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Experimental logging alters the abundance
and community composition of ovipositing mosquitoes
in the southern Appalachians
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Abstract. 1. The loss of intact forest via logging can influence vector-borne disease
dynamics in part by altering the abundance or diversity of mosquito species. Using an
experimental field approach, we characterised how two types of logging (clearcut and
repeat-entry shelterwood) affected temperate forest mosquito abundance and diversity
in southwestern Virginia.

2.From May to September in 2008-2010, infusion-baited gravid traps were used
to collect ovipositing female mosquitoes across experimental forest plots that varied
in logging treatment. Of the 29 680 collected adult female mosquitoes, the three
dominant taxa captured were Aedes triseriatus (55%), Aedes japonicus (21%), and Culex
pipiens/restuans (20%).

3. Logging treatment had a significant effect on the overall number of female
mosquitoes caught per trap night, with lower average abundance of females on both
logged treatments relative to two types of unlogged, control plots. When the three most
abundant mosquito species were examined separately, logging treatment significantly
influenced the abundance of both Aedes species, but did not significantly affect C.
pipiens/restuans abundance.

4. Logging treatment did not influence the richness or diversity of mosquito species
captured in gravid traps. However, logging treatment significantly altered the multivari-
ate community composition of captured mosquitoes, an effect probably mediated by
differential species-specific impacts of logging on abundance.

5. Overall, the results of the present study suggest that the risk of arboviruses
transmitted by container-breeding Aedes species may be lower following a logging event
in Appalachian forests because of reduced A. japonicus and A. triseriatus abundance
with logging.
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Introduction of taxa (e.g. Belote ef al., 2008; Duraes et al., 2013; Burival-

ova et al., 2014), and these changes in biodiversity can have
As human populations increase, the associated demand on

natural resources has resulted in a global loss of intact forests
(Tilman et al., 2011; Hansen et al., 2013). Forest disturbance
and loss have been shown to reduce biodiversity for a suite

critical downstream consequences for disease risk (Keesing
et al., 2006, 2010; Pongsiri et al., 2009). Past work on biodi-
versity and disease has largely focused on how anthropogenic
disturbance to forests alters the diversity and abundance of
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2009). Although the impacts of deforestation on vector ecology
and resulting disease risk have been of long-standing interest
(reviewed in Walsh et al., 1993), only recently have studies
explicitly considered how anthropogenic changes to intact
forests alter the diversity and abundance of the invertebrate
taxa that commonly serve as disease vectors (e.g. Thongsripong
et al., 2013; Meyer Steiger et al., 2016; Zhody et al., 2016).

While the influence of logging on invertebrate vectors has
not been fully examined, there have been several studies on the
responses of non-vector invertebrate populations and communi-
ties to logging. Lepidoptera abundance and diversity (Ghazoul,
2002; Savilaakso et al., 2009), and the abundance or diversity
of tropical beetles, termites, and ants (Ewers ez al., 2015) have
all been shown to decline with logging, and a meta-analysis of
responses to logging for several animal taxa found a general
decline in invertebrate richness with logging intensity (Burival-
ova et al., 2014). However, responses to logging were shown
to be highly taxon-specific within invertebrate communities in
southwestern Australia (Strehlow e al., 2002).

Few studies to date have examined responses of mosquito
vectors to deforestation and both focused on larval abundance.
Batzer et al. (2005) found a higher abundance of Culicine
mosquito larvae on logged bottomland sites in South Carolina,
U.S.A. In contrast, Barros and Honério (2015) found very low
abundance of Anopheles darlingi larvae in deforested ponds
on agricultural settlements of the Brazilian Amazon. Instead,
A. darlingi larvae were at their highest abundance in ‘transi-
tional ponds’ at the fringes of forest patches, which the authors
hypothesise may have been created by nearby logging events
that obstructed water flow (Barros & Honodrio, 2015). The
influence of logging per se on adult mosquito communities has
not yet been directly examined, but several prior studies have
examined how urbanisation or land-use gradients, which inte-
grate a suite of landscape changes including loss of intact forest,
influence adult mosquito communities. Studies of land-use
gradients in the Peruvian Amazon (Johnson et al., 2008),
Thailand (Thongsripong et al., 2013), Spain (Ferraguti et al.,
2016), Madagascar (Zhody et al., 2016), and remote Australian
islands (Meyer Steiger et al., 2016) generally find the highest
mosquito abundance and diversity in rural, forested sites with
high vegetative cover relative to more urban habitats. However,
in Anopheles species, the combined effects of deforestation
and conversion to agriculture are highly species-specific, with
some taxa increasing in abundance with land-use change, and
others decreasing (Yasuoka & Levins, 2007). Overall, because
all of these prior studies were correlational, it remains unknown
whether logging per se or some other correlate of land use
altered the abundance and diversity of mosquito communities.
Experimental logging studies are needed to determine how
logging influences the abundance and diversity of the adult
female mosquitoes that commonly serve as disease vectors.

