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Abstract: Growth of larvae of the eastern tree-hole mosquito, Aedes triseriatus (Say), measured as survival to adulthood, 
development time, and body mass at adult emergence, was significantly better when larvae were provided with fresh 
rather than senescent beech leaves as food substrate. Leaf type affected larval growth performance independently of 
ration of leaf available per larva when the ration level was high and larvae were not densely crowded, but leaf type and 
ration level had interactive effects on larval growth performance when ration was more limiting and larvae denser. 
Fresh leaves contained about twice as much nitrogen, had a lower carbon:nitrogen ratio, leached more mass into water, 
and contained significantly more soluble protein and carbohydrate than did senescent leaves. Thus, the observed growth 
responses could be explained on the basis of variation in nutrient content of, and greater leaching from, the fresh 
leaves. Larval growth was also significantly better on intact senescent beech leaves than on leaves that had been leached 
to remove soluble protein and carbohydrate; it was also significantly better on leaves whose surfaces had flourishing 
bacterial growth than on leaves with disinfected surfaces. Growth of female larvae fit well a pupation window model 
where larvae attained a minimum mass to emergence past a minimum development time across a range of leaf 
substrates varying in quality and quantity. 

RCsumC : La croissance des larves du moustique Aedes triseriatus (Say), une donnke tenant compte de la survie jusqu'a 
l 'ige adulte, de la durke du dkveloppement et de la masse au moment de l'kmergence, est significativement meilleure 
lorsque les larves sont nourries de feuilles fraiches que lorsqu'elles sont klevkes sur des feuilles sknescentes de hCtre. Le 
type de feuille affecte la performance de la croissance indkpendamment de la quantitk disponible par larve lorsque la 
quantitk est klevke et la densitk des larves, faible, mais le type de feuille et la quantitk ont des effets interactifs sur la 
performance de la croissance lorsque la quantitk est plus limitke et la densitk des larves, plus klevke. Les feuilles 
fraiches contiennent environ deux fois plus d'azote, le rapport carbone : azote y est plus faible, elles lessivent une plus 
grande partie de leur masse dans l'eau et contiennent significativement plus de protkines et d'hydrates de carbone 
solubles que les feuilles sknescentes. Les rksultats obtenus peuvent donc s'expliquer par les diffkrences dans le contenu 
en klkments nutritifs et le lessivage plus importants des feuilles fraiches. La croissance larvaire est aussi significativement 
plus rapide sur les feuilles sknescentes entikres que sur les feuilles qui ont kt6 lessivkes de leurs protkines et hydrates de 
carbone solubles; elle est aussi plus rapide sur les feuilles dont la surface est couverte de colonies bactkriennes que sur 
les feuilles a surface dksinfectke. La croissance des larves femelles correspond bien a un modkle de fenCtre de 
nymphose ou les larves atteignent une masse minimale a l'kmergence aprks un dkveloppement de durke minimale, sur 
des substrats de feuilles de qualitk et de quantitk varikes. 
[Traduit par la Rkdaction] 

Introduction brates consume leaf detritus directly by shredding coarse 
particulate detritus or by gathering finer detritus, but for 

macroinvertebrates inhabiting freshwater ecosystems these guilds, the efficiency of conversion of leaf material into 
utilize allochthonous leaf detritus as food. Some inverte- invenebrate tissue is usually low (Berrie 1976; Slansky and 
I Scriber 1985). Other invertebrates, including mosquito lar- 

Received August 26, 1996. Accepted November 18, 1996. 

E.D. Walker1 and R. W. Merritt. Department of Entomology, 
Michigan State University, East Lansing, MI 48824, U. S. A. 
M.G. Kaufman. Kellogg Biological Station, Michigan State 
University, Hickory Corners, MI 49060, U . S . A. 
M.P. Ayres. Department of Biological Sciences, Dartmouth 
College, Hanover, NH 03755, U.S.A. 
M.H. Riedel. Justus-Liebig University of Giessen, College 
of Veterinary Medicine, FrankfurterstraRe 92-107, 35398 
Giessen, Germany. 

