
Introduction

Productivity, volume, area, disturbance, and biotic in-

teractions have all been proposed as determinants of com-

munity composition and diversity (Fretwell 1987,

Schoener 1989, Cohen and Newman 1991, Srivastava and

Lawton 1998). Rarely does one factor act alone, however,

and any one factor may interact with others to determine

the presence and abundance of individual species (Dun-

son and Travis 1991, Hunter and Price 1992, Moore and

Townsend 1998, Yanoviak 2001, Kneitel and Miller

2002, Kneitel and Chase 2004, Paradise 2004). The di-

mensions of a habitat, i.e., area, depth, or volume, may

play a role in determining the community within (Sota

1998, Lester and Pike 2003). By modifying other abiotic

factors in the habitat, dimension may act to further modify

community composition.

Larger habitats may be more productive and heteroge-

neous, and contain more microhabitats than smaller habi-

tats (Schoener 1989, Petersen et al. 1999, Post et al. 2000,

Bazzanti et al. 2003). Prey may find more refugia, com-

petitors may be able to coexist, and processing chains may

be more efficient in large habitats, allowing coexistence

of species (Schoener 1974, Hampton 2004, Alto et al.

2005). Large habitats may be stable and resistant to dis-

turbance (Sota et al. 1994, Jackson et al. 2001), allowing

for more individuals and larger populations of individual
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species (Wright 1983), and possibly high species richness

(Armbruster et al. 2002). However, stability may cause

some species to ultimately be eliminated via competition

(Connell 1978), and Srivastava and Lawton (1998) found

no evidence to support the idea that more individuals led

to higher species richness in artificial treeholes. Addition-

ally, larger habitats may not be more productive than

smaller habitats (Van der Zanden et al.1999), especially

if habitat dimensions alter abiotic factors favorable to

high productivity, such as light, temperature, humidity,

nutrients, and dissolved oxygen. Variation in species rich-

ness may thus be influenced, directly or indirectly, by vol-

ume or area of the habitat.

As abiotic factors are modified by dimension, they

may alter biotic interactions, and subsequently, commu-

nity composition (Dunson and Travis 1991, Moore and

Townsend 1998, Breitburg et al. 1997, Robb and Abra-

hams 2002). These altered conditions may be unfavorable

to certain species, leading to local exclusion (Dunson and

Travis 1991, Kneitel and Chase 2004). This may result in

a different community composition compared to other

habitats with different dimensions. A large pond or lake

might be shallower, warmer, have higher dissolved oxy-

gen concentrations, and no thermocline in comparison to

another one of equal volume that has a deeper profile

(Hondzo and Stefan 1996, Kalff 2001). However, there

have been few tests of the idea that dimensional aspects will

mediate community composition through effects on abiotic

factors (Petersen et al. 1999, Petersen and Hastings 2001).

Water-filled treeholes are excellent systems in which

to test the hypothesis that habitat dimensions interact with

abiotic factors to affect species richness and abundance.

The variability in dimensions, including area of opening,

total volume, and depth (Barrera 1996, Paradise 2004)

make them susceptible to varying abiotic factors associ-

ated with altered dimensions. Treeholes contain a detri-

tus-based community of microbes, protozoans, and insect

larvae (Kitching 2000), and mesocosms simulating tree-

holes generally attract the same insects as natural tree-

holes (Pimm and Kitching 1987, Fincke et al. 1997, Para-

dise 1998, Srivastava and Lawton 1998). Unlike larger

habitats, we can manipulate dimensions by creating arti-

ficial treeholes without suffering scale problems associ-

ated with miniaturization (Petersen et al. 1999) to exam-

ine how habitat size affects abiotic factors and community

composition.

We manipulated depth and surface area by using arti-

ficial treeholes. We tested the hypothesis that habitat size

and shape affect abiotic factors and thus indirectly medi-

ate the diversity and abundance within treeholes. Specifi-

cally, if the dimensions of the habitat alter dissolved oxy-

gen, known to be very low in the depths of treeholes

(Walker et al. 1991, Paradise 1997), then certain species

may be restricted or favored. Deep mesocosms will have

less vertical mixing, and will therefore have less dissolved

oxygen than shallow habitats. Large treeholes can be

deeper than 25 cm and dissolved oxygen concentrations

quickly drop to near zero at depths greater than a few cen-

timeters (Paradise 1997). A deeper treehole will not nec-

essarily have proportionally more habitable space be-

cause anoxic conditions will have negative effects on

insects. Even air-breathing larvae, such as mosquitoes,

may be affected by low dissolved oxygen, as anoxic en-

vironments lead to production of compounds such as hy-

drogen sulfide and methane, and alter the microbial com-

munity (Toprak 1997, Lomans et al. 2002, Paing et al.