Using a silvicultural experimental approach that applied
two types of logging treatment (single-entry clearcut, and
repeated-entry shelterwood harvesting) to otherwise similar for-
est plots, here we sought to understand how logging influ-
ences the abundance, diversity, and community composition of
mosquitoes in southwest Virginia. As this assemblage includes
the vectors of avian malaria (Kimura et al., 2010; Farajollahi

et al.,2011), reptile haemogregarines (Smith ez al., 1996; Hark-
ness et al., 2010), filarial worms (Ledesma & Harrington, 2011;
Mehus & Vaughan, 2013), and arboviruses (West Nile virus,
La Crosse encephalitis virus; McJunkin ez al., 1998; Turell
et al., 2001; Haddow et al., 2011), any detected responses to
logging in this area may influence the spatial distribution of
mosquito-borne pathogens. We hypothesised that logging of
intact temperate forests would alter the abundance and com-
munity composition of mosquitoes. Based on the results of
mosquito urban gradient studies (e.g. Johnson et al., 2008;
Thongsripong et al., 2013), we predicted that intact undisturbed
forest would have greater mosquito diversity and species rich-
ness, with a lower abundance of disease vectors than logged
sites.

Materials and methods
Study site

Our primary study sites in Jefferson National Forest in south-
western Virginia were part of a long-term investigation of
silvicultural oak regeneration methods on biodiversity (e.g.
Belote et al., 2008; Atwood et al., 2009), termed the South-
ern Appalachian Silviculture and Biodiversity Project (SASAB;
Fig. 1). These oak-dominant (Quercus spp.) sites had similar
overstorey composition, age and topographic position on mod-
erate (10—40%), south-facing slopes (Belote et al., 2008). Two
SASAB sites used for this study (Blacksburg 1 and 2; BBI
and BB2, respectively) were located in Montgomery County,
VA [37°17'35.73"N, 80°27'24.63"W (BB1); 37°18'20.35"N,
80°26'24.95”"W (BB2)] while a third site [Newcastle (NC)] was
located in Craig County, VA (37°27'20.78"N, 80°23'0.37"W).
A single non-SASAB site (BB3) located near BB1 and BB2 in
Montgomery County, VA (Fig. 1), was established as a fourth
site for the purposes of this study (see the section on ‘Contiguous
control site’ for further details).

Silvicultural logging treatments

At each of the three SASAB study sites (BB1, BB2, and
NC), seven 2-ha experimental units (EUs) were established with
no buffer between the units. As part of the broader SASAB
project, silvicultural treatments were randomly assigned to EUs
within sites using a fully randomised complete block design
(Belote et al., 2008; Homyack & Haas, 2013). For this study,
three of the SASAB silvicultural treatments were the focus of
mosquito surveillance: repeated-entry shelterwood plots (SW)
at 0—2 years post-logging; single-entry clearcut (CCUT) plots at
12—14 years post-logging; and unlogged control plots embed-
ded in a matrix of surrounding fragmentation created by silvi-
culture treatments, thus termed ‘embedded controls’ (ECON)
at 80—100 years old. These three silvicultural treatments were
replicated across three SASAB study sites — BB1, BB2, and NC
(Table 1; Fig. 1) — for the purposes of this study.