' Author to whom all correspondence should be addressed 
(e-mail: walker@pilotw .msu .edu). 

vae, exploit leaf detritus by filtering, scraping, or browsing 
microorganisms in the biofilm on the leaf surface (Cummins 
and Klug 1979; Fish and Carpenter 1982; Walker and Merritt 
1991; Merritt et al. 1992). Invertebrate growth on leaf 
detritus varies with feeding mode, quantity of leaf detritus, 
chemical composition of leaf detritus, decomposition rate 
of leaves, and microbial conditioning of the leaf material 
(Kaushik and Hynes 197 1; Berrie 1976; Anderson and Sedell 
1979; Cummins and Klug 1979; Merritt et al. 1984). 

Water-filled containers, both natural ("phytotelmata") and 
anthropogenic (e.g., discarded tires), are common habitats of 
mosquitoes and other insects in temperate and tropical areas 
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(Frank and Lounibos 1983). Developmental success of 
mosquitoes in containers tends to be highly variable, partly 
because of food limitations (Carpenter 1982b, 1983; Cope- 
land and Craig 1992; Fish and Carpenter 1982; Fisher et al. 
1990; Frank et al. 1985; Hawley 1985; Leonard and Juliano 
1995; Livdahl 1982; Lounibos et al. 1993; Mogi 1984; 
Walker and Merritt 1988; Walker et al. 1991). Water-filled 
tree holes harbor a specialized community of mosquitoes and 
other insects that share heterotrophic food resources, espe- 
cially leaf detritus, through competitive or facilitative inter- 
actions (Kitching 197 1, 1987). Tree-hole ecosystems are 
supported by decomposition of leaf detritus, which generates 
microorganisms and particulate and dissolved organic matter 
that are consumed by the insects (Kitching 1983; Walker 
et al. 1988). A common inhabitant of water-filled tree holes 
in eastern North America is the eastern tree-hole mosquito, 
Aedes triseriatus (Say) (Craig 1983). Larval growth of 
A. triseriatus is highly sensitive to the ration of leaf litter 
available per larva (Fish and Carpenter 1982; Carpenter 
1983; Leonard and Juliano 1995). The microbial lawn 
exposed on leaf surfaces can be rapidly grazed to depletion 
by mosquito larvae, while microorganisms flourish on leaf 
surfaces not exposed to larval feeding (Fish and Carpenter 
1982; M. Kaufman, unpublished data). Variation in litter 
quality also affects growth performance of A. triseriatus 
(Fish and Carpenter 1982; Lounibos et al. 1993). However, 
the relative importance of variation in litter quantity, litter 
quality, and microbial colonization to larval growth remains 
poorly understood. We tested the hypothesis that detritus 
quality and microbial populations will interact with food 
ration to affect the survival, development time, and adult 
mass of A. triseriatus. Experiments involved factorial manip- 
ulations of detritus quality, microbial populations, and food 
ration level in replicated laboratory microcosms. 

Methods and materials 

Microcosm experiments 
Laboratory microcosms (plastic dishes, 15.5 cm in diameter x 
6.5 cm deep, with friction-fitting lids) were used as simulated tree- 
hole habitats for growth experiments. Newly hatched first instars of 
A. triseriatus, taken from a laboratory colony started in 1988 and 
supplemented annually with wild mosquitoes, were stocked into the 
microcosms at the beginning of each experiment. Leaf detritus was 
provided as a resource for larvae. We conducted three microcosm 
experiments. In experiment 1, the effect of two rations of fresh or 
senescent leaves on mosquito growth was studied. Leaves of Ameri- 
can beech (Fagus grandifolia Ehr.) were removed in August (fresh 
and green) and October (senescent and brown) from the same 
15 saplings and stored at room temperature in plastic bags. Prior to 
the experiment, leaves were dried at 55 "C for 7 days, weighed into 
leaf packs of 0.3 or 0.6 g,  and placed in the microcosms. Distilled 
water (400 mL) was added and then 20 larvae were added by gentle 
pipetting, yielding the equivalent of 15 or 30 mg of initial leaf mass 
per larva. Thus, experiment 1 formed a 2 x 2 factorial design. Each 
treatment combination was replicated with 6 microcosms. The 
microcosms were arranged randomly with respect to treatment in a 
constant-temperature (22 + 2°C) incubator. The microcosms were 
examined daily and emerged adult mosquitoes were removed, killed 
by freezing, dried, and weighed (k0.001 mg). 