2003). The eastern treehole mosquito (Ochlerotatus tris-

eriatus (Say)) suffers higher mortality and lower growth

rates when exposed to hydrogen sulfide (Paradise, unpub-

lished data). We thus predicted that shallow mesocosms

will favor species that are either aquatic respirers or are

sensitive to waste products of anaerobic respiration, lead-

ing to greater species richness and abundance of common

larvae than in deep mesocosms.

We further predicted that mesocosms with a large sur-

face area will allow more mixing of oxygen from the at-

mosphere, and will therefore have more dissolved oxygen

than mesocosms with a small surface area. Larger surface

area mesocosms will also attract more species than

smaller surface area mesocosms because ovipositing fe-

males perceive these habitats as less likely to dry up, and

thus more stable, allowing completion of larval develop-

ment (Paradise 1998).

Depth and surface area will thus interact such that the

most diverse insect communities should be found in shal-

low mesocosms with a large surface area opening. In

mesocosms with favorable conditions we should observe

higher densities of mosquitoes (O. triseriatus) and midges

(Culicoides guttipennis (F.)), the dominant species in

treeholes, along with greater species richness. Alterna-

tively, deep mesocosms might contain higher densities of

individual species and greater richness than shallow, if vol-

ume is the main determinant of species richness and abun-

dance of individual species. Or, more individuals of a domi-

nant species might reduce species richness due to exclusion

of rare species via competitive effects (Connell 1975).

Materials and methods

Experimental design and construction of mesocosms

We used artificial treeholes of six sizes by using three

diameters of PVC pipe (5.15, 7.65, and 10.15 cm ID, with
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surface areas of 20.8, 46.0, and 80.9 cm
�
) crossed with

two depths (pipes cut to two lengths – 9.9 and 19.7 cm),

fully crossed, with six replicates of each treatment. The

mean volumes for the six treatment combinations were

182.8 (± 1.9 s.e.) ml for small diameter, shallow meso-

cosms, 396.2 (± 1.8 s.e.) ml for small diameter, deep

mesocosms, 404.2 (± 6.9 s.e.) ml for medium diameter,

shallow mesocosms, 711.8 (± 10.1 s.e.) ml for large di-

ameter, shallow mesocosms, 863.7 (± 4.6 s.e.) ml for me-

dium diameter, deep mesocosms, and 1,518.7 (± 13.2 s.e.)

ml for large diameter, deep mesocosms. Estimates of sur-

face areas of a set of 30 randomly chosen treeholes in the

region varied from 4.9 to 254.5 cm
�
, while depth varied

from 3.5 to 37 cm, and volume from 25 ml to over 10 l.

The median surface area for these treeholes was 19.6 cm,

the median depth was 14.5 cm, and the median volume

was 260.0 ml.

To create the mesocosms, we used silicon caulk to

seal an end cap to the bottom of each pipe. We glued black

fiberglass window screen to the inner wall using a hot

glue gun. The screen darkened the interior, to attract

ovipositing females (Wilton 1968), and the texture al-

lowed poor-swimming larvae to crawl to the surface. We

then bound together two randomly selected mesocosms of

similar depth by spraying expandable polyurethane foam

(Great Stuff, Dow Chemical Co.) around and between

them. This insulated the containers against temperature

changes and protected them against curious vertebrates.

We spray painted all exterior surfaces for camouflage. We

filled mesocosms in the laboratory, checking for leaks and

allowing any chemicals in the PVC to leach out into the

water. We performed three water changes in each meso-

cosm, allowing the water to sit for 3-5 days each time.

We tied the pairs of mesocosms to 18 trees on the

Davidson College Ecological Preserve (DCEP, Davidson,

NC; 30
�
30’30”N, 80

�
49’45”W) in early May 2002 over a

2.35 ha area. We wrapped each pair and their tree with 2.5

cm mesh chicken wire to prevent access by vertebrates.