The three SASAB treatments (ECON, CCUT, and SW) dif-
fered in the extent and frequency of harvesting, as well as the
time elapsed since the last logging event. Embedded control
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Fig. 1. The spatial arrangement of study sites where mosquito abundance and community composition were characterised using gravid traps. The
right-hand map shows the distribution of the four study sites (BB1, Blacksburg 1; BB2, Blacksburg 2; BB3, Blacksburg 3; NC, Newcastle) across two
counties (Montgomery and Craig), and the inset shows the location of study sites within southwest Virginia. The left-hand figure shows an example
layout of the three experimental units sampled at the BB1 study site. Due to experimental randomisation, the spatial arrangement of silviculture treatment
assignments differed across the three Southern Appalachian Biodiversity Silviculture and Biodiversity (SASAB) study sites (BB1, BB2, and NC; stars).
At each SASARB site, three of the seven 2-ha silvicultural treatments (SW, repeat-entry shelterwood; CCUT, clearcut; ECON, embedded control) were
used for this study, but other treatments (LWS, low-leave shelterwood; LT, leave tree cut; GS, group selection; UH, understorey herbicide) are shown
to illustrate the matrix of habitat within which each experimental unit was embedded. After a minimum 30-m buffer zone was established on each
treatment, five infusion-baited gravid traps were placed on each experimental unit as shown. Gravid traps are not shown to size. [Colour figure can be
viewed at wileyonlinelibrary.com].

Table 1. Experimental design of silvicultural disturbance treatments. We had 11 total experimental units made up of four treatments replicated across
four study sites (BB1, Blacksburg 1; BB2, Blacksburg 2; BB3, Blacksburg 3; NC, Newcastle). Although three treatments [embedded control (ECON),
clearcut (CCUT), and repeat-entry shelterwood (SW)] were balanced across the Southern Appalachian Silviculture and Biodiversity Project (SASAB)
sites, the overall study design was unbalanced, with contiguous control (CCON) experimental units only present at the BB3 site.

Logging treatments

CCON ECON CCUT SW

Stand age 100-130 years 80-100 years 1214 years 0-2 years
Study sites County SASAB sites

BB1 Montgomery 0 1 1 1

BB2 Montgomery 0 1 1 1

NC Craig 0 1 1 1

BB3 Montgomery 2 0 0 0
TOTAL 2 3 3 3

(ECON) plots never experienced any direct logging, but these
experimental units were directly adjacent to disturbed units with
no buffer zone (Fig. 1). Clearcut (CCUT) plots were logged once
between 1995 and 1996 (Atwood, 2008), 12—14 years before
study initiation, and this harvest removed 95% of the basal
overstorey area. At this initial harvest in 1995—-1996, SW sites
underwent stand thinning with 56% of the basal area removed.

Approximately 12 years after initial stand thinning, all residual
overstorey stems on the SW were logged between 2007 and 2008
(Homyack & Haas, 2013), just prior to the initiation of this study.
Thus, at the time of this study, the SW plots had the youngest
stand age (0—2 years) and the most recent logging event, fol-
lowed by the CCUT plots which had not experienced any direct
harvesting for 12—14 years, and the ECON plots which were not
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Fig. 2. Mean number (+ SE) of female mosquitoes caught per night
in gravid traps across four experimental logging treatments (CCON,
contiguous control; ECON, embedded control; CCUT, clearcut;
SW, repeat-entry shelterwood). Results are presented for all mosquitoes
combined (black bars) as well as for the three most commonly collected
mosquito species or species groups: Aedes triseriatus (AETR; grey),
Aedes japonicus (AEJA; hatched), and Culex pipiens/restuans (CUPR;
white). Although treatments are ordered by stand age for visual clarity,
treatments were considered as categorical factors for analysis.

directly logged in the last 80—100 years. Accordingly, the den-
sity of overstorey trees at the time of the study (measured in
2009) was highest on ECON sites, intermediate on CCUT sites,
and lowest on SW sites (Fig. 2D in Homyack & Haas, 2013). As
time since disturbance and the type of silvicultural disturbance
applied were confounded in our study design (i.e. the SW and
CCUT treatments differed in both variables), we conservatively
considered logging treatment as a categorical variable for statis-
tical analysis. However, because logging was most recent on the
SW treatments and these plots had the lowest diameter at breast
height value at the time of vector sampling, we expected that
the effects of logging on mosquito abundance and community
composition would be strongest for the SW treatments.

Contiguous control site

Due to the matrix of forest fragmentation created by the
SASAB experimental design (Fig. 1) and associated disturbance
to ECON experimental units (e.g. skid trails, diffuse light from
adjacent treatments), we established an additional non-SASAB
study site (BB3) containing two contiguous control (CCON)
experimental units equivalent in size to the SASAB EUs. The
BB3 site (37°18’48.59"'N, 80°25’15.82"W) was also located in
Jefferson National Forest (Montgomery County), just adjacent
to BB1 and BB2 (Fig. 1). These undisturbed experimental units
were embedded within large areas of contiguous forest that had
not been recently disturbed by harvesting. Similar to the nearby
SASAB sites, these stands were dominated by oak (Quercus
spp.) along with yellow poplar (Liriodendron tulipifera). The

ages of the dominant and co-dominant trees in these stands were
100—130 years. Similar to the SASAB sites, the stands are on
a south aspect with a moderate slope (J. Overcash, US Forest
Service, pers. comm.).

