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Abstract

Extreme winter losses of honey bee colonies are a major threat to beekeeping but the combi-
nations of factors underlying colony loss remain debatable. We monitored colonies in two
environments (colonies wintered indoors or outdoors) and characterized the effects of two
parasitic mites, seven viruses, and Nosema on honey bee colony mortality and population
loss over winter. Samples were collected from two locations within hives in fall, mid-winter
and spring of 2009/2010. Although fall parasite and pathogen loads were similar in outdoor
and indoor-wintered colonies, the outdoor-wintered colonies had greater relative reductions in
bee population score over winter. Seasonal patterns in deformed wing virus (DWV), black
queen cell virus (BQCV), and Nosema level also differed with the wintering environment.
DWV and Nosema levels decreased over winter for indoor-wintered colonies but BQCV did
not. Both BQCV and Nosema concentration increased over winter in outdoor-wintered colo-
nies. The mean abundance of Varroa decreased and concentration of Sacbrood virus (SBV),
Kashmir bee virus (KBV), and Chronic bee paralysis virus (CBPV) increased over winter but
seasonal patterns were not affected by wintering method. For most viruses, either entrance or
brood area samples were reasonable predictors of colony virus load but there were significant
season*sample location interactions for Nosema and BQCV, indicating that care must be
taken when selecting samples from a single location. For Nosema spp., the fall entrance sam-
ples were better predictors of future infestation levels than were fall brood area samples. For
indoor-wintered colonies, Israeli acute paralysis virus IAPV concentration was negatively cor-
related with spring population size. For outdoor-wintered hives, spring Varroa abundance and
DWV concentration were positively correlated with bee loss and negatively correlated with
spring population size. Multivariate analyses for fall collected samples indicated higher DWV
was associated with colony death as did high SBV for spring-collected samples.

Introduction

The beekeeping, and pollination industries worldwide are greatly affected by the recent chal-
lenges to managed honey bee (Apis mellifera L.) colonies resulting winter losses of honey bee
colonies often averaging 30-40% in the U.S., Canada and Europe [1-4]. These losses are
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generally believed to result from interactions with multiple stressors that include parasitic
mites, pathogens (viruses, bacteria, and microsporidia parasitic fungi), poor queen quality, low
genetic diversity, pesticides and other environmental factors [1, 3, 5].

Honey bee viruses are wide spread in Canada and some, such as deformed wing virus
(DWYV) and black queen cell virus (BQCV), are present in most colonies—often at high concen-
trations [6]. However, the roles that bee viruses and their interactions with other parasites,
pathogens and environmental stressors play in contributing to winter colony losses are unclear.
It is important to determine which of these pathogens, or groups of parasites and pathogens,
has the greatest impact on winter mortality of honey bee colonies, under different wintering
management (indoor and outdoor wintering) conditions. This information would assist in the
development of effective management strategies.

The ectoparasitic mite, Varroa destructor Anderson and Trueman causes winter loss of col-
onies when mite levels are greater than 10% in late fall [7-9] and is a significant cause of winter
losses of honey bee colonies in the northern hemisphere [2, 10-12]. Varroa can have synergis-
tic interactions with other parasites such as the tracheal mite, Acarapis woodi (Rennie), result-
ing in high winter loss even with low levels of Varroa present [8, 13, 14]. Multiple infestations
of honey bee colonies with a variety of microbes might also play a role in winter colony mortal-
ity [3, 5, 15-17]. Viruses directly play a role in affecting bee colony population loss that is
equivalent to, or larger than, direct Varroa feeding damage [18]. However, little is known
about interactional effects between Varroa and pathogens of honey bees or how beekeepers
can manage colonies to decrease the impact of such interactions in overwintering colonies.
Three viruses in particular, (DWYV, Israeli acute paralysis virus (IAPV) and acute bee paralysis
virus (ABPV)) have been linked with large scale overwinter losses [15, 16, 19-21]. ABPV is sus-
pected to be involved in colony losses in Europe [10, 21, 22] but its role in colony loss in North
America is less clear. Other viruses of importance include KBV, BQCV, SBV, and CBPV. Links
between KBV and colony loss occur. For example, prevalence of KBV in CCD colonies is
greater than in non-CCD colonies [20, 23]. BQCV is closely associated with the microsporidian
Nosema apis Z. and may work in concert with it to affect honey bee health but it is not thought
to be a major factor in colony collapse in some areas of Europe [15]. CBPV and SBV were the
second most prevalent viruses identified in a study conducted in Belgium but neither were cor-
related with colony mortality[22].

One of the biggest challenges of studying virus pathogenesis in honey bees is linking infec-
tion by an individual virus to a particular set of economic impacts or disease symptoms. In
field studies, honey bees are often infected by multiple viruses simultaneously, most of which
usually persist as latent infections in the bee hosts [24]. In addition, virus infections in honey
bees are often associated with non-viral pathogens and other parasites. Therefore, without the
application of Koch’s postulates, it is difficult to prove that specific symptoms are indeed
caused by a particular virus and not the result of mixed virus infections particularly when viral
loads in bees cannot be determined. Virus prevalence information is not adequate to predict
colony loss [6] so quantification of virus loads using sequence-based methods is essential to
developing estimates of the potential impacts of individual viruses on infected bees [25]. Infor-
mation as to how and when samples should be collected in order to best predict the disease
impact of viruses is also required.

The other groups of parasites associated with colony losses in temperate countries are the
microsporidian fungi, N. apis and N. ceranae (mentioned previously). Nosema has long been
known as an economically important and commonly encountered disease [26, 27]. Nosema cer-
anae is associated with reduced honey production and increased winter mortality [28, 29]. A
nominal treatment threshold of 1 million spores per bee is recommended in Canada [30], but
this estimate was based upon N. apis and good thresholds do not exist for N. ceranae.
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The level of Nosema is typically higher in foragers or old worker bees than newly emerged
bees and house bees [31] suggesting older workers may be better indicators of future disease
impacts. Methods of sampling for Nosema may need to be refined to better predict its impacts
and to develop thresholds for this organism [32]. Similar issues related to sampling of bees
need to be addressed with respect to both viruses and Varroa. Thus, studies on the best location
in the hive for collecting samples for these groups of parasites and pathogens are required.
Long term monitoring of indoor and outdoor-wintered colonies prior to symptoms of collapse
is required to help identify the pathogens associated with colony losses.

Little is known about the effects of the winter environment on virus interactions. This can
be examined in Canada where there are two primary types of wintering methods adopted by
the beekeepers. Honey bee colonies can be wintered indoors in an environmentally controlled
building, or outdoors, protected by insulation. For indoor-wintering, honey bee colonies are
stored in a building under complete darkness where temperatures are maintained at about
2°C- 5°C. Beekeepers may over winter honey bee colonies in a single brood chamber or multi-
ple brood chambers. In indoor-wintering method, a majority of beekeepers in western Canada
winter bee colonies in single brood-chamber hives whereas for outdoor wintering, the majority
winter bee colonies in double brood chamber hives. Differences in susceptibility to Varroa,
combinations of Varroa and tracheal mite and possibly Noserna may occur in colonies win-
tered indoors and those wintered outdoors and susceptibility to viruses may be similarly
affected [8, 14, 33-37].

