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Environmental Factors Affecting the Western Treehole Mosquito

(Aedes sierrensis)

Abstract

Water-filled trecholes were investigaied to document environmental lactors affceling Lhe western Irechole moscuito. dedes starrensis.
Waters in northern Calilornia treeholes were characterized by relativelv high pH. high conductivity, high potassium, and high boron
concentrations. Some of the chemical Tactors (nitrate, chloride and iron) were correlated with emergence of A. sierrensis. The physi-
cal factors of trechole surface arca, number of slens and the amount of organic matter in the treehole also were correlated with
the emergence ol A. sierrensis from trecholes. Inlerspeciiie biologicul inleractions. such as predation or competition among aquatic
macroinvertehrales, were not found 1o be importanl for A, sierrensis. Intraspecific competition for limited food resources was impor-
tant for A. siemrensts. Resouree limitation might also allect other organisms inhabiting other phytotelmata.

Introduction

Phviotelmata arc small aquatic habitats associated
with living or dead plants. Water-holding flower
bracts, modified leaves, leaf axils or stem inter-
nodes are found in at least 29 plant familics dis-
tributed  throughout the world (Fish 1983).
Conspicuous phylotelmata include pitcher plants
and bromeliad axils. Water-filled treeholes occur
over a vast geographic range, largely correspond-
ing to that of hardwood trees. Crotches or rotted
limbs or trunks of trees often form cavities which
collect rainwater. Treeholes support unusual as-
semblages of aquatic biota. The treehole waler may
be very urbid and the treeholes dark. Photosyn-
thetic plankton are rare in these micrelenlic
habitats. Low dissolved axygen concentrations may
further limit the diversity of biota. In California,
trechole water may freeze in the winter, and some
trecholes dry up by lalec May (summer rains are
rare or absent), so the productive season for agqualic
organisms may be bricf.

Oligochaetes and acatines occur in treehole
walers, bul immature insects usually dominate the
macroinvertebrate biomass. Throughout the world,
mosquiloes are among the most frequent and
numcrous inhabitants of treeholes (Bradshaw and
Holzapfel 1991). Five species of mosquito larvae
have been collected from northern California tree-
holes (D.L.W. unpublished data). According to the
classification of Rohnert (1950), two of these spe-
cics {Culiseta incidens and Culex stigmatosoma) are
dendrolimnetephiles (generalists alracled to a wide
varicty of aquatic habitats); one {Aedes increpiius)
is a dendrolimnetoxene (an accidental inhabitant

which is not a regular member of the treehole com-

munily); and two (Orthopodomyia signifera and
Aedes sterrensis) arc dendrolimnetobients (organ-
isms largely restricted to treeholes).

Some parasiles (e.g., Fgerter and Anderson
1985, Washburn et al. 1989) and pathogens {e.g..
Pinnock et al. 1973, Samson and Soares 19384)
have been studied more than predators in treeholes
of western North America. The role of interspeetfic
competition in western treeholes is not known.

Abiotic factors in western treeholes have nol
heen thoroughly studied. Water chemistry, amount
of organic matter in the treehole, physical dimen-
sions and factors relative to the location of a tree-
hole might influence mosquilo production directly
or by aflecting the biotie factors. The importance
of interactions among biotic and abiotic: factors in
affecting larval mosquito populations in phylotel-
mala is poorly known (Walker et al. 1991).

Aedes sierrensis is the mosl common insect in
Calilornia trecholes. This species is important be-
cause il is a vecior of deer bodyworm (Setaria yehi)
and canine heartworm (Dirofilaria tmmitis) (Wein-
mann ef al. 1973. Weinmann and Carcia, 1974).
The present study was conducled Lo invesligate
physical, chemical, and biological faclors as-
sociated with some Calilfornia trecholes and to de-
termine which factors affect the emergence of A,
sierrensis.

Materials and Methods

Twenty-four trees in nine different areas of Lake
and Mendocine countics were included in this
study. Species examined included California black
oak (Quercus kelloggii), interior live oak (Quercus
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wislizenit), blue oak {Quercus douglasii), valley vak
{Quercus lobata) and Pacific madrone (Arbutus
menziesii}.