Experiment 2 was similar to experiment 1, except that micro- 
cosms were provisioned with 0.5- and 1 .O-g leaf packs and stocked 
with 40 larvae per microcosm, yielding a leaf ration of 12.5 or 
25 mg per larva. 

Experiment 3 was designed to test simultaneously the effect on 
mosquito growth of (i) removing the soluble fraction of leaf 
material from leaves and (ii) variation in microbial colonization of 
leaf surfaces. Dried, senescent beech leaves were formed into 1 .O-g 
packs. Half of the leaf packs were leached for 24 h in microcosms 
with 400 mL of distilled water. Then leaves from half of the leached 
and nonleached packs were disinfected by individually dipping them 
for 5 s into a solution of 5.25 % chlorine bleach, followed by rinsing 
in a series of three containers of distilled water. All leaves were 
redried and the leaf packs were placed in clean microcosms with 
400 mL distilled water and 20 mosquito larvae. Microcosms were 
arranged randomly on a laboratory bench at room temperature 
(27 k 4°C). Each treatment combination in this 2 x 2 factorial 
included 6 replicate microcosms. 

For statistical analyses, microcosms were treated as the experi- 
mental unit. We tested for treatment effects on survival, average 
development time, and average adult mass with two-way factorial 
analysis of variance (ANOVA) using SYSTAT (Wilkinson 1989). For 
comparison of means after ANOVA, pooled standard errors were 
calculated (Steel and Torrie 1980) and plotted on the figures. Sur- 
vival data were transformed with arcsine of the square root prior to 
analysis. 

We conducted an experiment to test if the disinfectant treatment 
impacted larvae directly (i.e., was toxic) and if the treatment 
reduced bacterial densities on leaf surfaces. Senescent beech leaves 
were either leached or not leached. Half of the leaves were disin- 
fected as before, then individual leaves were placed in vials (20 mL) 
filled with distilled water and containing 10 first-instar larvae. After 
24 h, vials were emptied and the surviving larvae counted. Leaves 
treated the same way were swabbed thoroughly on one side with 
cotton-tipped dowels that had been dipped in a liquid bacterial cul- 
ture medium (R2A without agar, Difco, Detroit, Mich.; Reasoner 
and Geldreich 1985). The dowels were then streaked onto the sur- 
face of R2A agar medium in petri dishes. Dishes were incubated for 
24 h at 30°C. Bacterial colonies were counted along the last 1 cm 
of the streaked area, where individual colonies could easily be 
differentiated. Larval survivorship and numbers of bacterial colo- 
nies were compared among treatments with two-way ANOVA and 
individual means were separated by comparing least significant 
differences (Steel and Torrie 1980). 

Leaf decomposition 
We compared decomposition rates of fresh and senescent beech 
leaves. Individual leaves were dried, weighed (i- 1 mg), placed in 
tubes with 20 mL of water, and capped. At intervals of 2,  6 ,  13, 
19, 36, and 43 days, three replicate leaves were removed from 
tubes, redried, and reweighed. The proportion of original leaf mass 
remaining was calculated, transformed with arcsine of the square 
root, and compared among leaf types over time with a two-way 
ANOVA. The decomposition rate, k, of the leaf types was taken as 
the slope from linear regression of the natural logarithm of the per- 
centage of initial mass remaining over time, approximating the 
negative exponential model (Carpenter 1 9 8 2 ~ ) .  Homogeneity of the 
slopes of the two regression lines was determined with the t-test 
method of Steel and Torrie (1980). 