The overall purpose of this study was first, to understand the seasonal dynamics and relative
importance of parasites and pathogens on winter mortality under indoor and outdoor-winter-
ing management systems and second, to determine if practical sampling methods can be devel-
oped to help predict their impact on colony survival over winter. The outcome of this study
may help beekeepers, to understand the dynamics of disease and pathogen interactions and
thus reduce winter mortality of honey bee colonies or optimize the management of parasites.
We show that winter environment affects the dynamics of interactions between parasites, path-
ogens and colony population losses, and that sample location within the hive can affect inter-
pretation of pathogen load results for some but not all pathogens.

Materials and Methods
Apiary and colony selection

Honey bee colonies were sampled from five different beekeeping regions in the Province of
Manitoba, Canada (Eastern, Southwest, Northwest, Interlake, and Central) (S1 Fig). Prior per-
mission was obtained from 25 beekeepers to collect samples from their bee yards. The distance
between beekeepers was in the range of 30km to 150km within the same region. Five beekeep-
ers that wintered bees using either an outdoor or indoor wintering management system were
randomly selected from each region (except for regions in which beekeepers used only one
wintering method). For each beekeeper, three colonies were randomly selected from a single
apiary site for inclusion in the study. Fifteen of these beekeepers practiced indoor wintering,
and 10 of them practiced outdoor wintering. Hence, 45 colonies were wintered using indoor-
wintering buildings (33 in single chamber standard Langstroth hives containing 9-10 Hoffman
frames and 12 in double chamber hives) (here after referred to as “indoor-wintered”) [38] and
30 colonies were wintered outdoors (9 in single chamber and 21 in double chamber hives)
(here after referred to as “outdoor-wintered”). Beekeepers were asked to follow their usual api-
cultural management techniques for controlling parasites, wintering and managing colonies. In
fall, 14 of 15 producers that wintered indoors and 9 of 10 producers that wintered outdoors
treated bees to control Varroa. Acaricides used were amitraz (Apivar ®y (11 producers), formic
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acid (various formulations) (10 producers), oxalic acid (2 producers), and coumaphos (1 pro-
ducer). In fall, 11 of 15 producers that wintered indoors and 4 of 10 producers that wintered
outdoors treated bees with fumagillin to control Nosema.

Data and sample collection

For each of the 75 colonies, adult population (bee cluster size) was estimated in fall prior to
wintering and in spring, when colonies were removed from the wintering building (indoor-
wintered) or unwrapped (outdoor-wintered). In order to minimize disturbance to the colony,
the honey bee population size was estimated from above and below, by counting the number of
frame seams completely covered with bees and multiplying by 2,430 bees [39].

Adult honey bee samples were collected from two locations within each test colony, to assess
the levels of Varroa, tracheal mites, seven viruses, and Nosema: one at the “entrance” (front) of
the hive and the other from a frame removed from the “brood area” (inside). In the fall (25 Sep-
tember to 8 October), samples of approximately 250 bees were collected from the brood area
inside the hive using 300 ml sample cups (at a time when most beekeepers would have already
initiated or completed Varroa treatment). Additional samples of approximately 200 bees were
collected from the entrance using a modified vacuum pump that sucked foragers and presumed
“older” bees from the entrance into a cup. Bees were immediately transferred into 250 ml sam-
ple cups with a screened lid and the bees were provided with a sugar cube as a feed source to
keep them alive until they could be returned to the lab. All bee samples were stored immedi-
ately in a -80°C freezer for further analysis. All colonies (indoor and outdoor) were resampled
in spring (07 April to 3 May); only indoor-wintered colonies were resampled in mid-winter (5
January to 15 January), as the beekeepers believed outdoor-wintered hives could not be
unwrapped without causing damage to the colony. To collect mid-winter samples in the win-
tering buildings, the top lids of hives were opened and bee samples (approximately 250 bees)
were carefully scooped into 300ml sample cups as quickly as possible to minimize colony dis-
turbance. Spring sampling was done in the months of April and May when the hives came out
of the over wintering building and outdoor-wintered colonies were unwrapped. In spring, we
again collected adult worker bees, from two locations within the hive (i.e. brood area and
entrance), measured the size of the honey bee cluster, counted number of live and dead colo-
nies, and recorded any treatments that had been applied by beekeepers. Bee samples were col-
lected from all surviving colonies. For weaker colonies with less than 300 bees, the surviving
bees were sampled and the colony was then marked as dead. Percent change in bee population
was calculated by comparing fall and spring population scores.

Quantification of parasites and pathogens

The mean abundance of Varroa (mites per 100 bees) [40] on live bees and on dead bees from
colonies that had died was assessed by the alcohol shake method [7]. Tracheal mite prevalence
was assessed by the thoracic slice method according to [41] using a subsample of 100 bees.
Nosema spore mean abundance was assessed using a subsample of 100 bees, according to the
methods of [42]. Viruses were quantified as described below.

RNA extraction

Sub samples of 50 frozen adult bees were crushed in a mortar under liquid nitrogen. The total
RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA) following the man-
ufacturer’s instructions. RNA samples were dissolved in DEPC-treated water in the presence of
ribonuclease inhibitor and stored at -80°C for further analysis.
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gPCR analysis

A semi-quantitative analysis (QPCR) was performed to examine the difference in relative virus
concentration of seven single stranded RNA viruses (DWV, BQCV, SBV, IAPV, KBV, ABPV,
and CBPV). The primers for the qPCR are listed in Table A in S1 file. The assays were per-
formed in 20 pL volumes, containing 1uL ¢cDNA (5 fold dilution), 10 pL SYBR green PCR Mas-
ter Mix (Applied Biosystems, Foster City, CA, USA), and 0.5 pL of each primer. Reaction
volume was adjusted with water. Amplifications were performed in triplicate on an ABI Prism
7300 real time PCR machine (Applied Biosystems, Foster City, CA, USA) with the following
PCR conditions a single cycle at 95°C for 5 min, 40 cycles at 95°C for 15 s, 58°C for 30 s. An
additional step of 72°C for 30 s was added to measure the dissociation curve and data collec-
tion. Non-template controls (reaction mix without template) were included in triplicates in all
batches. Honey bee actin was used as an endogenous control gene. Actin allows for the normal-
ization of differences in cDNA reactions. The relative virus concentrations were calculated
using the 2"*“' method, where Ct indicates the cycle threshold. Relative expression was calcu-
lated as 2"2“"; where ACt = Ct (virus gene)~ Ct (g-actin) [43]. Virus prevalence was expressed as the
proportion of colonies with detectable levels of each virus (ABPV, BQCV, CBPV, DWYV,
IAPV, KBV, and SBV).

