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ABsTrACT. We studied the effect of volcanic ash on the crustacean zooplankton (mainly cladocerans) in the
Andean North-Patagonian lakes that were affected by the eruption of the Puyehue-Cordén Caulle complex.
The study was carried out at three different scales: sub cellular, population and ecosystemic. Cladocerans are
filter feeding organisms that cannot distinguish between food (algae less than 30 pm) and suspended ash,
therefore when feeding they ingest this material. The ash affected negatively the individuals at a biochemical
level, increasing the oxidative stress reacting enzymes like Glutation-S-transferase and the biomarker Acetyl
cholinesterase. At the population level, we recorded a decrease in survival and fecundity, in particular, when
ash concentration exceeded 8 mg/L, we observed that individuals did not reach adulthood. At the ecosystem
level, we recorded a significant decrease of the intermediate trophic level (primary consumers) although
producers were positively enhanced by the eruption. The absence of these primary consumers may affect upper
trophic levels like fishes. Later, in the year following the eruption, we observed the resurgence of zooplankton
populations suggesting a fast recovery from the initial conditions.

[Keywords: volcanic ash, cladocerans, oxidative stress, survivorship, trophic level]

Resumen: Efecto de la erupcién del Complejo Volcanico Puyehue-Cordén Caulle en el zooplancton crustaceo
de los lagos andinos: En este trabajo analizamos el efecto de las cenizas en el zooplancton crustaceo (cladéceros
en particular) de lagos andinos norpatagénicos afectados por la erupcién volcanica del Complejo Puyehue-
Cordén Caulle. Los estudios se llevaron a cabo en tres escalas diferentes, subcelular, poblacional y ecosistémica.
Los clad6ceros son organismos filtradores que no pueden discriminar eficientemente entre el alimento (algas
de tamafio menor a 30 um) y la presencia de cenizas, por lo cual éstas son ingeridas. Las cenizas en suspensién
impactaron negativamente en los individuos a nivel bioquimico incrementando el estrés oxidativo, provocando
cambios en enzimas como la Catalasa y Glutatién-S-transferasa asi como en el biomarcador Acetilcolinesterasa.
A nivel poblacional se registré una disminucién en la supervivencia y en la fecundidad con concentraciones
crecientes de cenizas. En particular con valores de concentracién de cenizas superiores a los 8 mg/L se
observé que los individuos no llegaban a la edad de primera reproduccién. A escala ecosistémica se verifica
una disminucién significativa del nivel tréfico intermedio de consumidores primarios a pesar del incremento
del nivel de los productores. La ausencia de este nivel tréfico podria redundar en cambios en niveles tréficos
superiores como los peces. Por tltimo, la recuperacién de las poblaciones del zooplancton fue verificada al afio
subsiguiente de la erupcién, lo que sugirie una restauracion rdpida de las condiciones originales.

[Palabras clave: cenizas volcanicas, claddceros, estrés oxidativo, supervivencia, nivel tréfico]

of those outcomes (Lindenmayer et al. 2010;
Larson 2011).

INTRODUCTION
Volcanic eruptions affect ecosystems at local,

regional and even global scales due to ejection
and emission of gases, ash, pumice and lava.
Although most ecological changes are gradual,
extensive changes in ecosystems can sometimes
occur over short periods of time (Holling 1973;
Scheffer & Carpenter 2003; Walker & Meyers
2004). In that sense, volcanic eruptions are
sudden processes that can affect substantially
the landscape and climate. Thus, volcanic
eruptions present good opportunities for
scientific discovery allowing the comprehensive
assessment of their effects and the mechanisms
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Because of the large number of active
volcanoes in Chile, and the prevailing
winds from the W-NW a large part of the
Argentinean territory is frequently affected
by the explosive plumes (Villarosa et al.
2006; Durant et al. 2012). In particular, the
Puyehue-Cordén Caulle volcanic complex
(40°30’S, 72°07" W, Chile) has become much
more explosive over time (Singer et al. 2008),
with the last eruption starting on June 4™, 2011.
This volcanic event expelled pumice and ash to
the atmosphere during a relatively long period
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of time (June 2011 through March 2012). Ash
particles dispersed over a large part of the
Argentinean territory and the ash cloud even
circled the globe in the Southern Hemisphere
(Kliser et al. 2013).

