and ray
number with body length as a covariate and (B) between-subjects e ects for separating e ects of current and food on each fan trait with
body length as a covariate

Source Wilkse A F df P
(A) Multivariate test
Body length 0.79 7.91 2,60 0.0009
Velocity 0.69 13.54 2,60 <0.0001
Food 0.66 15.62 2,60 <0.0001
Velocity - food 0.81 7.09 2,60 0.0017
(B) Univariate tests
Fan area
Body length 14.89 1,61 0.0002
Velocity 26.55 1,61 <0.0001
Food 10.75 1,61 0.0017
Velocity - food 7.00 1,61 0.0103
Ray number
Body length 1.00 1,61 0.320
Velocity 3.04 1,61 0.086
Food 31.49 1,61 <0.0001
Velocity - food 1.03 1,61 0.313

All data were log;g-transformed. Bonferroni correction of univariate ANCOVA sets 4=0.025

reared in slow current at a low food level, the larvae Drent 2003. These patterns support predictions 1 and 2
grew slowly, developing relatively large fans with many of the graphical model (Fig. 1). In a benign environment
rays. In a esproductivees habitat, i.e. in fast current with with high food concentration and high velocity, S.
high food levels, larvae appear to trade-o the costs of noelleri larvae grew better than that under a harsh
producing and maintaining large fans with many rays condition with low food and slow current. The high
and grew rapidly. In a poor habitat with low current and  current velocity (32 cm s in this study fell into the
low food, large fans with a high number of rays are intermediate range of velocity variability in the stream.
necessary to collect more food particles. Due to low food  Although the overall e ects of current velocity and
availability, food particles collected by large fans with food concentration were both signi“‘cant on fan traits
many rays only could maintain a slow growth. Lowered (Table 1A), the two environmental factors presented
growth rate appears to be an adaptive response to dealdi erent e ect strength on ray numbers and fan
with low food availability (Arendt 1997 Piersma and area. Food concentration had stronger e ects on ray

Table 2 (A) Estimated average "ux rate of food particles through a labral fan and average growth rate ob. noelleriblack”y larvae under
di erent treatments (n=3). (B) Summary of two-way ANOVAs for the e ects of current velocity and food concentration on estimated
average "ux rate of food particles and average growth rate

(A) Descriptive statistics

Treatment Mean food particle”ux rate Mean growth rate
(mgs?h +1SE (mg day™) + 1SE
Food Current
High Fast 0.00277+0.00018 0.042+0.003
Slow 0.00096+0.00003 0.030+0.001
Low Fast 0.00032+0.00001 0.020+0.001
Slow 0.00009+0.00001 0.016+0.003

(B) Analysis of variance

Source F df P

Food particle "ux

Food 330.53 3,11 <0.001
Velocity 122.27 3,11 <0.001
Food - velocity 73.02 3,11 <0.001
Growth rate