Statistical analysis

Co . -ACt
Data for bee population size, virus concentration (2°°") values, Varroa mean abundance,

Nosema spore mean abundance, tracheal mite prevalence, and bee population loss over winter
for each colony were analyzed as follows. Prior to doing the analysis the following transforma-
tions were applied: Varroa abundance (mites per 100 bees) and tracheal mite prevalence data
were arcsine-transformed, bee population score data were square root + 0.5 transformed and
Nosema levels were log;, transformed [44]. The effect of wintering methods (indoor and out-
door) on the change in size of the colony population between fall and spring was analyzed by
PROC MIXED (SAS 1999) using a repeated measures design with hives as subjects and season
as a repeated measure using the REML statement (restricted maximum likelihood). Where sig-
nificant interaction was observed (P < 0.05) between treatment factors, differences between
means were compared by Bonferroni-corrected contrasts [45].

Proportions of colonies infected with different parasites and pathogens in each season (fall
and spring) and wintering method (indoor and outdoor-wintering) were compared using
binary logistic regression (PROC CATMOD, SAS 1999). Significant pathogen *season interac-
tions were found so separate analyses were performed on each pathogen. A separate analysis
was performed for indoor wintered hives to compare mid-winter samples with fall and spring
samples.

The response variables for the seven virus concentrations (2°2“Y, Varroa mean abundance,
Nosema spore mean abundance and tracheal mite prevalence were analyzed using a mixed
model ANOVA, PROC MIXED (SAS 1999) using the REML statement (restricted maximum
likelihood). Wintering method (indoor and outdoor), sample location (entrance and brood
area) and date (fall, winter and spring) were treated as fixed effects. Beekeepers (nested within
region) and wintering method and hive (nested within beekeepers), region and wintering
method and sample location (nested within beekeeper, region, wintering method and hive)
were considered random effects. Data were analysed based on the following model:

y =n+w +s+ d +r+ws; + wdy + wry + sdp +wsd , + by, +hy,
+ Shijlmn + eijklmn

PLOS ONE | DOI:10.1371/journal.pone.0159615 July 22,2016 5/24



@’PLOS ‘ ONE

Winter Environment and Honey Bee Pathogen Interactions

where w is the effect of wintering method (i indexes indoor and outdoor), considered a fixed
effect,

sj= sample location (j indexes entrance and brood area), considered fixed,

dy = date (k indexes fall, winter and spring), considered fixed,

r; = region (/ indexes Eastern, Southwest, Northwest, Interlake, and Central), considered
fixed, two and three-way interactions are denoted by letter combinations of the above main
effects,

b ji,m = the effect of the m™ beekeeper nested in the I' region and i wintering treatment,
considered random,

h jiynn = the effect of the n™ hive nested in the m™ beekeeper and the I region and i winter-
ing treatment, considered random

shij,,., = the interaction of the jth sampling location with the n™ hive nested in the m™ bee-
keeper and the I'" region and i™ wintering treatment, considered random, and

€jjimn = the residual error

Interactions with region were excluded from the model. Where significant interactions were
observed, they were partitioned using the SLICE option in the LSMEANS statement with
PROC MIXED by both wintering method and by season to compare differences between
means within levels of treatments.

Correlations between bee loss (percent reduction in bee population as measured from fall to
spring), colony population in spring and pathogen and parasite levels (as measured both in fall
and spring), were analyzed using pooled values for brood area and entrance samples using sim-
ple correlations (PROC CORR, SAS Institute Inc., 1999). The partial correlations were calcu-
lated using multivariate ANOVA (PROC GLM with option MANOVA, SAS Institute Inc.,
1999). The simple and partial correlations were adjusted for multiple testing using a false-dis-
covery rate (FDR) procedure [46, 47]. We calculated the g-values using a bootstrap technique
with FDR and have included all values that met a cut off filter of 0.20 [48] using the QVALUE
R-statistical software package http://genomics.princeton.edu/storeylab/qvalue/windows.html
[49, 50] or with simple or partial correlations with 0.05 or lower. Correlations are considered
significant at q = 0.05 but for exploratory purposes include those P values with 0.05 or lower.
Correlations were carried out within each season and wintering method. For Nosema, the cor-
relations between season (fall, winter and spring) and sampling location (brood area and
entrance), were also analyzed using PROC CORR (SAS 1999).

Finally, a log-linear regression was carried out on fall and spring pathogens using pooled
averages of brood and entrance samples. Data were analyzed by binary-logistic regression for
each virus, using DataDesk 6-0 (Data Description, Inc [51] Ithaca, New York, USA). Seventy-
five hives were separated into two groups live = 0 or dead = 1, based on the observations taken
in spring at the end of the experiment.

The effect of fall treatment with fumagillin on Noserma spore counts in spring (pooled brood
area and entrance) was compared with hives not treated with fumagillin within indoor and out-
door-wintered colonies by ANOVA using PROC MIXED (SAS 1999). Since fumagillin was
applied to individual hives, hives were treated as replicates for this analysis.

Results
Change in colony size over winter

The relative change in bee population size from fall to spring was affected by wintering method
as indicated by a significant wintering method *season interaction (F = 138.12, df = 3, 72

P < 0.0001; Fig 1). Over the winter, the outdoor-wintered colonies suffered significantly higher
bee population loss (55%) than indoor-wintered ones (42%). In fall, outdoor-wintered colonies
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Fig 1. Change in colony population score (frames of bees, 1 frame = ~ 2,430 bees) from fall to spring, for indoor (-u-) and
outdoor (—e—) wintered colonies. Means followed by the same letter are not significantly different (P > 0.05; Bonferroni).

doi:10.1371/journal.pone.0159615.g001

had higher populations than indoor-wintered colonies (P < 0.05, SLICE) but by spring colony
populations for outdoor-wintered colonies and indoor were similar (P<0.05, SLICE) (Fig 1).
Opverall, winter colony mortality (colonies that were dead after removal of winter wraps in
spring) was 20% and did not differ with wintering method (df =1, x> =0.70, P = 0.40).

Prevalence of honey bee pathogens and parasites

There was a significant interaction between season*pathogen—parasite (y* = 36.81, df = 9,

P < 0.0001) therefore separate analyses were performed on each pathogen and parasites. Prev-
alence of parasites and pathogens was similar in each wintering method (X2 =2.72,df=1,

P =0.10). Varroa were detected in 56-83% of colonies, but there was no difference in propor-
tion of colonies with detectable mites among wintering methods (x* = 1.26, df = 1, P = 0.26)
and among season (x*=0.25,df=1,P =0.61) (Table 1). The honey bee tracheal mite was
found in a low percentage of colonies (3% to 10%) and prevalence also did not vary with win-
tering method (x*=0.14,df = 1, P = 0.70) or by season (x* = 1.29, df = 1, P = 0.25). Nosema
spore prevalence increased from fall to spring seasons (x> = 15.97, df = 1, P < 0.0001) and
within indoor-wintered colonies Nosema prevalence was higher in mid-winter than fall but
remained at similar prevalence between mid-winter and spring (Table 1).

PLOS ONE | DOI:10.1371/journal.pone.0159615 July 22,2016 7/24



@’PLOS ‘ ONE

Winter Environment and Honey Bee Pathogen Interactions

Table 1. Proportion of colonies (in two wintering methods) with detectable levels of parasites or pathogens.