According to Munz’s (1959} classification of
California plant communitics, areas K, JM and G
are northern cak woodlands and arcas HRR, EB,
WB, MC, RH and HS are foothill weodlands, Arcas
K and G were the most densely forested sites.
Areas HR and MC had the lowest density of trees.

Latitude, longitude and elevation were deter-
mined from topographic maps. The direction and
angle of slope of the ground were determined with
a compass and clinometer. Each study tree was
identified (Munz 1959) and its height determined
with a clinometer.

Allleaves, organic delritus, ete. were removed
from each treehole, drained. weighed and recorded
as Ireehole “organic matter.” “Treehole volume™
was determined by adding known quantities of wa-
ter to an emply trechole. Water surface arca was
caleulated from muliiple width and length mea-
surements. Maximum treehole depth was also
measured. The compass direction of the treehole
opening (which could influence the amount of
leaves, rainwater or sunlighl entering a treehole)
wus recorded.

On 21 February 1985 a water sample was ob-
tained from cach treehole and water quality fac-
tors were determincd according 1o standard
methods (Greenberg 1985). When A. sierrensis pu-
pae began lo appear, emergence traps (Woodward
et al, 1988) were placed over 13 treeholes. Twice
each week, emerged adults were collected from
cach trap and identified (Bohart and Washino
1978, Woodward et al. 1988). Emergence of A.
sierrensis typically ceases by August (Carcia et al.
1989) so emergence was monitored until 02
September.

The toral number of A. sierrensis emerging was
regressed on various physical, chemical and bio-
logical factors (Northwest Analytical 1986). Per-
cenlages werc transformed 1o arcsine square roots
prior to regression analyscs, Differences belween
Lree species (cxcept the two . lobata) and between
slope directions were tested by one-way analysis
ol variance and Newman-Keuls multiple range
lests.

Results and Discussion

The water quality dala appear in Table 1. There
was relatively little variability in some chemical fac-
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tors (e.g., magnesium and nitrate}. However other
lactors showed considerable variability among tree-
holes. For instance, the maximum potassium con-
centration (2,610 mg/1) was more than 104 times
grealer than the minimum concentration (25 mg/1}.

Boron concentrations have not been reported
in most treehole studies, but the average boron con-
centralion in natural fresh waters is ca. 0.01 parts
per million {ppm) (Wetzel 1975). The mean bo-
ron concentration in treehole waters of the pres-
ent study was 0.36 ppm.

Vrtiska and Pappas (1984} found that
Nebraska treeholes had water hardness values
(mean = 9.3 ppm) significantly lower than waters
from other mosquito larval habitats. Water hard-
ness in the present study was relatively high (mean

= 113 ppm).

Treehole waters often have high potassium con-
centrations (Peterson and Chapman 1969, Wash-
burn and Anderson 1986). Vriiska and Pappas
(1984) reported thal potassium concentrations
(298 ppm) in trechole waters were significantly
higher than in other mosquito larval habitats. Tn
the present study the mean potassium concentra-
lton was very high (320 ppm).

The mean pH was 7.8 and the mean conduc-
livity was 1,286 pmhos/em (Table 1). Kitching
{1983) reported a mean pH of 6.4 and a mean
conductivity of 339 mS/em in some European tree-
holes, and a mean pH of 5.9 and conductivity of
227 mS/em in Australian treeholes. Vrtiska and
Pappas (1984) reported a mean pH of 6.9 and
mean conductivity of 436 umhos in waters of
Nebraska treeholes.