Chemical analysis of leaves and leachate 
We compared the chemical composition of fresh and senescent 
beech leaves and the leachate from them. Dried leaves were leached 
for 24 h in 300 mL of distilled water containing 150 ppm each of 
the antibiotics streptomycin sulfate, tetracycline hydrochloride, and 
cycloheximide (Sigma Chemical, St. Louis, Mo.) to minimize 
microbially mediated oxidation of soluble compounds in the 
leachate. A 5-mL sample of the leachate was frozen (-70°C) and 
later analyzed for total protein (Lowry et al. 1951; Van Handel 
1986) and total soluble carbohydrate (Dubois et al. 1965). Results 
were compared by means of t tests. 
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Table 1. Summary of ANOVAs testing for effects of leaf senescence and leaf ration level on 
mosquito growth and survival (experiment 1, Fig. 1). 

F statistic 

Error Leaf Ration Leaf senescence x 
Response variable mean square senescence level ration level 

Male development time 12.44 3.95 3.29 1.06 
Female development time 125.90 5.46* 0.49 0.26 
Male mass 0.002 18.35*** 4.63 1.93 
Female mass 0.007 23.59*** 8.79* 3.85 
Survival 0.075 9.62 * * 7.07* 2.56 

Note: Degrees of freedom for error terms were 13, 14, and 20 for males, females, and percent 
survival, respectively-. 

*P < 0.05. 
**P < 0.01. 
***P < 0.001. 

Dried subsamples of fresh and senescent leaves that had been 
either leached or not leached were ground with a dental amalgama- 
tor (WiglbugTM, Crescent Dental Manufacturing Co., Chicago, 111.) 
and analyzed with a Carlo Erba nitrogen analyzer (No. 1500, Series 
2, Carlo Erba, Milan, Italy). Carbon and nitrogen concentrations 
and carbon:nitrogen ratios were subjected to two-way ANOVA 
where the factors were leaf type and leaching treatment. Individual 
means were separated by comparing least significant differences. 
Data were transformed with arcsine of the square root prior to 
analysis. 

Pupation window model 
It has been hypothesized that mosquito pupation occurs when the 
larval growth trajectory intersects a pupation threshold that is 
defined by development time and adult mass (Gilpin and McClel- 
land 1979; Dye 1982; Carpenter 1984). In this "pupation window 
model," litter quality and litter ration are thought to influence the 
larval growth trajectory, and therefore to influence development 
time and adult mass, but the pupation threshold function is thought 
to be an attribute of the genotype that is independent of litter quality 
and litter ration. Equation 1 represents the pupation threshold 
function, 

where T is development time, h, is minimum development time, 
W is adult mass, h2 is minimum adult mass, and h3 indicates the 
curvature of the function. 

We used nonlinear modeling (Marquardt's algorithm, NLIN 
procedure; SAS Institute Inc. 1985) to fit the coefficients h,,  h2, 
and h3 to the development time and adult mass data (microcosm 
means) from experiments 1, 2, and 3, respectively. 

Results 

Microcosm experiments 
With respect to survival, development time, and adult mass, 
mosquito growth was greatest when larvae were provided 
with fresh leaves at the highest ration level and least with 
sensescent leaves at the lowest ration level (Fig. I). Growth 
and survival responses were intermediate to these two treat- 
ment combinations, and similar to each other, for the fresh 
leaf / low ration level and the senescent leaf / high ration level 
treatments. Survival, average female mass, average male 
mass, and female development time were significantly 
affected by the type of leaf material provided (Table 1). Sur- 

vival and female mass were also significantly affected by leaf 
ration level. There were no significant interactions (Table I). 

In experiment 2, as in experiment 1, mosquito growth 
performance was best when larvae were provided with fresh 
leaves at the highest ration level and worst with senescent 
leaves at the lowest ration level (Fig. 2). Again, growth 
responses were similar between the fresh leaf 1 low ration level 
and senescent leaf / high ration level treatments, except that 
development time of females from the senescent leaf / high 
ration level treatment was slower than that of females from 
the fresh leaf / low ration level treatment (Fig. 2). All growth 
responses were significantly affected by leaf type and ration 
level (Table 2). Interactions between leaf type and ration 
level were significant for survival and male development 
time (Table 2). 