Mosquito sampling

From late May to September 2008-2010, adult mosquitoes
were collected twice a week from hay infusion-baited gravid
traps (Scott et al., 2001; Jackson et al., 2005). Although gravid
traps generally capture lower species diversity than light traps
(e.g. Chen et al., 2011), we were most interested in the arboviral
vectors present in our study area, which include Aedes japonicus
and Aedes albopictus (vectors of La Crosse virus), and Culex
pipiens/restuans (vectors of West Nile virus). All three species
will readily use gravid traps (Reiter et al., 1986; Scott et al.,
2001; Jackson et al., 2005). Gravid traps select for ovipositing or
blood-fed female mosquitoes that are more likely to be infected
with arboviruses compared with non-gravid females (Williams
& Gingrich, 2007). We baited our gravid traps with a hay
infusion comprising 114 g of straw, 1 g of lactalbumen, 1.32 g
of brewer’s yeast, and 26.5 litres of warm tap water (Reiter,
1986). Five infusion-baited gravid traps were placed on each
EU (n =11 total; Table 1) in a standardised arrangement on
each plot (Fig. 1). A minimum 30-m buffer zone was applied
to each EU to minimise edge effects. After a minimum of 24-h
storage in a freezer at —80 °C , all captured female mosquitoes
were identified using morphological keys (Slaff & Apperson,
1989; Darsie, 2002). As important adult taxonomic characters
may be damaged or missing after field collection (Saul et al.,
1977, Harrington & Poulson, 2008), which makes identification
difficult, C. restuans and C. pipiens mosquitoes were pooled.
Such pools will hereafter be referred to as C. pipiens/restuans.

Statistical analysis

We used the statistical package r version 3.3.2 (R Devel-
opment Core Team, 2016) for all analyses. We examined the
effect of logging treatment on the total abundance of female
mosquitoes (the number of mosquitoes captured per trap night)
and the separate abundance of each of the three most com-
monly detected mosquito taxa on our sites (A. japonicus, Aedes
triseriatus, and C. pipiens/restuans) using generalised linear
mixed models (GLMMs) with the glmmPQL function in the
MASs package (Venables & Ripley, 2002). This package fits
GLMMs with a penalised quasi-likelihood function using a
Laplace approximation. We specified a Poisson distribution for
all abundance models to account for non-normally distributed
count data. Each model included treatment (categorical factor:
CCON, ECON, CCUT, or SW), county (categorical factor:
Montgomery or Craig), and temporal variables (month and
year, as categorical factors) as fixed effects. We include county
in all models because the NC site, located in a separate county,
was spatially isolated from the other three study sites (Fig. 1).
To account for the non-independence of repeated measures
from each EU, we included Julian date nested within the ID
of each EU (n = 11 total; Table 1) as a random effect; and we
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used a first-order autocorrelation structure (arl) to account for
longitudinal repeated measures. For each model, parameter
significance was determined using type IIT1 Wald y? tests with
significance at P < 0.05. In cases where the overall effect of
logging treatment was significant, we used parameter effect
tests to examine how each logging treatment differed from the
reference treatment, set as the CCON treatment.

We compared the community composition of mosquitoes
detected in our gravid traps across logging treatments using
univariate and multivariate metrics in the vegan package of Rr.
For our univariate metrics, we evaluated two diversity indices
that span values of the g order: species richness (the total
number of species detected) and Simpson’s diversity index
(Keylock, 2005; Jost, 2009). We analysed the univariate metrics
using GLMMs, again with the glmmPQL function in the MASS
package. We specified a Poisson distribution for the species
richness model (because richness data are positive integers) and
negative binomial distributions for Simpson’s index, which is
bounded to fall between 0 and 1. Again, each model included
treatment (categorical factor: CCON, ECON, CCUT, or SW),
county (categorical factor: Montgomery or Craig), and temporal
variables (month and year, as categorical factors) as fixed
effects. As with the abundance models, to account for the
non-independence of repeated measures from each EU, we
included Julian date nested within the ID of the EU as a random
effect; and we used a first-order autocorrelation structure (arl)
to account for longitudinal repeated measures.