The consequences of this input of material to
the aquatic environments varied according to
the size of the particles. The largest fraction of
the pumice had a porous structure, and hence
low density, and therefore remained floating
on the water surface until it is broken down
to smaller pieces and is finally deposited
on the shore or in the bottom of the lakes.
The fine fraction is essentially vitreous with
sharp edges and conchoidal fracture (Buteler
et al. 2011; Caneiro et al. 2011) and remained
suspended in the water column for long
periods of time interfering with physical
and biological processes (Modenutti et al.
2013a). In particular, data obtained from
Andean North-Patagonian lakes affected by
the Puyehue-Cordén Caulle volcanic eruption
(Figure 1) showed a particle size distribution
with a mode lower than 2.5 ym (Modenutti et
al. 2013a, 2013b). However, in aquatic systems,
the effects are not just limited to the transient
ash fall, but also often persist for several
months due to the resuspension of the ash by
the movements of the water column (Inbar et
al. 1995; Horwell et al. 2003).
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Figure 1. Map of the lakes near Puyehue-Cordén Caulle
Complex that were affected by the eruption, showing the
concentration of suspended ash at 5 m and 30 m depth, except
for lake Pire which is a shallow lake so the deep value is not
presented. P-CC indicates the location of the volcano.

Figura 1. Mapa delos lagos cercanos al Complejo Puyehue-
Cordén Caulle afectados por la erupcién con los valores de
la concentracién cenizas volcanicas en suspensiéna5my
a 30 m de profundidad excepto en laguna Piré en donde
el valor de profundidad no se presenta por ser un sistema
somero. P-CC indica la ubicacién del volcén.
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The main components of volcanic ash are
silicate, and crystalline phases as quartz,
feldspar, plagioclase, pyroxene, olivine, iron,
and finally some iron and titanium oxides
are also frequent in different proportions
(Tarbuck et al. 1999). Accordingly, the major
components of the ash from the Puyehue-
Cordén Caulle eruption were O, Si, Al, Fe, Na
and K (Buteler et al. 2011; Caneiro et al. 2011).
Immediately after the eruption and due to the
input of ash, the total suspended solid (TSS)
concentration increased notably in the affected
lakes (Figure 1), however conductivity and pH
did not vary between pre and post eruption
data (Wolinski et al. 2013). The observed
increase in TSS due to volcanic ash caused
changes in light availability, nutrient inputs
and phytoplankton (Modenutti et al. 2013a).
Concurrently, cladocerans were also affected
by suspended ash particles, which were
within the range of their food spectrum, and
therefore could be ingested by filter-feeding
zooplankton (Wolinski et al. 2013).

The aim of the present work was to synthesize
the effects of ash on the crustacean zooplankton
in Andean North-Patagonian lakes, combining
the results of previous studies in three different
scales: sub cellular, population and ecosystem
levels. For this purpose, we here reanalyze
previous work on the zooplankton of Andean
North-Patagonian lakes (Modenutti et al. 2010
and references therein) examining the impact
both at the biochemical (Serra-Olabuenaga
2013) and the population level (Wolinski et
al. 2013). Finally, we analyze the effect at the
ecosystem level of the pelagic food web based
on Wolinski et al. (2013) and Modenutti et al.
(2013a, 2013b).

