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Abstract — Pollinator foraging performance could be altered by volcanic ash contaminated flowers,
pollen, and nectar. We used the honeybee (Apis mellifera) as a model organism to understand the effects
that volcanic ash could have on apiculture and establish some of the mechanisms through which it could
affect plant—pollinator interactions. Three mechanisms were investigated: (1) interference with resource
location, (2) interference with resource consumption, and (3) disturbing digestive processes. Results indicate
that plant—pollinator relationships could be altered by volcanic ash. On the one hand, honeybees seem to
recognize flowers covered in ashes only after an adaptation period (i.e., learning). On the other hand, there is
no avoidance mechanism to prevent ingestion of contaminated food that ultimately reduces survival.
Apiculture could be negatively affected due to this natural disturbance and plant—pollinating relationships
could be especially vulnerable to ash emissions due to the high exposure of pollen and nectar bearing
structures susceptible to contamination. Additionally, nectar feeders gut morphology (i.e., convoluted, thin
with no resistance to abrasion) enables ash particles in contaminated food to obstruct and lacerate the gut
increasing mortality risk.

Apis mellifera / disturbance / pollinator / volcanic ash / volcanic complex Puyehue Cordon Caulle

1. INTRODUCTION

Plant—pollinator relationships are thought
to be one of the key factors responsible for
maintaining community structure in natural
ecosystems, with most angiosperms (>80 %)
strongly depending on a second organism
for reproduction (Ollerton et al. 2011). In
addition, pollinators benefit a third of the food
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we consume with a major part of fruit,
vegetable, and seed production worldwide is
improved in terms of quantity and/or quality
by bees (Hymenotpera: Apiformes) (Klein et al.
2007).

The balance in plant—pollinator relationships
is delicate because of the interdependence
between both parts. Disruptions on either side
could lead to plants not reproducing sexually
and animal populations declining due to un-
availability of carbohydrates and proteins sour-
ces with important ecological and economic
consequences. In this sense, the dynamics of
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plant—pollinator relationships are subjected to a
broad range of natural and anthropogenic pertur-
bations. It has been reported that disturbances
such as fire regimes can modulate assemblage
composition through time (Potts et al. 2003),
climate change can cause temporal mis-
matches of mutualistic partners (Hegland et
al. 2009), and biological invasions frequently
cause profound disruptions to plant reproduc-
tive mutualisms (Traveset & Richardson 2006).
Similarly, volcanic eruptions can result in
comparatively large areas being affected
(Foster et al. 1998). In addition to the regional
effects of the direct force of the blast and lava
flow, this type of geological activity can affect
remote locations. The large quantities of gases
emitted to the stratosphere affect solar radia-
tion and can cause shifts in weather and
climate (Robock 2000), or the thin portion of
airborne material (commonly known as ashes)
can be transported by wind currents to remote
locations and persist over long periods with
adverse effects, even after the end of the
volcanic activity (Wilson et al. 2010).

To date, there are a limited number of studies
dealing with the way in which volcanic ash can
impact the biota. This is surprising because
volcanic activity is not as infrequent as intuition
would suggest. Simkin (1993) estimated that
worldwide, there are between 55 and 70 volcanic
eruptions/year with most of them having local to
regional impacts. Additionally, despite the risks
of living close to volcanoes, 20 % of humans
lived within 200 km of a volcano in 1990 (Small
and Naumann 2001). This is linked to the fact
that soils from volcanic origin harbor an
enormous potential for agricultural produc-
tion; hence, most of the productive regions in
the world have been developed near volcanoes
(Shoji et al. 1993) regardless of being under risk
of suffering from their (in some cases devastat-
ing) effects.