The multivariate community composition of mosquitoes
detected by our gravid traps was examined with nonmetric
multidimensional scaling (NMDS) (Kruskal, 1964) and per-
mutational multivariate analysis of variance (PERMANOVA)
(Anderson, 2001), both using Bray—Curtis dissimilarities. Our
PERMANOVA included effects of treatment (CCON, ECON,
CCUT, or SW), county (Montgomery or Craig), site (BBI,
BB2, BB3, and NC), month, and year. In order to account for
the non-independence of our longitudinal sampling data, the
community composition of trapped mosquitoes was averaged
for each month within experimental unit, producing up to five
values for community composition for each EU per year. We
used a Scree plot of stress versus number of solution dimensions
to choose the number of axes for our NMDS solution. The deci-
sion was based on finding the most parsimonious solution, i.e.
the smallest number of axes, while still obtaining a good fit for
the solution based on stress (McCune & Grace, 2002). Results
of the NMDS are presented as a plot of the bivariate means of
the monthly mosquito communities for each experimental unit.

Results

We collected 29 680 female mosquitoes representing 15 species
over three field seasons (2008 —2010). The three most commonly
collected species were A. triseriatus (55%), A. japonicus (21%),
and C. pipiens/restuans (20%) (Table 1), all of which are in the
subfamily Culicinae. Aedes triseriatus was the most commonly
collected species, and the most common genera encountered
from highest to lowest abundance were Aedes (six species),
Culex (three species), and Anopheles (two species).

Logging effects on adult mosquitoes 467

Logging treatment had a significant effect on the overall
abundance of females collected per night by our gravid traps
(Fig. 2; y*> = 10.1,d.f. = 3, P = 0.018). On average, the number
of female mosquitoes collected per trap night declined with
stand age (Fig. 2), but parameter effect tests showed that none of
the treatments differed significantly from the reference CCON
treatment (Table S2). Sampling month (y?> =115.0, d.f. =5,
P <0.0001) and year (y*>=69.6, d.f. =2, P <0.0001) also
significantly predicted total female mosquito abundance per
trap night (see Table S2 for directionality of month and year
effects). The county in which the sampling site was located
(Montgomery or Craig) did not predict the overall abundance of
female mosquitoes per trap night (3% = 0.02,d.f. = 1, P = 0.88).

When we examined the three most commonly collected
mosquito species separately, logging treatment had significant
effects on the abundance of A. japonicus (y*> =21.9, d.f. =3,
P < 0.0001) and A. triseriatus ()(2 =38.17, d.f. =3, P =0.043;
Fig. 2). For A. japonicus, abundances of females in the CCUT
and SW treatments were significantly lower than in the CCON
reference treatment (Table S3). For A. triseriatus, parameter esti-
mates were negative for both the CCUT and SW treatments
but not statistically significant (Table S4). Similar to results for
overall abundance, sampling month and year were both strong
predictors of the abundance of female A. japonicus and A. trise-
riatus (month, y? > 59.4, d.f. =5, P < 0.0001 for both species;
year, y>>85.3, df.=2, P<0.0001; Tables S3 and S4),
whereas county was not a significant predictor for either species
(¥*<3.01,df. =1, P> 0.078). For C. pipiens/restuans, log-
ging treatment did not significantly affect the abundance of
females collected per trap night (x> = 7.14,d.f. = 3, P = 0.067),
although sampling month (2> =652, d.f. =5, P < 0.0001),
year (y? = 229.6,d.f. = 2, P < 0.0001), and county (y* = 5.48,
d.f. =1, P=0.019) were all significant predictors of C. pipi-
ens/restuans abundance (Table S5).

Logging treatment was not a significant predictor of either
univariate diversity metric for the females collected in our gravid
traps (Fig. 3): species richness (y? = 3.32, d.f. =3, P =0.33)
or Simpson’s index (y? =1.79, d.f. =3, P =0.69). Sampling
month significantly predicted both indices (both x> > 100.9,
d.f. =35, P <« 0.0001) while sampling year predicted Simpson’s
index (y? =9.11, d.f. =2, P = 0.010) but not species richness
(¥*>=0.88,d.f. =2, P = 0.64). In contrast, the county in which
the study site was located (Montgomery or Craig) significantly
predicted species richness (y?=9.83, d.f.=1, P =0.0017)
but not Simpson’s diversity index (y?>=097, df =1,
P =0.32).