Wintering
method

Indoor

Qutdoor

Pooled
Pooled

Season

Fall
Mid-
winter
Spring
Fall
Spring
Fall
Spring

Number of

colonies
45
45

40
30
26
75
66

Varroa Tracheal Nosema* DwWV | BQCV SBV* IAPV* | KBV* | CBPV | ABPV

(%) mite (%) (%) # (%) (%) (%) # (%) (%) (%) (%)
69 4 53a 100 98 40a 13 11 13 2
56 9 87b 87 82 84b 33 18 13 16
58 10 90b 98 88 73b 20 20 13 10
83 3 47 100 100 50 13 13 10 3
73 8 96 96 92 85 50 46 35 8
76 3.5 50 100 99 45 13 12 11.5 25

65.5 9 93 97 90 79 35 33 24 9

The levels of parasites or pathogens as measured by the alcohol wash method for Varroa on adult bees collected in the brood area (250 bees) and from
colony entrances (200 bees approximately), spore count for Nosema spp (from 100 bees), thoracic slice method for tracheal mite (100 bees), and RT-PCR
for viruses using 50 bees for brood area and 10 bees for entrance samples.

* = Overall seasonal change in prevalence (see results for statistics) from fall to spring averaged over both wintering methods.

# = Comparisons within indoor-wintered colonies for changes in seasonal prevalence (see results for statistics) proportions followed by the same letter within
indoor-wintering hives are not significantly different (P > 0.05).

DWV = deformed wing virus; BQCV = black queen cell virus; SBV = sacbrood virus; IAPV = Israeli acute paralysis virus; KBV = Kashmir bee virus;

CBPV = Chronic bee paralysis virus; ABPV = acute bee paralysis virus.

doi:10.1371/journal.pone.0159615.t001

DWYV and BQCYV had the highest prevalence and were detected at similar frequencies in
indoor and outdoor-wintered colonies (Table 1). Their prevalence did not change over winter
(Table 1). Over both wintering methods, SBV prevalence increased from fall to spring (o =
11.08, df = 1, P < 0.0009) and for indoor-wintered colonies (also sampled in mid-winter) prev-
alence increased from fall to mid-winter but remained at similar prevalence from mid-winter
to spring. IAPV and KBV prevalence both increased over winter when averaged over both win-
tering methods (IAPV df = 1, x> = 7.97, P < 0.005, KBV df = 1, %* = 8.03, P < 0.005) but did
not increase in prevalence from fall to mid-winter for indoor wintered colonies. CBPV and
ABPV were detected in a comparatively low proportion of colonies and prevalence remained
low the following spring (Table 1).

Mean abundance of pathogens and parasites

The analyses for effects of wintering method (indoor and outdoor), season and location of sam-
pling within the colony (entrance vs. brood area) on the mean abundance of parasites and
pathogens are summarized in Table B in S1 File.

For Nosema, DWV and BQCYV, there were significant interactions between season and win-
tering method (Table B in S1 File) although for BQCV the three-way interaction between sea-
son, wintering method and sampling location was also significant. In fall, nosema, DWV and
BQCYV all had similar levels in indoor- and outdoor-wintered hives (P > 0.05 Slice) (Figs 2 and
3). The mean abundance of Nosema (millions of spores / bee) decreased from fall to spring in
indoor-wintered colonies (F = 11.59, df = 1, 129, P < 0.0009) but increased from fall to spring
in outdoor-wintered colonies (F = 29.48, df = 1, 129, P < 0.0001 (Fig 2).

DWYV concentration decreased from fall to spring in indoor-wintered colonies (F = 9.06,
df=1, 121, P < 0.003) but for outdoor wintered colonies DWV concentration was similar in
spring and fall (P > 0.05 Slice). In spring DWV concentration was lower in indoor-wintered
colonies (F =5.07,df = 1, 121, P < 0.02), than outdoor-wintered colonies (P > 0.05 Slice). The
wintering method*sampling method interaction was not significant (Table B in S1 File).

PLOS ONE | DOI:10.1371/journal.pone.0159615 July 22,2016

8/24



@’PLOS ‘ ONE

Winter Environment and Honey Bee Pathogen Interactions

1 Indoor

I DWWV
] BQcyv
EEH Nosema

OQOutdoor -

DWV (P = 0.02) ]

Mean log, ACt virus level +SE

Fall
I |

DWV (P = 0.003)
|

Spring Fall Spring

| |
BQCV (P = 0.0001)
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Fig 2. Interactions between season (spring and fall) and wintering method (indoor and outdoor) (see Table B in S1 File) for
DWYV and BQCYV concentrations (left axis) and mean abundance of Nosema (right axis) (+ standard error). Results of significant
slices for each virus are indicated above the bars for slices by wintering method and below the graph for slices by season, (horizontal
lines indicate significant slices). Data represent pooled values for brood area and entrance samples.

doi:10.1371/journal.pone.0159615.g002

12

11

10

spores/ bee (*1,000,000) +/- SE

Significant season*wintering method*sampling location interactions were found only for
BQCV (see Table B in S1 File). Overall, spring BQCV concentration was higher than fall (Fig
2) (F=26.55,df =1, 121, P < 0.0001) but the seasonal differences that occurred in the outdoor
wintered colonies were found only in entrance collected bees (F =29.61, df = 1, 121,

P < 0.0001). Fall BQCYV levels were similar in indoor and outdoor-wintered colonies for both
brood area and entrance samples (Fig 3), (P > 0.05 Slice). Spring levels of BQCV were higher
in outdoor-wintered hives than in indoor-wintered hives but only for entrance samples
(F=6.42,df = 3,121, P < 0.0005). In outdoor-wintered colonies in spring, the virus levels in
entrance samples were much higher than in brood area samples (F = 11.83, df = 3, 121,
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Fig 3. Interaction between season (spring and fall), wintering method (indoor and outdoor), and sampling location
(brood area and entrance) (see Table B in S1 File) for BQCV concentrations (+ standard error). Results of significant slices

are indicated above the bars for wintering method and below the graph for season and wintering method, (horizontal lines
indicate significant slices).

doi:10.1371/journal.pone.0159615.9003

P < 0.0001). In outdoor-wintered colonies, the fall hive entrance samples of bees had much
lower BQCYV levels than the spring entrance samples (F = 14.15, df = 3, 121, P < 0.0001)
(Fig 3).

For Nosema there was also a significant season*sampling location interaction (Table B in S1
File). Nosema levels were higher in entrance than brood area samples in fall (F=11.91,df =1,
129, P < 0.0008). However, no difference was seen between the two sampling locations in
spring samples (P > 0.05, Slice). Brood area samples showed an increase in Nosema levels from
fall to spring (F = 35.60, df = 1, 129, P < 0.0001), but entrance samples had higher Nosema lev-
els in fall than in spring (F = 9.34 df = 1, 129, P < 0.003) (Fig 4).