We filled them to within 2.5 cm of the top with distilled

water and added 5 g/l of dried white oak (Quercus alba

L.) leaf litter. The leaves were collected the previous

autumn and stored in the laboratory. Depth was controlled

by filling the mesocosms weekly with distilled water. In

September 2002 and 2003 additional aliquots of dried

white oak leaves were added to each mesocosm at a den-

sity of 2.5 g/l. Other inputs occurred that we could not

control, including rainwater, coarse particulate organic

matter (CPOM) up to 2.5 cm in size, and drowned inver-

tebrates.

Monitoring of mesocosms

We measured dissolved oxygen concentration ([DO])

and temperature once every two weeks from May to Au-

gust 2002, and once every three to five weeks thereafter

using a YSI Model 85 Salinity, Conductivity, Dissolved

Oxygen & Temperature System (YSI, Yellow Springs,

OH) until November 2003. No sampling occurred be-

tween November 2002 and February 2003. Readings

were taken twice, 1-2 cm below the surface and just above

the bottom of each mesocosm. Sampling of the insect

community followed the same schedule, occurring one to

two weeks after abiotic monitoring. Each parameter was

measured 16 times.

For biotic sampling, we used a 60 ml capacity baster

to extract a 20-60 ml sample (small samples for small

mesocosms, large for large) from just below the water sur-

face and a second sample of similar size was taken imme-

diately after from near the bottom. The surface sample

was always removed first to capture insect larvae before

they had a chance to submerge as a reaction to distur-

bance. To avoid bias, we approached and quickly took the

samples from one of the two mesocosms. After complet-

ing the sampling of the first mesocosm, we backed away

and waited for 1-2 minutes before sampling the second

mesocosm, using the same procedure.

The two samples from each mesocosm were placed in

separate beakers and all larvae were identified to the low-

est taxonomic level possible and counted. Some larvae

could be identified to the species and instar. To facilitate

identification of unknown larvae, some were brought to

the laboratory, where larvae were identified or were al-

lowed to mature to adulthood for adult identification. All

else was returned to its mesocosm of origin. Water to

maintain a constant level was added after sampling. Ad-

dition of water and sampling for abiotic and biotic vari-

ables represented a repeated disturbance to the meso-

cosms. However, particulate matter resettles quickly, and

dissolved oxygen gradients re-establish within a day or

two (data from a preliminary experiment not shown). The

value of repeated sampling to determine dynamics of the

system outweigh these short-term disturbances.

Data analysis

The two samples at each sampling were pooled, as

were life stage data for each species. Mosquito densities

were pooled across instar and species, due to difficulty in

identifying early instar larvae to the species. However,

>90% of all adult treehole mosquitoes collected in the

area, and larvae collected from oviposition traps, were

identified as O. triseriatus.
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We used a multivariate analysis of variance (MA-

NOVA) profile analysis for repeated measures (von Ende

2001) to test for effects of depth and surface area on the

response variables mosquito density, the midge C. gutti-

pennis density, species richness, and [DO]. In addition,

we tested for any blocking effects caused by pairing

mesocosms together – we found no evidence of that this

design feature affected any biotic response variable (data

not shown). In the profile analysis, differences and aver-

ages at consecutive time points become transformed vari-

ables in two-way MANOVAs with depth and surface area

as fixed effects factors. Profile analysis allowed us to

compare responses of a variable over time without the

variance problems associated with repeated measures

ANOVAs that use time as a factor (von Ende 2001). Tests

for interactions between time and other factors were done

by comparing differences at sequential sampling points,

while tests for main effects and the depth by surface area

interaction were performed by using the averages of suc-

cessive time points. We log transformed densities to vali-

date MANOVA assumptions. Because four profile analy-

ses were performed, the experiment-wise alpha of 0.05

was adjusted to a test-wise significance of 0.0125.

Although we can detect direct effects of depth and

surface area on insect densities, richness, or dissolved

oxygen, we were also interested in the effects that [DO]

had on community composition. In addition, high densi-

ties of common species may affect species richness. To

determine the strength of the direct and indirect effects of

surface area, depth, dissolved oxygen, and mosquito and

midge density, we developed a path analysis model

(Mitchell 1992), using AMOS 5.0 (Amos Development

Corp., Spring House, PA, USA). We matched 15 larval

censuses performed within one week of [DO] measure-

ments. For ease of analysis, and because the influence of

various factors could fluctuate seasonally, we divided the

15 samplings into four seasonal periods and calculated the

average value of each variable for each mesocosm, and

then converted the data into the standard normal values.