Two dimensions were chosen for NMDS based on a Scree plot
and associated stress values (0.07). Logging treatment signifi-
cantly influenced the multivariate composition of the mosquito
community detected by gravid traps (F 43 = 2.98, P =0.001,
R?>=0.04; Fig.4). Study site (F,;=0.64, P=0.017,
R*>=0.02), year (F ;3 =138, P<0.001, R>=0.05), and
month (Fy,,; =7.33, P < 0.001, R? = 0.25) were also signifi-
cant predictors of multivariate composition, with month having
the highest predictive power. The county in which the study site
was located (F| 43 = 1.46, P = 0.18, R? = 0.01) did not predict
the composition of the mosquito community detected by gravid
traps.
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Fig. 3. Mean (+ SE) species richness (black) and Simpson’s diver-
sity index (grey) for mosquito communities detected by gravid traps
across four experimental logging treatments (CCON, contiguous con-
trol; ECON, embedded control; CCUT, clearcut; SW, repeat-entry
shelterwood). Although treatments are ordered by stand age for visual
clarity, treatments were considered as categorical factors for analysis.
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Fig. 4. Multivariate ordination of mosquito communities detected by
gravid traps from the four logging treatments. Data were averaged for a
given month within experimental units (n = 11) to account for temporal
and spatial non-independence. Bivariate means of the monthly values are
presented for each experimental unit (n = 11; Table 1). [Colour figure
can be viewed at wileyonlinelibrary.com].

Discussion

We found that the abundance and community composition of
oviposition site-seeking mosquitoes in temperate Appalachian
forests were significantly affected by experimental timber
harvesting. Both types of logging resulted in lower abundances
of all collected mosquitoes, and in particular, lower abundances
of A. japonicus and A. triseriatus relative to undisturbed con-
tiguous forest. Furthermore, logging significantly shifted the
multivariate composition of the mosquito assemblage detected
by gravid traps. However, the richness and diversity of the
detected mosquito community was unaffected by logging,
perhaps due to the sampling technique (gravid traps) used in

our study. Overall, because vector abundance is a key predictor
of vector-borne disease risk (Antonovics et al., 1995; Mather
etal., 1996), our results suggest that the risk of pathogens
transmitted by A. japonicus and A. triseriatus may be lower
following a logging event in Appalachian forests.

The detected mosquito assemblage at our sites was dominated
by the tree-hole mosquito (A. triseriatus), the primary vector
of La Crosse virus (Watts ef al., 1972). Although our use of
gravid traps probably influenced the dominant species collected,
a study in the Appalachian mountains of western North Carolina
also found strong dominance of A. triseriatus using a suite of
collection techniques (Szumlas ef al., 1996). A recently estab-
lished invasive species, the Asian bush mosquito (A. japoni-
cus; Kaufman & Fonseca, 2014), was the second most abun-
dant species collected. Aedes japonicus is a vector of La Crosse
virus (Sardelis et al., 2002; Harris et al., 2015), West Nile virus
(Sardelis & Turell, 2001; Turell et al., 2005), and Cache Val-
ley virus (Yang et al., 2018). Logging treatment significantly
affected the abundance of both of these Aedes species, with the
average abundance of female A. triseriatus and japonicus declin-
ing with stand age (Fig. 2). Consistent with these results, Bova
(2014) found lower egg and adult abundance of A. triseriatus, A.
Jjaponicus, and A. albopictus on logged treatments at a subset of
the SASAB sites in 2011. Thus, the detected declines in overall
mosquito abundance with logging are probably driven largely
by responses of the container-breeding Aedes species common
to our Appalachian study sites. Interestingly, previous work by
Batzer et al. (2005) found the highest abundance of immature
marsh and open-water Aedes on logged bottomland sites in
South Carolina, demonstrating that some Aedes species increase
in abundance with logging. Together with our results, this sug-
gests that responses of Aedes species to logging may be either
positive or negative depending on oviposition-site preference.