Varroa mean abundance (mites per 100 bees) was higher in fall than spring (Fig 5, Table B
in S1 File) but did not show any interactions with wintering method or sample location.
Although, overall Varroa levels were low, mean abundance in individual hives ranged from 0
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Fig 4. Interaction between season (fall and spring) and sampling location (brood area and entrance)
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slices). Data represent pooled values for indoor and outdoor samples.

doi:10.1371/journal.pone.0159615.9004

to 52.6% for indoor-wintered hives and 0 to 24.4% for outdoor wintered hives. In spring, Var-
roa ranged from 0 to 9.8% for indoor-wintered hives and 0 to 13.1% for outdoor wintered
hives. The concentration of SBV, KBV, and CBPV also changed with season (Table B in S1
File), the seasonal patterns for each of these viruses were lower in fall and increased in spring
(Fig 5), but seasonal patterns for these viruses did not vary with wintering method or sample
location (Table B in S1 File).

Correlation analyses

Correlations between parasites, pathogens, honey bee population loss and spring population
size were examined using simple and partial correlations and showed different patterns for
indoor and outdoor-wintered hives. Correlations with a g-value of less than 0.2 are included in
Table 2. For indoor-wintered colonies, partial correlations showed that only IAPV was

PLOS ONE | DOI:10.1371/journal.pone.0159615 July 22,2016 11/24



el e
@ : PLOS | ONE Winter Environment and Honey Bee Pathogen Interactions

B varroa
R sBv

55 _ b — KBV |
0 1
+ 1
7 45 - 0.084 (L}J)
2 1 +l
o 4.0- - 0.063 5
o
- 1 . >
> 3.5- Jdoo42 2
< ] - 2
% 3.0  0.021 S
o ] o 5
§ 25 - 0.0014 ?N
Z 1 _ o
5 50 10.0012 8
3! 1 400010 ¢
© L ©
g 1.5+ - 0.0008 §
2 ] b 10.0006
T 1.0 o 19
S - - 0.0004

0.5 - 1
= T - 0.0002

0.0 4 0.0000

Fall Spring

Fig 5. Effect of season (fall and spring) on mean abundance of Varroa (left axis) and concentrations of viruses (SBV, KBV
and CBPV) (right axis) (* standard error) (see Table B in S1 File). Data represent pooled levels for both wintering methods
(indoor and outdoor) and both sampling locations (brood area and entrance). Means followed by the same letter within a parasite
or pathogen group are not significantly different (P > 0.05, Slice).
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negatively correlated with spring population size (q = 0.01) (Table 2A). There were significant
correlations between several combinations of virus pairs for indoor wintered hives. Positive
simple and partial correlations were found between SBV and KBV (g = 0.003) and also between
IAPV and CBPV (g = 0.003). Simple correlations showed IAPV was correlated with KBV

(g = 0.004) but partial correlations between IAPV and KBV were not significant (g = 0.06).

Patterns were different for outdoor-wintered hives in fall. None of the variables were signifi-
cantly correlated with either bee loss or spring population size after adjustments for false dis-
covery rate were done (Table 2B). However, in outdoor-wintered colonies, positive simple and
partial correlations were found between Varroa and DWV (g = 0.006) and partial correlations
showed Nosema was also positively correlated with DWV (g = 0.04).

Correlation analyses were also performed on parasite and pathogen levels in colonies that
survived the winter and these data also showed different patterns for indoor- and outdoor-win-
tering. In spring indoor-wintered colonies, no significant correlations were found between any
parasites or pathogens and bee loss (Table 2C). However, simple correlations were found
between Nosema and BQCV (g = 0.03). In spring, both simple and partial correlations showed
IAPV levels were highly correlated with ABPV both in indoor and outdoor wintered colonies.
Similarly, KBV levels were positively correlated with CBPV both in indoor and outdoor win-
tered colonies (Table 2C and 2D).
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Table 2. Simple and partial correlations (Pearson’s) between colony parasite and pathogens for each category.

A Fall Indoor (N = 45)—Indoor-wintering

Simple correlations Partial correlations
Variable pair R P- value g-value Variable pair R P- value g-value

SBV-KBV +0.56 0.0001 0.003* | Pop-IAPV -0.50 0.008 0.01*

IAPV-KBV +0.53 0.0002 0.004* | SBV-KBV +0.56 0.0001 0.003*

IAPV-CBPV +0.63 0.0001 0.003* | IAPV-CBPV +0.61 0.0001 0.003*

B Fall Outdoor (N = 30)—Outdoor-wintering

Varroa -DWV +0.70 0.0001 0.006* | Varroa -DWV +0.71 0.0001 0.006*
Nosema-DWV +0.58 0.002 0.04*

C Spring Indoor (N = 41)—Indoor wintering

IAPV-ABPV +1.00 0.0001 0.003* | IAPV-ABPV +1.00 0.0001 0.003*

KBV-CBPV +0.81 0.0001 0.003* | KBV-CBPV +0.80 0.0001 0.003*

Nosema-BQCV +0.47 0.002 0.03*

D Spring outdoor (N = 29)—Outdoor-wintering

Varroa-DWV +0.53 0.003 0.01* | Bee loss-Varroa +0.61 0.0008 0.006*

DWV-KBV +0.65 0.0002 0.001* | Bee loss- DWV +0.59 0.001 0.008*

DWV-CBPV +0.78 0.0001 0.0007* | Bee loss-CBPV +0.41 0.04 0.12

BQCV-KBV +0.45 0.01 0.03* | Pop-Varroa -0.55 0.003 0.02*

IAPV-ABPV +0.72 0.0001 0.0007* | Pop-DWV -0.71 0.0001 0.001*

KBV-CBPV +0.81 0.0001 0.0007* | DWV-KBV +0.63 0.0005 0.005*

Nosema-BQCV +0.50 0.006 0.02* | DWV-CBPV +0.71 0.0001 0.001*
BQCV-KBV +0.55 0.004 0.02*
IAPV-ABPV +0.77 0.0001 0.001*
KBV-CBPV +0.79 0.0001 0.001*
Nosema-BQCV +0.61 0.001 0.006*

The number of colonies for each category is shown in parentheses. The Parasite (mean abundance of Varroa and prevalence of tracheal mite) and pathogen
(mean abundance of Nosema, log 22! of DWV, BQCV, IAPV, SBV, KBV, CBPV and ABPV) levels, percent bee loss over winter and spring colony
population size across all samples in fall and spring for indoor and outdoor wintering colonies. Brood area and entrance samples were pooled prior to
analysis. Significant correlations are in boldface (q < 0.05). R = correlation coefficient. * = g-values of 0.05 or lower are considered significant. P-

value = Pearson’s simple and partial correlations. g-value = FDR adjusted g-values with cut off of 0.2. DWV = deformed wing virus; BQCV = black queen cell
virus; SBV = sacbrood virus; IAPV = Israeli acute paralysis virus; KBV = Kashmir bee virus; CBPV = Chronic bee paralysis virus; ABPV = acute bee
paralysis virus.

doi:10.1371/journal.pone.0159615.1002

For outdoor wintered colonies, partial correlations showed both Varroa (q = 0.006) DWV
were positively correlated with bee loss (g = 0.008) and negatively correlated with spring popu-
lation size (Varroa g = 0.02; DWV g = 0.001) (Table 2D). For outdoor-wintered colonies in
spring, both simple and partial correlations showed DWV levels were positively correlated
with KBV (g = 0.001 simple; g = 0.005 partial) and CBPV (q = 0.0007 simple; g = 0.001 partial)
in contrast to indoor-wintered hives where they were not. For outdoor-wintered colonies, both
simple (g = 0.02) and partial (g = 0.006) showed Nosema levels were positively correlated with
BQCV.