Some of the few studies conducted in this
area indicate that volcanic ash can alter arthro-
pod behavior and survival in different ways. For
example, ash in the atmosphere can alter
honeybee behavioral aspects such as flight
patterns (Woyke and Gabka 2011). In cases
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were survival is decreased, the underlying mech-
anisms through which this occurs is believed to be
based on the hygroscopic and abrasive nature of
volcanic particles that affects tissues and vital
systems (Klostermeyer et al. 1981) and alters
digestive processes and obstructs respiratory
systems (Wille and Fuentes 1975, Edwards and
Schwartz 1981). Increasing our understanding on
the impacts of volcanic eruptions is important if
we want to successfully predict and mitigate the
consequences of this type of disturbance on key
biological interactions and possible knock-on
effects on economic activities, especially when
considering how little is known about the
impacts of one of the most far-reaching effects
of volcanic eruptions (i.e., ashes). Pollinator
performance is essential since it implies sexual
reproduction for the plant and resource availabil-
ity for the pollinator (Ne’eman et al. 2010). In
order to locate nectar and pollen, many polli-
nators rely on floral visual and chemical cues
(Raguso and Willis 2005), and once found,
resource quality (and quantity) can determine,
between other factors, the frequency of revisits.
Under a volcanic disturbance, flower appearance
and resource quality could be altered by ash fall
and have a direct consequences on the fitness of
both parts. We studied the effects of ash released
in Patagonia between 2011 and 2012 by the
Puyehue—Cordon Caulle volcanic complex on
honeybee behavior and survival. We used the
honeybee as a model organism to understand
some of the possible mechanisms and conse-
quences that volcanic ash fall could have on
plant—pollinator interactions and possible knock
on effects to apiculture. We focused on three
possible ways through which volcanic ash could
affect the honeybee: (1) interference with re-
source location, (2) interference with resource
consumption, and (3) by affecting survival
through ingestion.

2. MATERIALS AND METHODS
2.1. Volcanic ash

Ash used in all manipulative experiments was
collected from Rincon Chico, Argentina (40°5929" S—
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71°06'06" W), product of the Chilean volcanic complex
Puyehue—Cordon Caulle (40°32'25" S-72°72" W),
which erupted in June 4, 2011 and continued its activity
until July 2012. The collected ash was sieved
(<0.05 mm) to obtain a particle size range close to that
remobilized by wind (Wilson et al. 2010) and match
traces found within nectar foragers crop contents
(Martinez, personal observation).

2.2. Honeybee rearing

All experiments involved the use of honeybees
Apis mellifera (derived from Carnolian). Adults
used in manipulative experiments were obtained
from brood frames removed from the apiary located
at National Institute of Agricultural Technology
field facilities in Bariloche, Argentina. Frames were
placed in an incubator [35 °C, 55 % relative
humidity (RH)], and adults were collected daily
and placed inside wire-mesh cages (0.1x0.1x0.1 m,
mesh 2 mm) in groups of 50 individuals. Three
individual feeders were placed at the center of each
cage with pollen, water, and sucrose solution
(1.8 M). All resources were offered ad libitum.
Commercially available multi-floral pollen was
mixed with distilled water to create a paste, which
was then loaded onto feeders.

2.3. Experiment 1: flower location behavior

To test whether volcanic ash deposits on flowers
could affect honeybee location behavior, flower visits
were measured in the field on flowers contaminated
with ash against clean flowers. The study was carried
out in an ash-free lavender (Lavandula sp.) plantation
(30%2.5 m) in bloom near an apiary consisting of five
colonies (distant ~50 m) in the Bariloche region. Four
plots (0.8x0.8 m) were delimited within the planta-
tion with a 2-m gap between each other. An
estimation of the rate of visits [individuals (ind)/
1 min/plot] was obtained at 4-min intervals. Since
plots differed in the number of lavender spikes
(control 1=199, control 2=360, treated with ash 1=
215, treated with ash 2=294), data were standardized
by obtaining the quotient between the visit rate and
the number of spikes (ind/min/spike). After 1 h of
measurements being started, two plots were dusted
with ash to recreate a scenario resulting from heavy
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ash rain (Martinez, personal observation). In order to
do this, 100 g of ash were placed on a fine-meshed
sieve (0.5 mm mesh size) and the entire surface of
each treated plot was sprinkled with this ash. To
prevent any ash from falling on flowers outside the
plot, during the sprinkling process, the plot was
surrounded by a 0.5-m tall cardboard containment
fence. Once the ash was applied, the containment was
removed. In this way, every flower within each
treated plot was covered by a relatively high and
similar amount of volcanic ash. The remaining two
plots (control) were left untreated (i.e., ash-free
flowers). After ash application, measurements were
continued for an additional 3 h. Twenty-four hours
since starting the experiment, visit rates were measured
for an additional hour. Data was pooled within ash-
treated and control plots at time intervals 0—1, 1-3, and
24-25 h. Visit rates between different times within the
control plot were compared with an ANOVA. A Mann—
Whitney—Wilcoxon rank sums test was used for
comparing visit rates in contaminated plots since data
did not fit the normality assumption.