The four periods were summer 2002, autumn 2002, spring

2003, and summer 2003.

Path analysis is a type of structural equation model

(Mitchell 1992) that uses standardized regression coeffi-

cients (path coefficients) to test the fit of multiple causal

models. We determined Aikake’s Information Criterion

(AIC) and the minimum value of the discrepancy function

(C���) to test goodness of fit and select the best-fitting

model (full or one of the reduced). A specification search

performed by AMOS calculated these values relative to

the models specified, such that the minimum values of

AIC and C were set to 0, indicating the best fitting model.

Path analysis is sensitive to model specification, as exclu-

sion of relevant causal variables affects path coefficients.

Unmeasured factors may also play a role in determining

community composition, and our interpretations are made

in the context of comparing alternative models.

Our full model predicted that [DO] should be nega-

tively affected by depth and positively affected by surface

area (Fig. 1). Densities of mosquitoes and C. guttipennis

should be negatively affected by depth, and positively af-

fected by surface area and [DO]. Species richness should

be negatively affected by depth, and positively affected

by surface area, [DO], and densities of mosquitoes and C.

guttipennis (Fig. 1). Reduced models nested within the

Figure 1. Hypothesized direct and indirect causal relationships in the full model path diagram. Arrows point from causes to

affected variables. Solid arrows indicate positive effects and dashed arrows indicate negative effects. Direct effects are sim-

ply from one variable to another, e.g., from depth to [DO]. Indirect effects are a series of arrows connecting one variable to

another, e.g., depth has a direct effect on mosquito densities, but also an indirect effect from depth to [DO] and then [DO] to

mosquito densities. SA = surface area, [DO] = dissolved oxygen concentration, Mosquitoes = mosquito density, Culicoides

= C. guttipennis density, Richness = species richness, and Res = the residual, leftover variation not explained by any causal

variable in the model.
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full model specified path coefficients from surface area,

depth, dissolved oxygen, mosquito density, or midge den-

sity to be equal to zero.

Results

We found a significant date by depth interaction in the

profile analysis on deep dissolved oxygen concentrations

([DO]), which were almost always higher and had more

seasonal variability, in shallow mesocosms than deep

mesocosms (Table 1, Figure 2a). We did not find a surface

area effect on [DO]. Although large and medium surface

area mesocosms had higher average [DO] throughout the

winter and spring than smaller surface area mesocosms,

there was no consistent pattern (Table 1, Fig. 2b).

Depth and surface area interacted with date to affect

species richness (Table 1, Figures 2c and d). Richness in-

creased quickly in the summer of 2002, as all habitats be-

came colonized by 2 to 3 species. There did not appear to

be dimensional effects in that early part of the study, in-

dicating perhaps a lack of habitat selection by those spe-

cies or a lack of available habitat. In the following year, it

appeared that deep habitats with either medium or large

surface area either contained more species during part of

the year, or were colonized earlier than shallow habitats

with small surface area (Figures 2c and d). The average

difference between habitat types within a census was usu-

ally 1 species or less, but these habitats rarely contain

more than 5 species at any one time.

We found larvae or pupae belonging to 12 dipteran

and 1 coleopteran species during the study. Mesocosms

typically contained between 1 and 4 insect species at any

one time. The insect community was dominated numeri-

cally by mosquitoes, with the ceratopogonid midge C.

guttipennis as the second most commonly found taxa.

Mosquito species included O. triseriatus, O. hendersoni,

Aedes albopictus, Orthopodomyia signifera, and Tox-

orhynchites rutilus. For species richness tallies we

counted mosquitoes as one species unless we positively

Table 1. Results of Profile Analysis. Λ = Wilk’s lambda. Significant effects (at adjusted α of 0.0125) are marked with an as-

terisk.
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identified more than one species (e.g., for late instars, or

for T. rutilus or O. signifera).