Food 43.07 3,11 <0.001
Velocity 13.13 3,11 0.007
Food - velocity 3.61 3,11 0.094

Bonferroni correction of ANOVAs sets o=0.025
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numbers, whereas current velocity had stronger e ects which might derive from metabolic expenses of accu-
of fan area (Table 1B). Strong e ects of food treatment mulating, transporting and precipitating chitin. More-
on ray number suggest that food availability is the pri- over, the maintenance cost for large fans in fast currents
mary selective force on the number of rays. This pattern would be higher than small fans because large fans are
is related to the biological “Itration theory (Rubenstein relatively energetically expensive for resisting the drag
and Koehl 1977 Cheer and Koehl19873 b). The arrays force. Both production and maintenance costs have been
of fan rays operating in water currents depend on the regarded as the costs of plasticity (DeWitt et al1998.
Reynolds number Re= pLU/pu, where L is the ray In another scenario, in a slow current and a low food
width, U is the velocity, andp and p are the density and concentration, it could be argued that larvae that al-
dynamic viscosity of water) that is the magnitude of ready grew many rays could not supply more energy to
inertial forces relative to viscous forces (Vogel994. At develop larger fans (Fig.2). As mentioned above,
current velocities (10...50 cmY fans operate at Rey- increasing ray numbers appear to be more important
nolds numbers of 0.8...5.3 (Craig and Chanc&d82 than increasing fan area for enhancing food capture rate
Zhang 2000. Theoretically, at low Reynolds numbers, by directly intersecting particles. This speculation re-
viscous forces on fans are more important than inertial mains to be further investigated. Thus, by adjusting the
forces, which suggest that thicker boundary layers trait "exibility of fan structure, the larvae reduced pro-
around rays may reduce the free space between rays foduction and maintenance costs and optimized feeding
"ow transmission. In this study, the average width of the function according to food availability and current
gap between rays varied among treatments. Under low velocity.
food treatments, the average gaps between rays were Lucas and Hunter (1999 demonstrated that the ray
narrower (fast current: 18.3um, slow current 18.8um) number of Simulium rostratumand Simulium decorum
due to more rays than those under high food treatments decreased with food supply increase in a laboratory
(fast: 20.8um, slow: 23.5um). Because of the ten times experiment. In a study on another blacky species,
di erence between low and high food concentrations, Simulium lundstromj phenotypic plasticity of the fan
increasing ray number, i.e. “Iter number, seems more structure showed a similar pattern as found inS.
important than enlarging gaps between rays to enhancenoelleri in response to dierent current velocities
“Itration e ciency of fans for capturing more food (Zhang and Malmqvist 1997. Morphological adapta-
particles. Under high food and slow current treatment, tions enable feeding at dierent "ow regimes by bal-
the average growth rate of black™y larvae with larger ancing increasing particle capture in slow currents and
fans was higher than that of larvae with more rays under reducing drag force cost on fans in fast currents (Zhang
low food and fast current treatment (Fig. 1, Table 2A). 2000). The signi“cance of interspeci“c and intraspeci“c
The patterns of growth rates are consist with predictions variation in fan structure is obvious for blacky larvae
3, and 4, in which food limitation retards growth even occupying various types of lotic habitats (Zhang and
though blacky larvae develop relative large fans with Malmqvist 1996 Malmqvist et al. 1999 Palmer and
many rays, and high food availability enhances larval Craig 2000. This pattern can be explained using the
growth even at slow current velocity. theory of adaptive radiation, which is the diversi“ca-
The data of estimated food particle "ux rates (PFRs), tion of a taxon to exploit a variety of dierent re-
which were calculated from food concentration, velocity sources by di ering morphological traits to utilize those
and fan area, also suggest that food limitation was a key resources (Huxley1942 Futuyma 1986. The resource-
factor a ecting the growth rate of larvae (Table 2A). based divergent selection on some phenotypic traits in
Actual food PFR through the fans should be determined di erent environments is important for speciation to
by "ow transmission (Lacoursiere and Craig 1993 or occur (Schluter 1996 Losos et al. 1997 McKinnon
leakiness (Cheer and Koehl19873 that describes the et al. 2004. The function of the fan morphological
volume of water actually "owing through a “lter divided traits of di erent species is directly correlated with the
by the volume of water that would have passed through "ux rate of food particles (Zhang 200Q Lucas and
the same area if the “lter were not there during the same Hunter 1999. Large fans in slow currents are bene‘“cial
period. Due to the lack of data of "ow transmission to permit high particle delivery rate (Lacoursige and
through fans, the PFRs may be overestimated in this Craig 1993. In contrast, in fast currents, large-fanned
study. However, the estimated PFRs still re”ect the larvae cannot feed properly due to ray deformation or
approximate variation of particle "uxes through fans fan collapse caused by high drag forces acting on the
under four treatments. The variations of the estimated large fans (Zhang2000. Small fans with stout rays are
PFRs were well related to the pattern of growth rates advantageous in fast currents since they resist hydro-
under di erent treatments (Table 2A). For the velocity dynamic forces. Furthermore, because of high particle
treatment, the signi“cant e ect only appeared on the fan delivery caused by fast current velocity, small fans are
area, but not on the ray number. A possible trade-o of su cient for capturing food particles. Thus reduced fan
energy allocation for the dierent traits could be in- size in fast "ow is advantageous and adaptive. Al-
volved. Although the production cost of inducible fan though black”y species in di erent lotic habitats di er
structure has not been determined, the production cost markedly in fan structure (Zhang and Malmqvist 1996
for large fans in fast current should be relatively high, Palmer and Craig 2000, the underlying biomechanical
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factors in”"uencing fan traits apply equally in di erent
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