Lunt and Peters (1976) lound Aedes hender-
soni in treehole water with a pH of 9.3, hut
Anopheles barberi larvae were not found in tree-
holes with a pH greater than 8.7, In a study of
Louisiana trecholes (Peterson and  Chapman
1969), some larvae (e.g., Toxorhynchites nutilis sep-
tentrionalisy were collected in water having a pH
of 9.9, but the treehole mosquite Aedes friseriatus
was absent from all treeholes having a pH greater
than 8.8. In the present study, A. sierrensis larvac
were present (in low numbers) in the trechole with
the highest pH (8.5 in EB-1},

Peterson and Chapman {1969) found that A.
triserigtus was absent in trechole waters having
electrical conductivities greater than 4,100
gmhosfem. Washburn and Anderson (1986) col-

lecled A. sierrensis larvae from treehole waters and
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electrical conductivites of 70 10 8,370 pmhos/cm.
This is similar to the conductivity range (174 to
5.933 pmhos/em) of waters harboring A. sierren-
sis in the present sludy.

Peterson and Chapman (1969} collected A.
triseriaties larvae in waters having a magnesium
concentration as high as 8.6 milligram equivalents
per liter and calcium concentration as high as 27.1
milligram ecuivalents per liter. Washburn and
Anderson (L986) Tound A. sierrensis larvae oc-
curred in trecholes with magnesium concentrations
as high as 125 ppm and calcium concenirations
as high as 258 ppm. Tn the present study A, sier
rensis larvae occwred in waters having a mag-
nesium cencentration as high as 49 ppm and a
calcium concentration as high as 64 ppm. These
concentrations of magnesium and calcium are
higher than those occurring in most lentic habitats

(Wetzel 1975).

Additional factors associated with treeholes ap-
pear in Table 2. The mean treehole surface area
was 5354 cm? and the mean depth was 22.2 cm.
Kiiching (1983) reported a mean surface area of
422 cm” and a mean depth of 15.8 cm in Aus-
tralian treeholes. and a mean surface area of 423
em? and a mean depth of 25.2 em for some Lree-
holes in England.

The size (volume) of the treehole (Table 2) was
nol significantlv correlated (P > 0.05) with the spe-
cics of tree. Quercus douglasii treeholes were sig-
nificantly (P <<0.053) higher above the ground than
ireeholes in other species. There were no dilfer-
ences (P>>0.035) among tree species in trechole
depth, treehole surface area or the amount of or-
ganic matter in a trechole. There was no correla-
tion (P> 0.05} between the height of the tree and
the height, depth, surface area, or volume of the
treehole.

Some of the ions were posilively correlated with
cach other, so they may have a common source
(Table 3). This finding is consistent with reports
that stemflow (rain water which runs down the side
of a tree) is important in bringing some inorganic
ions into trecholes (Fish 1983, Wallace er ol
1991).

Emergence traps over selected treeholes (Ta-
ble 4) collected nine speeies including & mesquito
(A. sterrensis), a marsh beetle (Cyphon sp.}. a moth
Iy (Telmatoscopus sp.), a hover fly (Blera humer-
alis), two midges (Polypedifum pedatum and Lim-
nophyes hamiltoni} and two biting midges

154 Colwell, Woodward, and Anderson

{Culicoides neofagineus and C. cavaticus). The
emergenee of adult male A. sierrensis was most
higly correlated (P << 0.01) with the amount of or-
ganic matter in the treehote (Figure 1), The organic
matter may include leaf litter, mistletoe and dead
organisms which have fallen in the hole, dead moss
and lichens which occur near some trecholes,
lwigs, catkins, acorns. pollen, seeds, elc, Decaved
organic matter is an ovipositional attractant for A.
sierrensis (Ahmadi and McClelland 1983}, so0 the
treeholes with greater amounts of organic matter
may have had more eggs.

Larvae of some treehole mosquitces (e.g..
Anopheles plumbeus, (. signifera) feed by filtering
suspended particles while hanging from the water
surface (Zavortink 1985, Bradshaw and Holzap-
fel 1991). In addition to filtering, A. sierrensis lar-
vae commonly dive 1o the bottom of the treehole
te feed by browsing or gnawing on organic matter
or associaled microbes. Aedes sierrensis mighl be
more successful than other trechole inscets (Ta-
ble 4) partly because it is relatively euryphagous.