Mosquito larvae (not counting T. rutilus) were found

in 89.4% of all samples, and were primarily absent from

October and November censuses. When present they

made up 84.5% of all larvae. Culicoides guttipennis was

found in 50.7% of samples, occurring frequently after late

June 2002. When present, this midge made up 16.9% of

all larvae. The psychodid Telmatoscopus albipunctatus

(Williston) was found occasionally, and Mallota posti-

cata (F.), a syrphid fly, was found as a larva in low den-

sities in early summer. Unidentified species belonging to

the dipteran families Syrphidae, Dolichopodidae (Sys-

tenus sp.), and Ephydridae were also observed. Finally,

Helodes pulchella (Guerin) (family Scirtidae) was the

lone coleopteran observed in our study.

Mosquito densities were significantly higher in shal-

low mesocosms during early spring and mid-summer, and

in small surface area mesocosms initially and late in the

summer of 2003 (Table 1, Figs. 3a and b). In early spring,

[DO] was approximately five times higher in shallow than

deep mesocosms, which corresponded to high densities of

mosquitoes in shallow mesocosms (Figs. 2a and 3a).

There were no significant effects of habitat dimension on

density of C. guttipennis (Table 1, Figures 3c and d).

Midge densities were typically highly variable within

treatments, especially when densities were high during

summer months.

The path analysis full model (Fig. 1), in all seasons

except summer 2003, showed a significantly good fit to

the data (Table 2). With the exception of spring 2003, the

removal of surface area effects provided as good of a fit,

if not better than, the full model (Table 2, Fig. 4). In all

four seasons, removal of [DO] effects on mosquitoes, C.

guttipennis, and richness also provided good fits to the

data (Table 1). However, only in 2003 was the fit better

than the no surface area effects model. The best fitting re-

duced models for each season were no surface area effects

model for 2002 data and no [DO] effects for 2003 data

(Fig. 4).

Removing depth effects never provided a good fit to

the data (Table 2). Depth always had a strong negative

Figure 2. a. Dissolved oxygen concentrations across time in depth treatments. b. Dissolved oxygen concentrations across

time in surface area treatments. c. Species richness across time in depth treatments. d. Species richness across time in surface

area treatments. For a and c: open circles are averages of 18 shallow mesocosms (9.9 cm deep) and closed circles are aver-

ages of 18 deep mesocosms (19.7 cm deep). For b and d: grey squares are averages of 12 small surface area mesocosms

(20.83 cm
�
), open triangles are averages of 12 medium surface area mesocosms (45.96 cm

�
), and closed circles are averages

of 12 large surface area mesocosms (80.91 cm
�
).
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Table 2. Results of specification searches for path analysis in each season. The minimum values of C and AIC� indicate the

best fit (in bold), relative to the other specified models, and a p-value > 0.05 indicates a model with a good fit to the data.

The number of parameters is equal to the number of path coefficients estimated in any particular model. SA = surface area,

[DO] = dissolved oxygen concentration, Mq = mosquitoes, and Cg = C. guttipennis density, C = discrepancy function, AIC�

= Akaike’s Information Criterion, and p = the probability that the model is a good fit based on C.

Figure 3. a. Mosquito densities across time in depth treatments. b. Mosquito densities across time in surface area treatments.

c. Culicoides guttipennis densities across time in depth treatments. d. Culicoides guttipennis densities across time in surface

area treatments. For a and c: open circles are averages of 18 shallow mesocosms (9.9 cm deep) and closed circles are aver-

ages of 18 deep mesocosms (19.7 cm deep). For b and d: grey squares are averages of 12 small surface area mesocosms

(20.83 cm
�
), open triangles are averages of 12 medium surface area mesocosms (45.96 cm

�
), and closed circles are averages

of 12 large surface area mesocosms (80.91 cm
�
).
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effect on [DO] (Fig. 4). However, effects of surface area

on [DO] in the full model were weak and non-significant.

Only in spring 2003 did surface area have a significant

positive effect on mosquito densities, and that occurred in

both the full model and the no [DO] effects model (Fig.

4c). As predicted, depth had negative, although weak, ef-

fects on species richness in the early season of each year.

However, depth had positive effects on species richness

in the best fitting models for autumn 2002 and late sum-

mer 2003 (Figs 4b, 4d).