Culex pipiens/restuans were the third most abundant com-
munity members detected in our study and are known vectors
of West Nile virus (Turell ef al., 2005). In contrast to the two
Aedes species that we detected most commonly on our sites,
the pooled abundance of female C. pipiens/restuans was not sig-
nificantly affected by logging treatment in our study, and there
was no apparent directional shift in abundance with logging for
this group (Fig. 2). As C. pipiens and C. restuans are gener-
alists that readily breed in both natural and disturbed habitats
(e.g. Johnson et al., 2015), it is perhaps not surprising that these
species were largely unaffected by logging. Furthermore, our
results are in accordance with other Culex gravid trap studies that
found no difference in Culex abundance across land-use type,
including fragmented forest (Gardner et al., 2014; Karki et al.,
2016). Although our inability to morphologically discriminate
between C. pipiens and C. restuans limits our inference for the
Culex species, the zoonotic disease vectors most abundant at our
site appear to have been differentially affected by logging, with
the two most abundant Aedes species significantly impacted by
logging and the two pooled Culex species largely unaffected.
However, because the two pooled Culex species can differ in
their temporal dynamics (Jackson & Paulson, 2006) and con-
tributions to disease transmission (e.g. Kilpatrick ez al., 2010),
species-specific identification is a critical next step for under-
standing how logging may impact Culex populations.
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Our abundance results suggest that closed-canopied forests
(i.e. our two control treatments) are more favourable than
recently logged habitat for the two container-breeding Aedes
species detected in large numbers on our study sites. Nonethe-
less, because we did not measure specific environmental vari-
ables or habitat characteristics, our study was not able to identify
the specific mechanisms that underlie the detected changes in
the abundance of female A. japonicus and A. triseriatus with
logging. Silvicultural practices such as logging can influence
mosquito abundance through multiple non-exclusive mecha-
nisms, including changes in both microhabitat (e.g. sunlight lev-
els, temperature, creation of temporary pools, and frequency
of drying events) and macrohabitat (e.g. removal of overstorey
canopy cover and trees with associated treeholes). These abiotic
differences can have direct effects on mosquito survival (e.g.
Zhong et al., 2016) and larval development rate (e.g. Couret
et al., 2014). Furthermore, these abiotic differences can indi-
rectly influence mosquito populations by altering biotic factors
such as food availability (e.g. Yee et al., 2012) or the abundance
of competitors or predators (e.g. Juliano, 2009). As the Aedes
species detected most commonly at our sites both breed readily
in tree holes (Kaufman & Fonseca, 2014), effects of logging on
the abundance of A. triseriatus and A. japonicus are most likely
related to the reduced availability of oviposition sites following
a logging event. Past research has shown that partial harvest-
ing (SW) on the SASAB study sites decreases stump sprouting,
which is important for tree regeneration (Atwood, 2008; Atwood
et al., 2009), and thus creation of oviposition sites like rot holes
and pans (Kitching, 1971). Studies of host-seeking mosquitoes
have also shown that tree density is an important predictor of
mosquito abundance, which the authors hypothesise is due to
the limited movement of adult females away from the larval sites
from which they emerged (O’Brien & Reiskind, 2013). Thus, a
decline in oviposition site availability is the most likely driver of
the declines in the abundance of female A. japonicus and A. tris-
eriatus with logging. However, other factors such as differences
in shade and temperature, or context-dependent biotic interac-
tions such as larval competition or predation (e.g. Juliano 2009),
may also contribute to the declines in these two Aedes species
with logging.

Logging treatment significantly shifted the multivariate com-
munity assemblage detected by our gravid traps. Because we
used a Bray—Curtis metric that quantifies differences in the
relative abundance rather than presence or absence of species
(Legendre & Legendre, 1998), the detected community-level
shifts are probably a result of differential effects of logging
on the abundance of the two most commonly detected Aedes
species versus the C. pipiens/restuans complex (Fig. 2), which
altered the relative abundance of the most common vectors
on our study sites. Overall, our findings indicate that logging
results in a significant shift in the multivariate composition of
the female mosquito community detected by gravid traps. How-
ever, logging treatment explained a relatively small percentage
of the multivariate distance (4%), in contrast to month, which
explained 25% of variation. Thus, while logging treatment
did shift the relative abundance of the oviposition site-seeking
mosquito community, these shifts were still minor relative to
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seasonal effects. Furthermore, because our two logged treat-
ments (shelterwood and clearcut) differed both in the length of
time since the last logging disturbance and in the type of silvicul-
tural treatment applied, our study design is unable to definitively
tease apart potential temporal effects of disturbance from effects
of specific silvicultural practices on mosquito communities.