There can be large numbers (> 10.000) of
carly instar A. sierrensis larvac and very little or-
ganic matter in some treeholes. This can result in
intraspecific competition for the limited amount of
resource available. An inadequate food supply for
the larvac may resull in smaller adulls or in fewer
mosquitoes emerging from treeholes. Figure |
shows that A. sierrenisis emergence is consistent with
the reports that populations of eastern treehole
maosquiloes are limited by the amount of available
food (Fish and Carpenter 1982, Carpenter 1983).
Low per capita resources can result in retarded lar-
val growth, reduced pupal weight, reduced sur-
vivarship, reduced pupation success and reduced
cmergenee of some specics (Hawley 1985, Brad-
shaw and Holzapfel 1991).

The emergence of females was negatively cor-
related with the concentration of chloride ions (Fig-
ure 2). The maximum chloride concentration found
in a lreehole (23 ppm) apparently adversely af-
fected A. sierrensis development. Vrtiska and
Pappas {1984) indicated tree holes containing A.
triseriatus were characterized by low chloride
{mean = 6.2 ppm) bul Peterson and Chapman
(1969) collected living A. triseriatus larvae in tree-
holes having chloride concentrations as high as
12.5 milligram equivalents per liter. Aedes sierrensis
{or some important microbe) may be relatively sen-
stlive to chloride ions.
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TABLE 1. Mean numhers of insects collected per trap per night in emergence traps from 28 March to 02 Scptember 19835,

Cyphort Telmatoscopus Blera Limnophves  Polypedilurn  Culicoides  Culicoides Aoy sivrrensis
Tree st sp. humeralis harmilton; pedatim cavaticns  neofaginens Q9 O Lotal
K-2 0.08 0.06 0.00 0.01 0.00 0.00 0.10 0.06 0.4 0.10
K-4 0.00 0.10 .04 0,00 0.00 0.13 0.06 0.61 062 1.23
K-8 0.35 0.09 0.00 0.00 0.00 0.16 0.15 98 238 3.36
j-2 0.00 0.00 0.00 0.01 0.00 .01 .00 0,39 025 0.04
H-1 0.00 0.00 0.00 0.00 0.00¢ 0.00 0.00 088 200 2.88
IR-1 0.00 0.00 0.00 0.00 0.00 017 0.00 0.03 0.02 0.05
ER-2 0.00 0.01 0.00 .00 0.00 0.00 0.00 0.06  0.03 0.00
G-1 0.00 0.03 0.01 0.02 1.88 0.11 0.00 311 337 8.48
G-3 0.00 0.11 0.01 0.03 0.60 0.10 0.00 0.04 004 0.08
G-4 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.03 000 0.03
G-5 0.00 0.00 0.06 0.04 0.00 0.8 0.02 049  0.16 0.65
-6 0.00 0.00 0.00 0.01 0.00 0.16 0.01 3.95 499 894
-8 0.00 0.07 0.00 0.00 0.00 0.57 0.01 0.55 073  1.28
Meun 0.03 0.01 0.01 0.01 0.14 0.12 0.03 0.86  1.28 2,14
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Figure 1. Relationship between the amount ol organic matier
in Culifornia treeholes and emergence of adult male
Aedes sierrensis.

It has been suggested that some mosquiloes in
phylotelmata experience delays in larval develop-
ment times and a sex ratio distorted in favor of
males. When larval resources are scarce there
could be reduced production of adult females, the
keavier and morc expensive sex, and the redue-
tion might serve as a feedback mechanism to regu-
late population size (Frank er al. 1983). In the
present study females constituted only 40.1% of
the emerged adults, but there was no significant
correlation between sex ratio and amount of or-
ganic matter in the trechole. Female A. sierrensis
emerge later than males (Garcia et al. 1989). so
deeper trecholes might be expected to be bener

0
CHLORIDE (mg/1}

Figure 2. Relationship between the chloride concentration in

trechole waters and the emergence of adult female

Aedes sierrensis from northern California ireeholes.

suited for the females. However there was ne corre-
lation between trechole depth and percentage of
females emerging from treeholes.