To assess any possible changes in the visual
information (i.e., spectral change) that honeybees
would perceive, the reflectance of five (1) clean
flowers and (2) same flowers covered in ashes
(recreating the same contamination level as in field
experiment) were quantified by measurements reflec-
tivity. White light from a Xe light bulb was shone on
(1) a clean (no ash) lavender flower and (2) a
contaminated lavender flower. Part of the light
reflected from (1) and (2) was analyzed spectrally
using a charged coupled device equipped near-
ultraviolet—near-infrared spectrometer (Acton Re-
search Corp., model SP-300i). The light was focused
onto an area of approximately 1 mm?, and the angle
of the collection cone of the measured dispersed light
was about 15°. Measurements were standardized vs.
light reflected from a highly dispersive and uniform
(within the analyzed wavelength range) surface.

2.4. Experiment 2: resource consumption

Adult honeybees of known age were obtained
following the method described above. They were fed
pollen, water and sugar solution ad libitum contam-
inated with varying concentrations of ash (0, 1 %,
and 5 % w/w). Twenty-seven treatments (cages) were
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set up, with the resources containing different
amounts of ash. Cages were kept in an incubator in
the dark at 35 °C and 55 % RH. A small piece (3x
3 cm) of meshed cloth (2 mm) was placed inside
sugar solution and water feeders to prevent ash
decantation to the bottom of each device. Dead bees
were removed daily. Contaminated food consumption
was measured indirectly by quantifying the ingestion
of pollen, sugar solution and water. The consumed
amount of each resource was established daily
gravimetrically by weighing feeders and subtracting
the cumulative consumption and dividing by the
number of live individuals. Measurements were taken
daily until all individuals in the cage were dead.
Some measurements had to be discarded due to leaks
in feeders. Consumption for each resource/contami-
nation level were averaged and compared with a
Kruskal-Wallis test since data did not fit the
normality assumption. Because adults only con-
sume pollen within the first 2 weeks of adulthood
(Hrassnigg and Crailsheim 1998), and additional
comparison of pollen consumption considering this
time frame was done.

2.5. Experiment 3: ingestion
of contaminated food

To evaluate the effect of ingesting contaminat-
ed food on survival, additional data was collected
from the cages set up in experiment 2. Each of
the 27 cages containing honeybees was considered
as an experimental unit (i.e., replicate). An
approximation to honeybee survival was done by
quantifying the “survival” of each cage. A cage
“dead” once all the 50
individuals had died. In order to visualize the

was considered as

results, Kaplan—Meier survival curves were gener-
ated considering each contamination level/type of
resource by plotting the proportion of “live” cages
over time. Differences in survival were analyzed
with log-rank tests (Kleinbaum and Klein 2006).
A Cox proportional hazards model was carried out
to assess two-way interaction effects between
resources and to quantify the change in survival
risk for the two levels of contaminated food vs.
the uncontaminated resource. A risk ratio >1
indicates a higher risk of death vs. the control
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(for example, a risk ratio of 2 is interpreted as
twice the probabilities of death compared to the
control group).

3. RESULTS
3.1. Experiment 1: flower location behavior

While visit rates in control treatments
throughout the duration of the experiment
(0-1, 1-3, and 2-25 h) were not signifi-
cantly different (overall mean=0.052 ind/
min/spike; F=1.74; P>0.05; df=2), after ash
application visit rates dropped significantly
vs. same flowers with no ash (median
0-1 h=0.05; ind/min/spike; median 1-3
h=0.0068 ind/min/spike; Z=8.33; P<
0.00001) (Figure 1). When 24 h had elapsed
since ash application, visit rates in contami-
nated flowers increased (median value
treated=0.023 ind/min/spike Z=7.64; P<
0.0001) but not to initial uncontaminated
levels (Z=4.00; P<0.0001).