Removal of the effects of mosquito and C. guttipennis

densities on species richness never led to good fitting

models. Densities of mosquitoes and C. guttipennis al-

ways had significant positive effects on species richness,

as predicted (Fig. 4). Depth and [DO] had some influence

on densities of these species, and thus may have had some

indirect effect on species richness. For instance, the 2002

path diagrams show a positive effect of [DO] on mosquito

densities and depth had a strong negative effect on [DO],

indicating an indirect negative effect of depth on mos-

quito densities (Figs. 4a, 4b). Depth usually had a direct

negative effect on mosquito densities as well. These ef-

fects would also lead to indirect negative effects of depth

on species richness, in opposition to the, sometimes, di-

rect positive effects of depth on richness. These same in-

direct pathways are more variable and less influential for

C. guttipennis. The lack of significant effects of habitat

dimension on C. guttipennis density in the profile analysis

thus also corresponds with the path analysis – depth and

surface area had weak or variable direct and indirect ef-

fects on midge densities. Regarding the effect of [DO],

although we did not find a significant effect of [DO] on

C. guttipennis, there were positive effects of [DO] on their

densities in the summer 2002 and negative effects in

autumn 2002 (Figs. 4a, 4b). This may simply be an artifact

of midge life cycles and the effects of temperature on

[DO].

Figure 4. Path diagrams for reduced models that showed the statistically best fit of all reduced models. a and b show the re-

duced model with no surface area effects for summer and autumn 2002, respectively. c and d show the reduced model with

no [DO] effects for spring and summer 2003, respectively. Arrows point from causes to affected variables. Solid arrows indi-

cate positive effects and dashed arrows indicate negative effects. Thickness of lines indicates the magnitude of the path coef-

ficient. SA = surface area, [DO] = dissolved oxygen concentration, Mosquitoes = mosquito density, Culicoides = C.

guttipennis density, Richness = species richness, and Res = the residual, leftover variation not explained by any causal vari-

able in the model, * = significant path at the 0.05 level, ** = significant path at the 0.01 level, *** = significant path at the

0.001 level.
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The discrepancy between lack of surface area effects

in the path analysis and the significant surface area effects

revealed by profile analysis is reconciled by the fact that

the path analysis examines the average effects during one

season, while the profile analysis examines effects over

time, throughout the entire study. Surface area effects

vary from season to season in the path analysis, and in

fact, are not influential in 2002. In 2003 there are strong

surface area effects that change over the course of the sea-

son (Fig. 4c). Large surface area may lead to more mos-

quitoes in spring/early summer, but by late summer the

trend is reversed or gone because they have emerged as

adults from those mesocosms. Smaller surface area meso-

cosms are colonized later, and densities are higher later in

the summer in comparison to large surface area meso-

cosms that have been vacated by emerging adults. Be-

cause surface area effects are not present at the same time

as [DO] effects, according to the path analysis, any effects

of surface area are likely to be direct effects, at least

within the parameters of this model (Fig. 4).

Discussion

Deep habitats had significantly less dissolved oxygen

than shallow, and had some recovery of [DO] over winter,

perhaps due to mixing or diffusion, but not as much as

shallow habitats. In addition, deep, large surface area

habitats did not regain more dissolved oxygen than deep,

small surface area habitats. Surface area affects cooling

and gas diffusion rates in some aquatic habitats (Kalff

2001, Schladow et al. 2002), and we thus expected large

surface area habitats to have higher [DO] than small sur-

face area habitats, within a depth treatment. We found no

statistically significant effects of surface area on [DO],

either in the profile or path analyses. Deep mesocosms

with large surface area thus did not recover dissolved oxy-

gen more than deep mesocosms with small surface area.

Depth appears to be a more significant limiting factor than

surface area in regards to [DO], and that corresponds well

with field observations that suggest that [DO] declines

rapidly with depth of treeholes, regardless of size of open-

ing (Paradise 1997).

Dissolved oxygen, or lack of it, has significant im-

pacts on communities of aquatic invertebrates (Markarian

1980, Bazzanti et al. 1998, Moore and Townsend 1998),

and there were effects of dissolved oxygen here that were

influenced by habitat dimension. Habitat dimensions of

treeholes may influence communities by mediating dis-

solved oxygen availability to insect larvae with aquatic

respiration and through the creation of microhabitats.