In experiment 3, survival was greatest on non-disinfected 
leaves regardless of leaching effects (Fig. 3). Male and female 
development time was increased by both disinfection and 
leaching. Adult mass was reduced by leaching. Leaching 
significantly affected male and female development time and 
male and female mass, but not survival (Table 3). Disinfec- 
tion of leaf surfaces significantly affected male and female 
development time and percent survival, but not average male 
and female mass. Male mass was significantly affected by the 
interaction between leaching and disinfection treatments. 

Disinfection had no direct effect on survival of first instars 
(F  = 0.80, df = 1,16, P > 0.05) (Table 4). Leaching had 
a slight positive effect on larval survival (F = 4.98, df = 
1,16, P < 0.05). There was a highly significant effect of 
disinfection (F = 91.73, df = 1,16, P < 0.001), leaching 
(F  = 26.87, df = 1,16, P < 0.001), and the interaction of 
these treatments (F  = 33.79, df = 1,16, P < 0.001) on the 
number of bacterial colonies recovered from leaf swabs onto 
agar plates (Table 4). Very few bacterial colonies resulted 
from swabs on non-soaked leaves and soaked, disinfected 
leaves compared with soaked, non-disinfected leaves (Table 4). 

Leaf decomposition 
Leaf mass decreased rapidly after 2 days in water, especially 
for fresh leaves, and decreased at a lower rate from 2 to 
43 days (Fig. 4). There were significant main effects of leaf 
type (F  = 166.04, df = 1,24, P < 0.001) and day after 
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Fig. 1. Survival, adult mass, and development time of Aedes triseriatus provided fresh or senescent beech leaves at two ration levels 
(experiment 1 ,  Table 1). Vertical lines represent pooled standard errors from ANOVA. 
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Fig. 2. Survival, adult mass, and development time of Aedes triseriatus provided fresh or senescent beech leaves at two ration levels 
(experiment 2, Table 2). Vertical lines represent pooled standard errors from ANOVA. 
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df = 19, P < 0.01; senescent leaves: r = 0.53, df = 19, (Table 5), and did not differ between fresh and senescent 
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Carbon content ranged between 44 and 45.2% of leaf mass leaves, therefore the carbon:nitrogen ratio was lower for 
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Table 2. Summary of ANOVAs testing for effects of leaf senescence and leaf ration level on 
mosquito growth and sumival (experiment 2, Fig. 2). 

F statistic 

Error Leaf Ration Leaf senescence X 

Response variable mean square senescence level ration level 

Male development time 12.72 31.14*** 23.39*** 17.22*** 
Female development time 86.98 37.1 I*** 5.83* 1.56 
Male mass 0.002 58.12*** 32.82*** 1.96 
Female mass 0.007 103.66*** 62.62*** 3.64 
Survival 0.024 24.75*** 24.93*** 15.23** 

Note: Degrees of freedom for error terms were 20, 
number was 15. 

*P < 0.05. 
**P < 0.01. 
***P < 0.001. 

fresh leaves (Table 5). There were significant differences 
between fresh and senescent leaves in nitrogen content ( F  = 
45.07, df = 1,15, P < 0.001) and carbon:nitrogen ratio 
( F  = 29.34, df = 1,15, P < 0.001). There was no signifi- 
cant effect of leaching on nitrogen content (F  = 0.78, df = 

1,15, P > 0.05) or on the carbon: nitrogen ratio ( F  = 0.15, 
df = 1,15, P > 0.05) of leaves. There were no significant 
interactions of leaf type and soaking treatment ( F  < 2.58, 
df = 1,15, P > 0.05). There was significantly more protein 
and carbohydrate in leachate from fresh leaves than in 
leachate from senescent leaves (t = 3.7 and t = 1 1.3, df = 9, 
P < 0.01). 