Of the factors in Tables 1-4, the percentage of

females was positively correlated only with the con-

centration of iron in the trechole water (Figure 3},

Lron may not be immediately toxic 1o A, sierrensis

larvae, but can have complicated affecls on other

factors including nitrogen, chloride. phosphorous,

pH, redox potential, primary production, and bac-
terial metabolism (Wetzel 1975).
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Figure 3. Relationship hetween the iron concentration in tree-
hole waters und the percentage of adult female Aedes
Sierreqsis.

The total adult A. sierrensis emergence also was
compared with chemical, physical and biological
factors in Tahles 1-4. Cadavers of other organisms
might serve as food for A sierrensis larvae, Of the
insects in these treeholes, only the Culicoides are
considered to be possible predators (Merritt and
Cummins, 1984). Other treehole insects could be
considered as passible competitors of A. sierren-
sis. However, there were no significant correlations
(P >>0.03) between the emergence of A. sierrensis
and the emergence of any of the other specics in
Table 4. so interspecific biological interactions were
not found 1o be important for A, sierrensis. Also the
number of insect species per trechole was not cor-
related with A. sierrensis emergence.

Larval predators {e.g.. Toxorhanchites mosqui-
toes or cvelopoid copepods) can reduce some
populations of treehole mosquiloes {Bradshaw and
Holzaplel 1984, Riviere et af. 1987). However
these predaters arc rare or ahsent in California
trecholes.

The lower elevation trecholes were in hotter,
drier arcas and may have dried out sooner thun
the higher elevation trecholes. However the A. sier
rensts in the lower treeholes may have started
emerging sooner than the higher elevation mosqui-
toes, and there was no (P < 0.05) significant corre-
lation between number of adults emerging and
elevation. There was no correlation between slope
angle and A. sierrensis emergence. The number of
mosquiloes emerging was highest {P<0.03) on
south-facing (121-240°) slopes, which arc com-
monly hot and dry in California. Bradshaw and
Holzapfel (1991) reported higher survivorship of
a trechole mosquito (4. plumbeus) on south-facing
slopes in England.
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Non-deciduous trees (e.g.. interior live oak and
madrone) may produce more of the chemicals that
deter herbivores when compared 1o deciduous vaks
hecause evergreen leaves are vulnerable all year.
High concentrations of tannins and lignins report-
edly make €. wislizenii less palatable and less
nutritious to insects and mammals (Pavlik et al.
1991). Tannins produced by some species of trees
may have elfccts on A. sierrensis larvae or their nat-
ural enemies (Mercer and Anderson 1994). How-
ever in the present siudy there were no significant
differences between tree specics in the number of
adult mosquitoes emerging or their sex ratios.

Treeholes high in trees may receive nutrients
from flying organisms and from wind-borne mate-
rial {anemophilous nutrition). Lower treeholes may
also receive acerns and other materials falling into
the water or washed by rainwater into the treehole
(dendrophilous nutrition according to Frank 1983).
The height of the trechole is important for some
mosquilo species (Sinsko and Grimstad 1977).
There was no significant eorrclation between tree-
hole height and A. sierrensis emergence, but tree-
holes on the highest limbs were not sampled in this
study.

Copeland and Craig (1990) found A. triseria-
tus in more shallow treeholes and fewer deep tree-
holes than cxpected. and the reverse was true for
Orthopodomyia alba. In Lhe present study the num-
bers of emerged A. sierrensis were nol correlated
{I’>0.05) with treehole depth.

Total emergence was nol correlated with lati-
tude, langitade, or height of tree, bul was cor-
related with the number of major stems (Figure 4),
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Figure 4. Relationship hetween the number of major trunk
stems on a hardwood tree and the total emergence
of adull Aedes sierrensis rom nenhern California tree-
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Some of the trees in this study apparently had been
cut to near ground level years ago. The old stump
may have hecome the hottom of a treehole when
several trunks sprouted around its circumference.
The multiple trunks might funnel stemfllow, falling
leaves, etc. into these basal treeholes.