An overall increase in reflectivity was regis-
tered in ash-contaminated vs. clean flowers
(Figure 2). The same change was observed
across all flowers. Between 350 and 650 nm the
reflectivity increased on average ~10 % with
maximum differences found at ~400 nm (30 %
increase) and a broader band around ~570 nm
(15 % increase).

3.2. Experiment 2: resource consumption

The consumption rates of pollen, sugar
solution, and water contaminated with different
amounts of volcanic ash were not different from
controls (pollen: Ny o,=143, Ny o,=146, N5 o,=
155, overall median=0.91 mg/day Kruskal—
Wallis test, x*=1.43, P>0.05, df=2; sugar
solution: NO %:151, Nl %:140, N5 %:127,
overall median=24.06 mg/day; \*=3.65, P>
0.05, df=2; water: Ny o,=175, N; o,=118,
Ns =101, overall median=9.6 mg/day, y’>=
2.25, P>0.05, df=2) (Figure 3). Pollen consump-
tion in the first 15 days of adulthood was not
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Figure 1. Honeybee visit rates in lavender spikes free of ashes (clean) and treated with ashes (contaminated). Ash was
sprinkled 1 h after the experiment was started. Visits were standardized by the number of lavender spikes present in
the plots. After a simulated ash rain, visits to contaminated plots, dropped significantly. Twenty-four hours after ash
application, visits increased again, but not to initial levels. The fop and bottom of the box indicate the interquartile
range. The line across the middle indicates the median value. Vertical dotted lines indicate spread of data.

significantly different between treatments (x*=  solution and water (Wilcoxon test, szol]en—sugar
1.87, P>0.05, df=2). Pollen consumption was  guion=242.48, P>0.0001, df=1; szollen—water:
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Figure 2. Change in reflectivity of uncontaminated flowers vs. ash-contaminated flowers. Several samples were
measured with and without contamination, with equivalent results. In this figure typical results are shown. The
largest spectral differences occur mainly around a wavelength of ~400 nm and a broader band around ~570 nm.
Dotted green lines indicate honeybee spectral sensitivity peaks.
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Figure 3. Honeybee consumption rate (mg/day) of pollen, sugar solution, and water contaminated with 1 and
5 % volcanic ash. No significant differences were found in the consumption vs. the control treatment free of
ashes. The top and bottom of the box indicate the interquartile range. The line across the middle indicates the
median value. Vertical dotted lines indicate spread of data.

3.3. Experiment 3: food ingestion

Honeybee survival was affected by the
ingestion of contaminated sugar solution and
water (Figure 4). A log rank test of the
survival curves of each contamination level
within each food type vs. their respective
control treatments revealed a significant effect

Pollen

Sugar solution

at 5 % w/w contamination of sugar solution
and water (Table I), while contaminated
pollen did not have a significant effect on
survival. No interactions were found between
resources (pollenxwater x>=0.12, P>0.05,
df=1; pollenxsugar solution x?=0.37, P>
0.05, df=1; waterxsugar solution y*=0.13,
P>0.05, df=1).

Surviving

Ash (% wiw)
0— 1 5°°
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Figure 4. Kaplan-Meyer survival curves showing the proportion honeybees surviving after being fed with
water, pollen, and sugar solution contaminated with different degrees (0, 1, and 5 % w/w) of ashes. A
significant dose-dependent effect was observed for contaminated water and sugar, while eating contaminated
pollen did not affect survival. No interaction effects on survival were found among the different types of food.
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Table I. Log-rank tests and Cox’s proportional hazards analysis of survival of honeybees fed with
contaminated vs. uncontaminated resources (significant negative effects on survival were found for the highest
contamination levels of sugar solution and water; risks>1 with P<0.05 indicate significant reductions in

survival).