Seasonal Nosema correlations

Mean abundance of Nosema from each of the two sample locations within the hive (brood area
or entrance) in fall was correlated with levels in colonies in mid-winter and spring and with
each other to assess which sample location would result in a better prediction of future Nosema
levels. There was a weak, but positive correlation between fall Nosema level of entrance-
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collected bees and fall Nosema level of brood area-collected bees (Table C in S1 File). However,
fall entrance samples were better predictors of mid-winter Nosema levels than brood area sam-
ples. Fall entrance and brood area Nosema levels both showed weak negative correlations with
spring Nosema spore levels, but fall brood area samples were marginally better at predicting
spring brood area levels than were the fall entrance-collected samples. Mid-winter Nosema lev-
els were highly correlated with the spring brood area samples but only weakly correlated with
spring entrance samples (Table C in S1 File). Interestingly, neither fall entrance-collected nor
brood area-collected Nosema levels were correlated with spring entrance-collected levels.

Binary logistic regression

Multivariate analysis of colonies sampled in fall and spring for parasites and pathogens were
related to the proportion of dead colonies using (binary logistic regression for colonies

ranked = dead = 1 or live = 0). Analysis of fall sampling parameters showed that the proportion
of dead colonies increases with increasing DWV (F = 5.68, df = 1, 67, p < 0.02). Analysis of
spring sampling parameters showed that the proportion of dead colonies increases with
increasing SBV (F = 7.32, df = 1, 67, p < 0.009). No significant correlations were observed with
other groups of pathogens and colony death.

Effect of fumagillin treatment

Fall fumagillin treatment suppressed Nosema for indoor-wintered colonies (df = 1, 39
F=15.17, P < 0.0003) with workers from colonies treated with fumagillin having lower mean
abundance of Nosema (2.34 + 0.91 SE million spores per bee) than untreated ones (8.24 + 1.50
million spores per bee). Numerically, outdoor wintered, colonies showed a similar trend with
lower spore counts in colonies treated with fumagillin (1.62 + 2.31 million spores), than
untreated colonies (8.86 + 1.94 million spores), but the difference in suppression was not sig-
nificant (df = 1, 28 F = 3.64, P > 0.07).

Discussion

In this study we compared beekeeper-managed colonies across a broad geographic scale in two
distinct environments: a “mild” stable environment (for colonies wintered indoors) and a
“harsh” fluctuating environment (for colonies wintered outdoors) [38]. We sampled adult bees
from each colony before (two locations), during (one location for indoor-wintered colonies
only), and after (two locations) winter to characterize the effects of two parasitic mites, seven
RNA viruses, and Nosema on honey bee colony mortality and population loss over winter. The
results showed that outdoor-wintered colonies had greater relative reductions in bee popula-
tion scores over winter than indoor-wintered colonies despite having a similar composition
and level of parasites and pathogens prior to winter. Two viruses (DWV and BQCV) and one
pathogen (Nosema) showed different seasonal patterns in indoor and outdoor-wintered colo-
nies. Combinations of parasite and pathogen variables that were correlated with bee loss or
spring size and each other also differed in the two wintering systems. Sample location affected
assessment of Nosema and BQCYV levels but did not affect assessment of other parasites or
pathogens and this has implications for sampling to predict impacts of pathogens on colony
loss.

Since 2006, honey bee winter colony losses in Canada have often exceeded 29% of the
national total [1, 52] and have been at levels equivalent to levels of colony losses found in the
U.S. and Europe [3]. In this broad scale study, overall death of colonies wintered in different
environments was similar (20% loss) but the change in bee population score over winter was
significantly greater in the outdoor-wintered colonies than in the indoor-wintered colonies.
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This was not likely a result of beekeeper management designed to achieve a specific spring pop-
ulation size. In northern regions, beekeepers often winter larger colonies (double brood cham-
bers) outdoors and smaller colonies (single brood chamber) indoors as occurred in this study.
Thus, the larger fall populations found in outdoor-wintered colonies were expected. However,
under this type of management, spring populations in healthy double brood chamber colonies
would typically consist of 16,000-25,000 bees, whereas single brood chamber colonies would
have lower populations (7,800-10,000 bees) [53]. This did not occur in this study where spring
population size of the outdoor-wintered hives (mostly double brood chamber) and indoor-
wintered hives (mostly single brood chamber) were similar.

The prevalence and concentrations of the suite of parasites and pathogens analyzed in this
study were similar for the indoor and outdoor-wintered colonies prior to implementation of
wintering management. No single parasite or pathogen was highly correlated with winter bee
loss in either of the two wintering methods in our study. However, the interactions between
parasites, pathogens, colony loss and spring population size were very different in each of the
two wintering environments. Thus, the environment to which colonies were exposed, in com-
bination with management practices of beekeepers, likely played a role in affecting the different
interactions between parasites and pathogens that were observed. Indoor-wintered colonies
were maintained in a comparatively mild, stable environment (5°C) under total darkness for
the entire winter period (November to March). In contrast, colonies wintered outdoors in our
study were exposed to temperatures that ranged from -33°C to 17°C and would have been
exposed to daily (or periodical) temperature fluctuations of up to 23°C. Little is known about
how environmental stressors interact with pathogen and parasite webs in honey bees at the col-
ony level. Lab studies have shown that comparatively small variations in brood nest tempera-
ture (shifts from 30 to 33°) can influence the severity of viruses in developing bees [54]. Field
studies have shown that wintering honey bees in the more stable environments within winter-
ing buildings allows colonies to survive winter under higher infestation levels of Varroa, either
alone or in various combinations with tracheal mite and Nosema or other stressors [8, 14, 33,
34, 36]. However, before this work, interactions with viruses in different wintering environ-
ments have not been examined.

In this study, most beekeepers (23 of 25) treated colonies for Varroa. Overall, the average
Varroa levels in late fall were well below the fall economic threshold for Varroa of > 3% in
early fall and >10% in late fall that can result in significant winter colony mortality in this
region of Canada [7-9]. It is likely some samples were taken before residual effects of the acari-
cide treatments brought mite levels fully under control as Varroa levels decreased further
before spring. However, despite the acaricide treatments, there were still a few colonies that
were detected at the time of fall sampling that were well above treatment thresholds in both
indoor and outdoor treatment groups. The mites in these colonies may have escaped treatment
due to acaricide resistance, which is common in Canada [1] or may have immigrated to colo-
nies through drifting or robbing bees. It should also be noted that some colonies could have
been above the threshold prior to fall sampling but had low mite levels when samples were col-
lected and processed for parasites and pathogens as a result of prior acaricide treatment. The
extent to which this might have occurred could not be quantified, as beekeepers did not know
their mite levels prior to treatment.