Early in each season shallow habitats with high [DO] sup-

ported higher densities of mosquito than deep mesocosms

that had consistently lower [DO]. Despite being larger

volume habitats than shallow mesocosms, deep meso-

cosms had depth effects on [DO] that indirectly influence

diversity and abundance of species susceptible to low dis-

solved oxygen conditions. A deep mesocosm will have a

greater difference in [DO] between the bottom and top of

the mesocosm, leading to microhabitat differentiation.

Variation in [DO] can alter the microbial community

(Walker et al. 1991). In deep mesocosms, anoxic layers

may house facultative or obligate anaerobes, which alter

the habitat through the production of metabolic bypro-

ducts, such as hydrogen sulfide. These byproducts may

inhibit growth of metazoans or aerobic microbes (Smith

et al. 1976, Bagarinao 1992), thereby limiting the diver-

sity and abundance of the community. Ochlerotatus tris-

eriatus larvae are sensitive to hydrogen sulfide, and suffer

higher mortality when exposed to anaerobic conditions

where hydrogen sulfide is produced (Paradise, unpub-

lished data). Early instar mosquito larvae may not have

developed a fully functional tracheal system, relying on

cutaneous respiration (Eriksen et al. 1996), and thus may

be more sensitive to anoxic conditions. More mature lar-

vae must expend more energy and remain underwater for

longer periods of time foraging in deep habitats, increas-

ing exposure to toxins. This may slow development and

lead to greater larval mortality (Smith et al. 1976, Hechtel

and Juliano 1997). The path analysis revealed weak nega-

tive effects of depth on mosquito density, but strong nega-

tive effects on dissolved oxygen. The direct effect of

depth on dissolved oxygen thus indirectly affected mos-

quito densities.

Shallow habitats have higher densities of mosquitoes

than deep habitats, but they also have smaller volumes

within a surface area level. So, perhaps the density effect

is merely a function of the same number of eggs being laid

in each type of depth treatment, on average, within a sur-

face area level. Although there is no known mechanism

for ovipositing females to determine the depth of a habi-

tat, deep habitats are more likely to have unbroken water

surfaces because more leaf litter is submerged, and fe-

males might use a large unbroken water surface as an

oviposition cue (Paradise 1998). If depth and surface area

are positively related in natural treeholes, surface area

might be a good indicator of depth, and thus habitat sta-

bility, to an ovipositing female (Sota et al. 1994). We

would then expect more eggs to be laid in large surface

area, deep habitats. If more eggs were laid in these meso-

cosms, then densities in deep habitats would have been

higher and closer to densities in shallow habitats. Since

they were not, higher mortality in deeper habitats would

be an explanation of the discrepancy, and could have been

caused by low [DO] or other adverse conditions associ-
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ated with deep habitats. We observed fewer 1
��

instar lar-

vae in deep habitats (data not shown), indicating either

higher egg or 1
��

instar mortality or greater oviposition in

shallow habitats. The former alternative seems plausible,

given the direct effect of [DO] on mosquito density.

Regarding the oviposition alternative, females may

oviposit more in shallow habitats if the concentrations of

oviposition attractants are higher than in deep habitats

(Wilton 1968). This would result in higher densities in

shallow habitats, which could lead to more competition,

slower growth, and higher mortality in mosquitoes

(Livdahl 1982, Hard et al. 1989). However, we do not be-

lieve that this led to higher mortality, due to the fact that

we observed many late instar larvae and pupae in shallow

habitats. In fact, in some generations, we observed higher

numbers and proportions of late instar larvae and pupae

in shallow than deep habitats in earlier censuses, indicat-

ing that resources were not likely to be limiting in shallow

habitats, and that the drop in densities is due to faster

growth and adult emergence in those habitats (data not

shown), and not mortality. Although we cannot conclude

the exact mechanism leading to higher mosquito densities

in shallow habitats, it is likely a combination of effects of

low [DO] in deep habitats and oviposition differences due

to higher resource concentrations in shallow habitats.