Pupation window model 
Results were generally consistent with the pupation window 
model in that (i) litter ration level and litter quality influ- 
enced both adult mass and development time, (ii) the rela- 
tionship between adult mass and development time across 
treatments could be described by a single function, and 
(iii) the pupation threshold function was similar in form 
across replicate experiments (Fig. 5). The fit to eq. 1 was 
quite good for experiments 1 and 2 (r2 = 0.55, F[2,161 = 
9 .80 ,P  < 0.01,andr2 = 0.88, F[2,171 = 62.66, P < 0.01) 
and the functions were nearly overlapping. The fit to experi- 
ment 3 was not as good as to experiments 1 and 2 (r2 = 
0.21, F[2,221 = 2.94, P = 0.08), and the function indicates 
a higher minimum mass for pupation (h2 = 0.335 vs. 0.185 
and 0.135 mg). Experiment 3 was conducted at a higher 
temperature than experiments 1 and 2 and produced less 
variation in development times. 

Discussion 

Variation in both quality and quantity of beech leaf substrate 
affected growth of A. triseriatus larvae in microcosms. In 
experiments 1 and 2, mosquitoes consistently grew better on 
fresh than senescent leaves when the two types were pro- 
vided in equal rations. In experiment 1, which had higher 
leaf ration levels than experiment 2, litter quality had a much 
greater effect on larval growth than did ration level (compare 
F statistics in Table 1). In experiment 2, where less leaf 
ration per larva was provided relative to experiment 1, there 
were pronounced effects of both ration level and leaf type on 

except for female development time, for which the 

growth responses, and highly significant interactions between 
these factors on survivorship and male development time 
(see F statistics in Table 2). Apparently, within experiments, 
the effects of litter quality became greater as litter quantity 
decreased. These effects may have been exacerbated by the 
higher density of larvae in experiment 2, possibly resulting 
in greater competition amongst larvae for food resources 
available from the leaves. When leaf ration was less limiting 
to larval growth within experiments, leaf quality affected 
larval growth more independently of ration level. Carpenter 
(1983) observed that the ration level of senescent beech detri- 
tus was the single most important factor in the success of 
A. triseriatus larvae, regardless of larval density, concentra- 
tion of ammonium ions in the water, volume of water in 
microcosms, provision of stemflow water versus distilled 
water in microcosms, or "chemical interference" among 
larvae (Carpenter 1982b; Dye 1982, 1984). Here we show 
that variation in leaf quality at the same ration level can result 
in equally dramatic effects on the growth of mosquito larvae. 
In the only other study we know of that directly compared 
mosquito growth responses when fresh or senescent leaves 
were provided as food substrate, there was no consistent 
effect of leaf condition on mosquito growth (Sota 1993). 
However, rations of leaves were generous in that study com- 
pared with ours, which may explain the differences in results 
between the two studies. 

The differences between fresh and senescent leaves in our 
first two experiments were likely due to differences in leaf 
chemistry. The fresh leaves had more nitrogen, protein, and 
soluble carbohydrates. Other studies comparing fresh and 
senescent leaves produced similar results (McArthur et al. 
1986; Boulton and Boon 1991). The nitrogen content of 
leaves is a well-known determinant of growth success of 
insect folivores (e.g . , Slansky and Scriber 1985 ; Mattson and 
Scriber 1987) and appears to be at least as important for 
aquatic detritivores (Iversen 1974; Stout and Taft 1985; 
Lawson et al. 1984; Garden and Davies 1988; but see Ward 
and Cummins 1979). Ours are the first data indicating a simi- 
lar relationship for aquatic insects, such as larval A. triseria- 
tus, that consume microorganisms on the surface of the 
detritus rather than by ingesting the leaf detritus directly 
(Slansky and Scriber 1985; Merritt et al. 1992). Apparently, 
elevated nitrogen and protein contents in fresh leaves stimu- 
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Fig. 3. Survival, adult mass, and development time of Aedes triseriatus provided senescent beech leaves that were leached or not 
leached and disinfected or not disinfected (experiment 3, Table 3). Vertical lines represent pooled standard errors from ANOVA. 
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lated microbial growth on leaf surfaces and accelerated trans- organisms on the surface of leaf detritus was positively 
fer of nutrients to mosquito larvae through the microbial correlated with the nitrogen content in the detritus. Besides 
food. Support for this interpretation comes from the study by elevating the nitrogen content in leaf tissue, leached nutrients 
Kaufman et al. (1996) in which the respiration rate of micro- could stimulate microbial growth in the water column and 
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