In contrast to the multivariate results, we did not detect any
effects of logging on the diversity or richness of the mosquito
community detected by gravid traps. Although species richness
was generally higher on plots of older stage age (Fig. 3), there
were no significant effects of logging treatment on either univari-
ate diversity metric. These results differ from previous studies
in Peru, Thailand, and Australia, which found strong declines
in mosquito community diversity in more urbanised landscapes
(Johnson et al., 2008; Thongsripong et al., 2013; Meyer Steiger
et al., 2016). Because our study specifically isolated the effects
of logging, it is possible that other characteristics of urbanisa-
tion explain the previously detected, much stronger, decreases in
community diversity across a broad degradation or urbanisation
gradient. On the other hand, lack of logging effects on mosquito
diversity may be largely an artifact of the sampling methods
we used. Previous studies that found effects of urbanisation on
mosquito diversity (Johnson et al., 2008; Thongsripong et al.,
2013; Meyer Steiger et al., 2016) used traps that were selec-
tive for host-seeking mosquitoes (e.g. light traps, BG sentinel),
whereas this study used gravid traps, which were selective for
ovipositing females. Our trap selection may have hindered the
detection of rare species, and thus robust quantification of com-
munity diversity, because gravid traps are known to selectively
attract Culex and container-breeding Aedes species (Scott et al.,
2001; Jackson et al., 2005), but are not ideal for sampling other
genera. In order to more robustly determine how logging influ-
ences diversity of the mosquito assemblage, a variety of trapping
methods should be employed in future studies.

In summary, we found that experimental logging of temper-
ate forests reduced the abundance of oviposition site-seeking
mosquitoes detected by gravid traps, and this reduction was
driven by the two common Aedes species on our study
sites. In contrast, C. pipiens/restuans did not show a direc-
tional response to logging. These differential species-specific
responses caused a significant shift in the overall assemblage
of female mosquitoes detected by gravid traps on logged
sites. Furthermore, in the case of the clearcut treatments, the
detected effects of logging on female abundance persisted for
up to at least 12 years post-logging, when our study began.
The declines in abundance of A. japonicus and A. triseriatus
females post-logging suggest that mosquito-borne disease risk
for particular pathogens, such as La Crosse virus (Watts et al.,
1972; Harris et al., 2015), may also be lower at this time. Nev-
ertheless, because mosquito-borne disease risk is influenced
by many factors that we did not measure, including human
biting rate and parasite development in the vector, future studies
should examine how logging influences a suite of traits relevant
for predicting vector-borne disease dynamics. Overall, further
research is needed to understand the impact of the projected
accelerating rates of deforestation (Tilman efal., 2011) on
mosquito populations and communities.
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Table S1. Total number of female mosquitoes per species
collected by gravid traps from 2008 to 2010 across four forest
logging treatments in southwestern Virginia. SASAB, Southern
Appalachian Silviculture and Biodiversity Project. Mosquitoes
from the genus Psorophora were not identified to the species
level.

Table S2. Parameter effect tests for the model of total mosquito
abundance. All parameter estimates are in reference to CCON
sites in Craig County in August (BB1, Blacksburg 1; BB2,
Blacksburg 2; BB3, Blacksburg 3; NC, Newcastle). Global
model results are presented in the main manuscript. Significant
differences from the reference (P < 0.05) are bolded.

Table S3. Parameter effect tests for the model of Aedes japon-
icus abundance. All parameter estimates are in reference to
CCON sites in Craig County in August (BB1, Blacksburg 1;
BB2, Blacksburg 2; BB3, Blacksburg 3; NC, Newcastle). Global
model results are presented in the main manuscript. Significant
differences (P < 0.05) are in bold.

Table S4. Parameter effect tests for the model of Aedes trise-
riatus abundance. All parameter estimates are in reference to
CCON sites in Craig County in August (BB1, Blacksburg 1;
BB2, Blacksburg 2; BB3, Blacksburg 3; NC, Newcastle). Global
model results are presented in the main manuscript. Significant
differences (P < 0.05) are in bold.

Table SS. Parameter effect tests for the model of Culex pipi-
ens/restuans abundance. All parameter estimates are in refer-
ence to CCON sites in Craig County in August (BB1, Blacks-
burg 1; BB2, Blacksburg 2; BB3, Blacksburg 3; NC, Newcastle).
Global model results are presented in the main manuscript. Sig-
nificant differences (P < 0.05) are in bold.
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