Midge (C. guttipennis) densities were not affected by

any aspect of habitat dimension. Culicoides guttipennis is

commonly found in the anaerobic sediments of treeholes

(Kruger et al. 1990), so it is not surprising that they are

unaffected by depth or dissolved oxygen. We predicted

high midge densities in shallow, large surface area habi-

tats, and it is possible that they prefer shallow treeholes

that have a greater chance of oxygenation, since they

breathe cutaneously (Barrera 1996) and spend a large

fraction of their time in the sediments (Barrera 1996,

Paradise and Dunson 1997, Paradise 2004). Shallow habi-

tats with high [DO] would allow larvae to spend less time

swimming above the sediment to obtain oxygen, allowing

them to be more efficient foragers and reducing their risk

of predation. However, they may have adaptations to low

[DO], as observed in other invertebrates (Vetter et al.

1991), which allow them to maintain high, but variable

densities in a wide range of habitat conditions. Midge

densities in natural treeholes are positively related to the

surface area of the treehole opening (Paradise 1997).

Midge densities in treeholes were also correlated with the

amount of leaf litter (Paradise 2004), which is higher in

treeholes with large openings (Kitching 1987, Sota 1996,

Paradise 1997, Sota 1998). So the surface area effect in

natural treeholes probably indirectly affects midge densi-

ties through effects on resources. The variation in surface

area and resources in treeholes was greater than in our

mesocosms. Overall, our results indicate little sensitivity

of midges to oxygen or habitat dimensions, at least within

the levels examined here.

We found interactions and indirect effects on species

richness that varied temporally. Larger habitats are pre-

dicted or have been shown to have greater richness and

abundance of individual species than smaller habitats

(MacArthur and Wilson 1967, Maguire 1971, Schoener

1989, Sota et al. 1994, Post et al. 2000, Armbruster et al.

2002). However, habitats with different dimensions have

different environmental conditions, which might lead to

between-habitat variation in community composition.

Our analyses revealed a positive effect of depth on species

richness during late summer seasons. This direct positive

effect on species richness is probably overridden by the

negative indirect effects of depth on mosquito densities,

which then had a much stronger positive direct effect on

species richness. Thus, shallow habitats with high [DO]

that favored high densities of mosquitoes also favored

presence of other species, and species richness increased

with increases in mosquito and midge densities. Many of

the less common species, such as the syrphid M. posticata

and dolichopodids (Systenus sp.), were only present as

larvae in the early summer, which explains the temporal

effects on richness. These species may co-occur with

mosquitoes and midges, during their active larval periods.

The absolute difference in species richness across treat-

ments was small, but in a metacommunity where few spe-

cies are present in any one local community, a difference

of one species is proportionally large (Yanoviak 1999).

We also observed a temporal effect of surface area

that interacted with depth; large and medium surface area

mesocosms, at times, attracted more species than small

surface area mesocosms. Larger surface area containers

are predicted to have higher diversity and abundance for

several reasons. It should be easier for dispersing adults

and ovipositing females to locate large treeholes (Kitch-

ing and Beaver 1990, Sota et al. 1994). In addition, larger

habitats are less likely to dry up, have higher productivity

and more habitat heterogeneity (Bradshaw and Holzapfel

1988, Sota et al. 1994, Paradise 1998). Habitat heteroge-

neity may not always lead to higher diversity, if it creates

conditions, such as anoxia, unfavorable to many species.

If larger surface area habitats collect more resources, as in

treeholes (Kitching 1987, Sota 1996, Paradise 1997, Sota

1998), they would have higher concentrations of oviposi-

tion attractants (Wilton 1968, Beehler et al. 1992). In

habitats with less total volume or shallower depth, re-

source concentration differences could be a mechanism

for habitat size effects on community structure (Sota
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1996). Although oviposition attractants have not been de-

termined for other treehole species, presence of high lev-

els of resources could act in the same capacity for those

species. Of course, this large size effect is balanced by the

depth effects on dissolved oxygen, such that surface area

and depth interact to help determine species richness.

Conclusions

Habitat size and space available, by themselves,

partly determine the richness and abundance of species in

a community. The size of a habitat may determine, in part,

overall habitable space, but aspects of size, such as depth

and surface area, affect abiotic factors in aquatic habitats,

with subsequent effects on the biota. The conditions that

support high densities of mosquitoes may also support

other species, such as ceratopogonid midges, psychodids,

and syrphids. In this experiment, those conditions ap-

peared to be shallow depth, large surface area, and high

dissolved oxygen. Dissolved oxygen concentrations, me-

diated by habitat dimension, had a strong impact on some

components of the insect community.
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