Z.O0OPLANKTON

The zooplankton plays an important role
in the transfer of carbon in the food webs
(Carpenter et al. 2001), with a key position
connecting the lower trophic levels (algae and
bacteria) with the higher trophic levels (fishes).
Therefore, zooplankton feeding constitutes the
main pathway for the mass and energy fluxes
in lacustrine systems (McQueen et al. 1989).
In consequence, any change at this level may
cause changes up and down the food web
(Carpenter et al. 1988; Faithfull et al. 2011). On
the other hand, the water quality is the result of
external impacts on ecosystems together with
internal transformations through complex
interactions, where the zooplankton plays a
fundamental role (Carpenter et al. 1996).
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Herbivorous zooplankton feeds mainly
by filtering particles smaller than 50 pm
(especially smaller than 30 pm) (Sterner
1989; Balseiro et al. 2001). Particle removal
by zooplankton is a process that can involve
different feeding strategies including
filtering the whole suspended stock, particle
selection through mechanoreceptors or
other specialized structures, that are mainly
explained by the anatomical structure of
the different zooplankton components (i.e.,
rotifers, cladocerans and copepods) (DeMott
1989). For example, daphnids cladoceran feed
non-selectively across a wide range of food
types and sizes including various mixtures
of algae and inorganic particles, such as clay
(Gliwicz 1986a) and flavored and untreated
microspheres (DeMott 1982, 1986), while
other zooplankton, such as copepods, are
more selective on motile cells (Balseiro et al.
2001). For daphnids the size range of edible
particles is determined by the carapace
opening (maximum size) and the appendix
intersetular distance (minimum size) (Lampert
1987). Thus, daphnids can exert a significant
grazing pressure on different components of
micro- and nanophytoplankton assemblages
(1-30 pm) (Geller & Miiller 1981; Jiirgens
1994).

Cladocerans are considered key organisms
in aquatic ecosystems because they connect
upper trophic levels with lower ones
(McQueen et al. 1989). Cladoceran survival
and development are influenced by many
factors of their natural environments, such as
predation (Gliwicz 1986b; Vanni 1987), food
quality (Lynch 1989; Boersma & Vijverberg
1996; Brett et al. 2000), and ultraviolet
radiation (Siebeck et al. 1994). Early studies
indicated that the ingest of particles, such as
suspended clay, during feeding can reduce
fecundity and survival in daphnids (McCabe
& O’Brien 1983; Kirk & Gilbert 1990). Volcanic
particles are very similar in size to glacier clay
(Modenutti et al. 2013b), therefore it can be
expected that filter feeders would ingest ash
as they did with clay. Hence, the appearance of
the volcanic ash particles in the lakes after the
eruption might cause a decrease in cladoceran
populations with consequences in the whole
food web.

The zooplankton assemblage of the North-
Patagonian Andean lakes is rather simple
and composed by very few and small species
(Modenutti et al. 2010). Zooplankton is
dominated by calanoid copepods of the Family
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Centropagidae, in particular by Boeckella
gracilipes (less than 1 mm in length) (Balseiro
et al. 2001). This copepod has an omnivorous
diet preying on motile cells like nanoflagellates
and ciliates (Balseiro et al. 2001). Among
cladocerans, most of the lakes have daphnids,
as Ceriodaphnia dubia, while some of these lakes
can be inhabited by Daphnia (D. commutata)
(Balseiro et al. 2007, 2008). These daphnids are
non-selective filter feeders filtering particles
of less than 20 um in diameter (Matveev &
Balseiro 1990; Balseiro & Modenutti 1990;
Balseiro et al. 2007). Considering the feeding
features of the crustacean zooplankton we
choose cladoceran daphnids, in particular D.
commutata a species that we have in laboratory
cultures, as sensitive organisms to test the
input of volcanic ash into lakes.

SUB CELLULAR SCALE

Zooplankton, as all oxygen-consuming
organisms generate large amounts of
reactive oxygen species (ROS). These
species are normal by-products of oxidative
metabolism, though under stress an increase
of ROS production can cause a potential
threat to cell metabolism (Kim et al. 2009).
ROS are highly reactive compounds that
can react with different macromolecules
(i.e., lipids, DNA, proteins) generating
secondary organic ROS in an amplification
cascade. Oxidation of biomolecules may
alter cellular and tissue function (Barata et al.
2005). Hence, the organisms have developed
a wide range of defensive pathways to
detoxify and eliminate excess ROS and
protect cells from their detrimental effects
(Tavares-Sanchez et al. 2004). This stress-
response include, among others, increased
activity of antioxidant enzymes as Catalase
(CAT) and Glutathione S- transferase (GST)
to restore the normal redox status (Halliwell
& Gutteridge 1999; Borgeraas & Hessen 2000;
Souza et al. 2012). Both enzymes are used
as stress status biomarkers when organisms
are under different stressors (Livingstone
2003; Kim et al. 2009). Acetylcholinesterase
(AChE) activity is a classic biomarker that
has been used to monitor toxic contaminants
(Forget et al. 2003). More recently it has
been shown that AChE is also altered under
ultraviolet radiation stress (Souza et al. 2010).
AChE hydrolyze Acetylcholine (ACh), a
primary neurotransmitter in the sensory
and neuromuscular systems in most species
(Forget et al. 2003). Regulated AChE activity is