Varroa on its own has major impacts on colony survival. Varroa feeding activity directly
affects adult worker bees by removing their hemolymph and depleting protein and lipid
reserves, which shortens their life span [55]. Despite the relatively low mite levels in our study,
there was a positive correlation between Varroa mean abundance and bee loss and negative
correlation between Varroa mean abundance and spring population size for outdoor-wintered
hives (when sampled in spring). Others have found high rates of winter bee loss caused by
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Varroa, but usually in association with much higher mite levels (>10 mites per 100 bees) [1, 2,
9, 16]. Varroa and honey bee tracheal mites are also known to interact synergistically in
enhancing bee losses [13, 14], but tracheal mites did not have a significant effect on bee loss in
this study.

It is not known if the dynamics of Varroa feeding and its role as a vector and activator of
viruses would be substantially different in clusters of bees wintered indoors and those wintered
outdoors. It is likely that lower levels of environmental “stress” associated with indoor winter-
ing may have contributed to the different patterns that were observed. Varroa mites are effec-
tive vectors of many viruses and play a major role in activating DWV, KBV, ABPV, IAPV,
SBV, and CBPV to pathogenic levels in honey bees [26, 56-60]. Varroa weaken the bee’s
immune systems, making them more susceptible to viruses, and act as effective vectors to
spread viruses within colonies [58, 61-63]. Varroa and DWV together affect storage lipopro-
teins (vitellogenin) necessary for winter survival [16] and affect immune system function [64-
66]. DWYV alone could also be damaging [67, 68]. DWV replicates in various tissues such as the
fat body [69] and can replicate in immature and adult bees and increase bee mortality even in
the absence of Varroa [68]. Of the viruses tested, only DWV was associated with bee loss and
low spring population size. We did not find any other direct correlations between Varroa and
other viruses, which are often linked to poor bee health in different regions.

Varroa was correlated with DWV for fall samples in outdoor-wintered colonies. The high
Varroa populations that were in some of our colonies would likely increase the chance of trans-
mission of DWV and increase the susceptibility of bees to the virus [58, 59, 70]. Others have
shown that viruses such as DWV can remain at high levels even after Varroa has been removed
by acaricide treatment. These interactions with viruses are now thought to be a major factor
associated with colony loss [19]. This is also likely to have occurred in our study to some extent
as the most of mites were controlled by acaricide treatments but could have been at high levels
prior to treatment.

Reductions in DWYV from fall to spring in indoor-wintered hives may have been the result
of either lower Varroa levels found in spring than in fall, highly infected bees dying and being
removed from the colony over winter [16] or possibly the result of population turnover in the
colonies through brood rearing during in indoor-wintering during winter and early spring.
The outdoor wintering environment seemed to favour “maintenance” of DWV. Possibly inter-
actions with Nosema or other viruses played role in facilitating DWV maintenance in outdoor-
wintered colonies. Reductions in Varroa from fall to spring were not likely involved since Var-
roa was also lower in spring than in fall, during indoor-wintering where virus concentration
declined over winter. Perhaps greater stress associated with the outdoor wintering environment
suppressed immune responses in the bees. It is also possible that the acaricides used by bee-
keepers to control Varroa levels influenced DWYV replication [17]; however, the same types of
acaricides were applied in both environments.

Spring DWV concentration was associated with winter bee loss and low spring population
size for outdoor wintering thereby building upon the growing evidence implicating DWV as a
cause of colony losses in many environmental and bee- management contexts [15, 16, 19, 67,
71, 72]. Although DWV appeared to affect bee loss in combination with Varroa, it also was
correlated with other pathogens. For outdoor-wintered colonies in spring, DWV was positively
correlated with KBV and CBPV. It is possible DWV may make bees more susceptible to other
virus infections; however, this requires further study.

Previously, IAPV has been associated with CCD [20] and has been demonstrated to cause
mortality in honey bees [73]. IAPV causes increased risk for colony collapse in association with
N. apis [20], but associations with CCD are not always correlated with Nosema [71]. IAPV is
not consistently linked with CCD-like symptoms [71]. In our study, the relationship between
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IAPV and spring population size also differed with the wintering environment. IAPV levels did
not change with season but we did find marginal positive correlations between fall IAPV and
bee loss (q = 0.06) and negative correlations between IAPV and spring population sizes of colo-
nies (q = 0.01) for colonies wintered indoors. Interestingly, no correlations between IAPV and
bee loss parameters were evident in spring. Cornman et al. [71] did not find a link between bee
loss and IAPV, but sampled colonies only after declines associated with colony collapse had
occurred. This may explain in part why IAPV was not linked with bee loss in their study. If we
had sampled only in spring, we also would not have found any correlation between IAPV and
bee loss. However, environmental influences may have also affected links between IAPV and
bee loss as we saw no link with TAPV and bee loss-related parameters in outdoor-wintered
hives. Colonies in the outdoor-wintering environment may have succumbed to the presence of
other stressors before IAPV could exert any effects on mortality.

Interactions between IAPV and other pathogens also varied with the wintering environ-
ment. For indoor-wintered colonies, we found positive correlations between IAPV and the
viruses KBV and CBPV in fall and between IAPV and ABPV in spring. Whereas, for outdoor-
wintered colonies, IAPV was positively correlated with ABPV only in spring. CBPV concentra-
tion increased from fall to spring in both wintering methods. Partial correlations of CBPV were
marginally correlated with spring bee loss (g = 0.06) but only in outdoor wintered hives. We
also found KBV concentrations increased from fall to spring; however, KBV was not correlated
with bee loss in our study. ABPV, KBV and IAPV are closely related viruses linked to poor bee
health [72, 74] and are usually damaging with very low levels of virus particles [70]. Recently,
Francis et al, [72] showed that combinations of ABPV, KBV and IAPV and DWYV levels were
very high in untreated colonies that died during winter, compared to acaricide-treated survi-
vors. ABPV is wide spread in Europe, where colony prevalence ranges from 8% to 69% and it
has been linked to colony death [21, 22, 74, 75]. However, we found low prevalence (up to
16%) of ABPV in colonies, very low concentrations relative to other viruses and no association
with Varroa in our study. ABPV concentrations did not change from fall to spring.

Sac brood virus is generally thought of as a disease of immature bees (brood), and typically
occurs at low levels in spring, peaks in mid-summer and declines in fall following natural
brood cycles [26]. In adult bees, the virus is also at lower levels in fall [76] but little is known
about the seasonal dynamics of this virus over winter. In our study, SBV prevalence increased
dramatically from fall to spring and was also very high in colonies sampled in mid-winter even
though little brood would be present in colonies at that time. SBV concentrations also were
higher in spring than in fall. Sac brood was the only virus strongly associated with colony death
and was also the only virus that had higher prevalence in unhealthy colonies from Manitoba
than in healthy colonies across Canada [77, 78]. It is not known if SBV plays a direct role in col-
ony death or if it is an opportunistic pathogen that is favored when colonies are succumbing to
other stresses. However, SBV was not correlated with any other parasites or pathogens linked
to bee losses. Cornman et al [71] found SBV is correlated with IAPV but only in colonies not
expressing symptoms of CCD. Although IAPV was linked to low spring populations for
indoor-wintered colonies in our studies, we did not see any correlations between SBV and
IAPV. In indoor-wintering environments, fall SBV concentrations were correlated with KBV
levels, but Cornman et al [71] did not find an association between SBV and KBV. Cornman
et al, [71] also found that in non-CCD colonies with Nosema, SBV is correlated with ABPV
and CBPV, but we did not find any relationship between SBV and any of the pathogens.