Lunt and Peters (1976) found (. alba only in
trecholes with narrow openings (1.5-1.7 em). They
indicated the surface area of the treehole appar-
ently was not important for A. hendersoni or A.
triserierius.

The total emergence of A. sierrensis was posi-
tively correlated with three possibly associated fae-
tors: surface area, organic maltler, and nitrate
{(Figure 5). The surface area was positively cor-
related (P < 0,05} with the amount of organic ma-
ter in the treehole {Table 3). A trechole with a
larger opening would probably have more lcaves
and other materials falling into it so it would there-
fore have a greater accumulation of organic mat-
ter than trecholes with smaller surface areas. Water
with greater organic loading could have greater ni-
tratc concentrations. Nitrale was significantly
(P <2 0.05) correlated with the amount of organic
maller in the treehole (Table 3). However, some
nitrate also enters treeholes via slemflow. Nitrale
can stimulate microbial respiratory metabolism and
growth, and detritus decomposition on leaf and
hark surfaces and in the water column, thereby
providing more mosquito food (Walker et al.
1991). Figure 5 is consistent with the finding of
Carpenter (1982} that moscuito growth was en-
hanced in microcosms cnriched with nitrate.

The organic malter in many treeholes is largely
leaves, which can be used for rearing A. sierrensis
(Pyle et al. 1989}, Parts of leaves may be directly
ingested by mosquito larvae, or may indircctly pro-
vide nourishment through decomposers. Biologi-
cal transformation of organic matter may be
impartant in treeholes. Fungi are decomposers
which can be ingested by trechole mosquito lar-
vae. Carpenter (1983) has shown that leaves in wa-
ter withoul mosquito larvae develop massive hyphal
growths, but leaves in the presence of castern tree-
hole mosquito larvae are nearly free of fungi. This
1s reportedly due to browsing by the larvae. Some
protozoans, bacteria and other microorganisms on
the leaves may also be ingested by treehole
mosquite larvac,

Tt should be noted that nenaguatic organisms
may alter the leaves and other organic matter
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Figure 5. Relationship between trechole surface area (A), tree-
hole organic matler (B), and concentration of nitrale
in trechole water (€). and the emergence of adult
Aedes sierrensis.

when California treehaoles arc dry in the late sum-
mer and carly autumn, The leaves and organic mat-
ter then provide habitat for numerous invertebrate
and vertebrate species (Pavlik et al. 1991). The
partial processing of the leaves as well as the exu-
viae, dead organisms, feces. ete. in the trecholes
when they are flooded by winter rains may affect
the mosquito productivity of a treehole,

The association of emergence with the amount
of organic matter in treeholes is consistent with the
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idea that treehole mosquito populations are often
limited by the larval food supply {Bradshaw and
Holzapfel 1991). Eggs, pupac and adulis do not
feed on the treehole organic matter so the larval
stage is the limiting one.

Walker and Merritt (1988) found no difference
in the number of A. #riseriatus cmerged from Lree-
holes without leaves or treeholes with leaves. How-
cver, emergence of A. sterrensis is alfected by the
amount of leaf liter. Figure 5 is consistent with
the idea that A, sierrensis is food limited (Gilpin and
Langlord 1978). liven those adults which do
emerge from food-limiled phylotelmata may exhibit
relatively small size, low survivorship, or low lecun-
dity (Hawley 1985. Bradshaw and Holzapfel
1992).

There are other possible environmental {actors
which could impact A. sierrensis. Some parasites
and pathogens have been examined extensively
{c.g., Sanders 1972; Sanders and Poinar 1976;
Soares 1982; Hawley 1985; Washburn and An-
derson 1986: Saunders et al. 1988; Washburn et
al. 1988a, 1988h, 1991; Norton ez al. 1992) and
were nol [urther evaluated in the present study.
Interspeeific competition may be important in tree-
heles having higher densities of organisms than in
the present study. Also factors which eould alfect
eggs before they conlact the water (e.g.. predation
by ants) or adulls after they leave a trechole
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