Resource Pollen Sugar solution Water

% Ash (w/w) 1 5 1 5 1 5

Log rank test (x?) 0.35 0.07 0.84 11.13 0.48 12.81
df 1 1 1 1 1 1

P value 0.55 0.79 0.36 0.0009 0.48 0.0003
Risk ratio vs. control (0 % w/w ash) 0.78 0.88 1.59 3.99 1.34 5.19

4. DISCUSSION
4.1. Volcanic ash and resource location

Many pollinating insects rely during foraging
activities on visual and chemical information
(Raguso and Willis 2005). Flower attributes
such as color distribution, morphology, and
volatile emissions can trigger innate and/or
learnt responses during process of food location
(Chittka and Thomson 2001). Receiving partial
or altered information could imply a decreased
foraging performance, or the onset of learning
processes that could eventually lead to success-
ful floral identification (Raguso and Willis
2005). Based on our field study, in which
flowers were covered with a simulated ash rain,
we conclude that despite having a strong spatial
memory (Menzel et al. 2005), honeybees cease
to visit flowers covered with volcanic ash
during a short period. This behavioral shift is
attributed to the changes in the visual informa-
tion received by the honeybee caused by
coverage of the color patterns by volcanic
particles, as shown by the overall reflectance
change within the visual range of the honeybee.
The increase in reflectivity registered in ash-
covered flowers, with maximum differences
found at ~400 and ~570 nm, suggests visual
information changes within the spectral sensi-
tivity of the honeybee (with sensitivity peaks at
350, 440, and 540 nm, Menzel and Blakers
1976). The strong predisposition of honeybees
to single species visits (floral constancy) (Waser
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1986) added to the mismatch of visual informa-
tion, could explain this abrupt shift in behavior.
Changes in flower volatile profile due to ash
presence could be an additional factor influenc-
ing location, but volatile profiling is necessary
in order to assert this. An increase in visits was
observed after a 24-h period, probably respond-
ing to the plastic behavior of honeybees
(Hammer and Menzel 1995), period after which
individuals learn the “new” color of flowers,
associating it with the presence of food.

4.2. Feeding on ash-contaminated resources

Given the high level of exposure to volatile
ash of anthers and nectaries in many flower
species, organisms that forage under an ash-fall
scenario, could consequently feed on contami-
nated resources. Our results showed that con-
taminated pollen, nectar, and water were
consumed in equal amounts as uncontaminated
ones. Regardless of the ash-contamination level
in the resource, consumption was no different
for uncontaminated pollen, sugar solution, or
water, suggesting the absence of an innate or
learnt deterrent response towards this type of
contamination. It’s important to note that bees
were kept under experimental conditions that
differed from the natural situation (for example:
absence of foraging and in-hive activities).
Nevertheless, feeding habits and energy
demands of tested bees was comparable to
those observed in free-living preforaging indi-
viduals since the observed amount of ingested
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sugar (10 mg/day) contained in the 1.8 M
solution was similar to that of free-living
individuals (9-34 mg/day) (Rortais et al. 2005).

The observed indiscriminate consumption be-
havior between contaminated and clean resources
means that no behavioral restriction would prevent
honeybees from collecting contaminated food and
water. Although honeybees can regulate the in-
come of resources into the hive (Martinez and
Farina 2007; Ramirez et al. 2010), this is mostly
restricted to quality (i.e., sugar concentration).
This, added to the fact that the ingestion of ash-
contaminated water and sugar solution negatively
impacted survival, would not only mean a
detrimental effect to foragers, but transfer of
resources through trophalaxis to preforaging indi-
viduals could affect in-hive adults and larvae.
Although this study did not establish the mecha-
nisms through which insect survival is affected,
Wille and Fuentes (1975) and Edwards and
Schwartz (1981) observed that laceration and ash
accumulation in the digestive tract would disrupt
normal functioning and cause death causes by the
high concentration of volcanic glass. Nectivorous
insects could be especially susceptible to ingesting
ash-contaminated resources since most insects that
feed on liquid resources (blood, nectar, or sap)
have long, narrow, and convoluted guts without
the kind of protective mechanisms against abra-
sion that could be found in insects feeding on
solid foods (for example, leaf-feeding caterpillars)
(Gullan and Cranston 2005). The detrimental
effect could not only be restricted to specific
periods of ash fall, but in social insects that store
resources, contamination could have extended
negative effects through the reserves (i.e. stored
honey and pollen).