Although Nosema plays a role in honey bee colony losses in some European countries [79,
80] its role in contributing to colony losses is controversial [60]. Recent studies from Germany
[10] and Switzerland [16], found that neither N. ceranae or N. apis affect colony loss but this
conflicts with outcomes from studies in Spain, where N. ceranae is one of the key parasites in
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colony losses [79-81]. Nosema was not correlated with bee loss in this study in either environ-
ment, even though spore counts were well above the nominal threshold in all three seasons.
Although unadjusted partial correlations in fall outdoor-wintered colonies suggested Nosema
was negatively correlated with spring population size, the g-values were not significant

(g = 0.2). Manipulative experiments where colonies are exposed to different levels of infection
in the absence of fumagillin treatments are needed to clarify the true impact of this disease on
winter colony survival.

Our study showed that Noserna mean abundance increased over winter for outdoor-win-
tered hives and decreased over winter for indoor-wintered hives. Williams et al, [33] also com-
pared Nosema in indoor- and outdoor-wintering environments in a smaller study (3
beekeeping operations). Although they did not show an overall effect of wintering method on
Nosema intensity, they did find higher levels of Nosema in outdoor-wintered colonies than in
indoor-wintered colonies for one operation. Fall treatments of Nosema with fumagillin were
carried out in all of their colonies. In our study, 11 of 15 producers that wintered indoor, and 4
of 10 producers that wintered outdoors treated with fumagillin in fall for control of Nosema.
For producers using indoor-wintering environments, those fall treatments resulted in lower
spring Nosema spore counts than in producers that did not treat hives. However, in producers
with outdoor-wintered hives spring Nosema spore counts did not significantly differ between
those who treated with fumagillin and those that did not. This suggest that observed differences
in the seasonal pattern of Nosema spore abundance for the two wintering environments may
have been partly the results of differences in the residual efficacy of fumagillin in the two envi-
ronments or a greater capacity for Nosema spores to replicate in colonies that are wintered out-
doors compared to those wintered indoor.

Significant partial correlations between Nosema and DWV were observed for outdoor-win-
tered colonies in fall. Since spring DWV was associated with bee loss over winter and low
spring population size in outdoor-wintered hives, this suggests a synergistic interaction
between these pathogens may be occurring. Since Nosema suppresses the immune system in
workers [82], the higher levels of DWV that were observed in spring outdoor-wintered hives
could be related to inability to effectively control Nosema in outdoor wintered hives. Although
it should be noted that Varroa is also correlated with DWV, Varroa may also be a factor affect-
ing DWV concentration, (see earlier discussion), this needs further study. Nosema ceranae also
causes severe damage to the mid-gut epithelial cells [28]. Mid-gut damage might facilitate
exchange of viral pathogens across the gut wall and into the haemolymph [83] but antagonistic
interactions may also occur [84]. Similar to our study, Cornman et al, [71] found a correlation
between DWV and N. ceranae in colonies showing CCD-like symptoms but not in non-CCD
colonies. However, [84] found a negative correlation between DWV and N. ceranae in mid-gut
cells of honey bees in laboratory cage studies and [85] found no evidence for synergistic corre-
lations between DWV and N. ceranae in Hawaiian colonies. Environmental influences could
explain some of the differences as other studies did not have their colonies exposed to long
periods of confinement or “harsh” wintering conditions.

Significant positive correlations were found between Noserna and BQCV for both indoor
and outdoor wintered colonies in spring. Partial correlations between Noserma and BQCV in
spring were only significant for outdoor-wintered colonies. BQCV is commonly associated
with Nosema and this combination of these pathogens is thought to cause greater mortality in
bees than either on its own [86, 87]. However, we did not see significant correlations between
Nosema and bee loss or spring population size in either wintering environment. Marginal nega-
tive correlations between spring population and BQCV (g = 0.08) suggest BQCV may play a
role in contributing to lower bee population but partial correlations between BQCV and spring
population were not significant.
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Of the seven viruses, parasites and pathogens tested, sampling location affected mean abun-
dance estimates of only Nosema and BQCV. Our data suggest that for fall and spring sampling
for Varroa, DWV, SBV IAPV, KBV, ABPV, and CBPV sampling from either entrances or
brood area would produce similar estimates of colony level mean abundances. For Nosema, fall
spore counts were dramatically different in entrance and brood area samples and although
entrance samples may not best represent the total pathogen load in colonies at the time of sam-
pling or impacts on colonies, they were better predictors of future pathogen levels in mid-win-
ter and fall than were brood area samples. Nosema spore counts were likely higher in entrance-
bee samples because foraging bees caught at entrance tend to be older bees and older bees are
more likely to be infested with higher Nosema spores [31, 81].

BQCV levels differed with season, sample location and wintering method, indicating care
must be taken when sampling for this pathogen and extrapolating interpretation of results of
other studies where single samples are taken from only one location in the hive. Our data sug-
gest that in fall, BQCV could be sampled from either entrance or brood area samples for both
in indoor and outdoor-wintered colonies and provide similar estimate of colony-level mean
abundance. However, in spring, mean abundance of BQCV differed with sample location for
outdoor wintered hives; thus, colonies should be sampled from a combination of entrance and
brood area samples to give a more realistic estimate of colony level mean abundance. BQCV
shows a seasonal pattern that was similar to Nosema, in that the seasonal response differed
with wintering method. For BQCV there was no change in mean abundance from fall to spring
for indoor-wintered colonies and increase in mean abundance from fall to spring outdoor-win-
tered colonies. This is not unexpected since Noserma and BQCV are often highly correlated, as
they were in spring samples outdoor-wintered colonies [56, 76].

In conclusion, our study showed that colonies under similar initial parasite and pathogen
loads experience lower rates of bee loss in indoor-wintering management than in outdoor-win-
tering management. This suggests producers should consider the use of indoor wintering as a
management tool to reduce winter loss when. We showed that parasite and pathogen interac-
tions and seasonal changes in mean abundance differed in the two different wintering environ-
ments. Fall IAPV level was negatively correlated with spring population but only for indoor
wintered colonies. Spring Varroa and DWYV levels were positively correlated with bee loss and
negatively correlated with spring population but only for outdoor-wintered hives. SBV was the
only virus significantly associated with colony death over winter for both wintering methods.
Sampling location in the hive needs to be considered when interpreting the pathogen load of
colonies for Nosema and BQCV and for estimating their impact on colony populations. For
these pathogens, the best location for sampling differs between pathogens and seasons. Further
experiments are urgently required to better predict bee population losses that result from the
interaction of honey bee viruses and to develop management practices that will reduce their
impact on colonies.
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