4.3. Additional factors affecting survival

The extent to which ashes would affect
insect pollinating ecology would strongly
depend on the magnitude of the volcanic
event (i.e., surface affected, duration, amount
of emitted material, periodicity), time of the
year and proximity to the volcano. In the
case of the Chilean volcanic complex Puye-
hue—Cordon Caulle, the strongest portion of
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the activity was during austral winter, when
pollinating activity was at its minimum. As
ambient temperatures started to rise, the
volcanic activity decreased, and the observed
negative effect on honeybee populations
where minimal (Huerta, personal observa-
tion). Although in regions where windborne
ash coincided with higher temperatures, loss
of foragers was observed (Bravo, personal
observation), probably due to a combination
of factors established in this study, but no
direct evidence exists of this. Situations of
extreme volcanic eruptions that affect large
areas for long periods [for example, the 1183
Krakatau eruption, one of the largest in
recorded history (Robock, 2000)] could be
strong forces in shaping communities (Foster
et al. 1998). In other less intense scenarios
where eruptions occur in biotic active periods
(i.e., spring/summer) or in tropical regions
where pollination regimes are longer, the
impacts could be more severe disrupting
pollinating activity at a regional scale with
knock on effects such as local extinctions
(Masciocchi 2012) and unpredictable conse-
quences on community assemblies. Although
this work shows a strong detrimental effect on
honeybee survival, some species might remain
unaffected or even benefit from volcanic
events, such as the Chilicola spp. bee that uses
dead branches to nest in. Wille and Fuentes
(1975) reported an increase in their population
numbers after the 1963—-1965 eruptions of the
Irazt volcano in Costa Rica. Factors affecting
population numbers were thought to be an
increase of dead trees utilized as nesting
places, in addition to the fact that the anthers
and nectaries of flowers pollinated by this
species were morphologically protected from
falling ash.

4.4. The effects on apiculture

The negative effects to apiculture due to
volcanic activity could be important if volcanic
activity and/or wind-mobilized ash coincides
with periods of foraging activity. The increased
mortality risk observed in this study could
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probably translate in reduced honey production
due to a decline in honeybee colony size. Any
transfer of ashes to stored nectar and pollen
could impact directly honey taste and quality
and ultimately human health. Studies are ongo-
ing (Martinez et al.) in order to establish such
consequences. Under volcanic ash fall condi-
tions, it would be important for bee keepers to
prevent honeybees from foraging contaminated
sources. Transporting colonies to more favor-
able areas could be a way of mitigating the
consequences, but wherever this is not an
alternative, sealing hive entrances and providing
supplementary nutrition to affected colonies
could diminish the risk of increased mortality.

5. CONCLUSIONS

Volcanic eruptions can be detrimental to some
species, while others can tolerate the effects and
even benefit from the disturbance. In the particular
case of the honeybee, volcanic ash could impact
survival and in consequence honey production
and agricultural activities that depend on this
species pollinating services. The underlying
mechanisms through which volcanic ash can
cause reduced insect fitness could be diverse and
range from behavioral alterations to direct phys-
ical effects caused by ash-contaminated resources.
Impact on individual plant and insect species and
their knock on effects in pollination webs would
strongly depend on plant traits such as the degree
of exposure of nectar and pollen-bearing struc-
tures to direct ash contact. Likewise, insect traits
such as the degree of specialization (i.e., specialist
vs. generalist pollinators), digestive tract charac-
teristics (some tracts could be less convoluted and
more resistant to abrasion than others), and
sociality could strongly influence the impact.
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Cendres dans ’atmospheére: les effets des émissions de
cendres volcaniques sur la relation plante-pollinisa-
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perturbation/complexe volcanique de Puyehue-Cordon
Caulle

Asche in der Luft: Auswirkungen vulkanischer Aschee-
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Apis mellifera/Storung/Bestiuber/vulkanische Asche/
Vulkankomplex Puyehue—Cordon Caulle
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