Seccion especial
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vital to preserve normal muscular functioning.
A decrease in this crucial enzyme results in
a build-up of ACh causing a continuous
and excessive stimulation of the nerve-
muscle fibres, and consequently, changes in
movement capabilities (Forget et al. 2003).

Thus, in order to analyze the stress caused
by ash, we evaluate GST and AChE activities
under volcanic ash exposure in Daphnia
commutata. The organisms used in the
experiments come from a clonal population
of D. commutata started from a single female
isolated from the population of Lake Mascardi
(Nahuel Huapi National Park, Patagonia,
Argentina). The clone was maintained under
laboratory conditions since 2007 at 15°C and
85 umol photons.m?.s™* with a 14:10 light:
dark photoperiod fed with 1.2 mg C/L of
C. reinhardtii (Balseiro et al. 2008). In the
same laboratory conditions, we exposed 12
individuals of D. commutata to 0 (control) or 5
mg ash/L (treatment) in five replicates.

Results showed that the treatment with 5 mg
L-1 of volcanic ash caused an increase in GST
activity, indicating that volcanic ash induced
oxidative stress (Figure 2A). Enhanced
antioxidant and detoxifying activities had
been linked with exposure to several toxic
compounds as pesticides, heavy metal (i.e.,
cadmium, cooper and aluminum), carcinogens
and even some organic matter compounds
(Barata et al. 2005; Hayes et al. 2005; Souza
et al. 2012). However, a report highlighted
the lack of toxic compounds in volcanic ash
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generated during Puyehue-Cordén Caulle
eruption (Caneiro et al. 2011). Therefore,
we can speculate that others mechanisms
are involve in the increased enzyme activity
observed, as for example, the crystalline silica
(Fubini & Hubbard 2003) and the iron-induced
hydroxyl radicals generation by suspended
volcanic ash (Horwell et al. 2003; Horwell
et al. 2007). This process occurs mainly in
iron-rich ash with low weathering level.
Accordingly, studies on Puyehue-Cordén
Caulle ash composition reported higher
iron concentration than expected (Caneiro
et al. 2011). Concurrent with the increase in
oxidative stress, ash significantly decreased
AChE activity (Figure 2B). Strikingly, a
similar effect of increased oxidative stress and
a decrease in AChE activity has been shown
for ultraviolet radiation, suggesting that AChE
decreases when cell cannot compensate for
the increase in ROS (Souza et al. 2010). The
decrease in AChE activity would imply that
planktonic organisms may be affected in
their motility as an indirect consequence of
the suspended volcanic ash.

ORGANISMIC-POPULATION SCALE

The analysis at the organismic level was
carried out through life table experiment
with the cladoceran Daphnia commutata in an
ash concentration gradient (0-8 mg L-1) during
35 days (Wolinski et al. 2013). Laboratory
conditions were the same as the above
mentioned subcellular scale experiments, but

Figure 2. Subcellular level.
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in this case each flask contained four neonates
and each treatment group [0 (control), 1, 2, 3,
5 and 8 mg L-1] was run in 15 replicates. The
ash concentrations used in the experiment
were similar to those observed in different
impacted lakes after the eruption (Figure 1).
We analyzed the survival and fecundity per
day for each treatment. Ash concentrations
over 2 mg L-1 resulted to be detrimental
for D. commutata population, since both
fecundity and survival were negatively
affected (Wolinski et al. 2013). The mean
life expectancy was significantly diminished
with increasing ash concentration (Figure 3).
In particular in the treatment with 8 mg L-1
of ash, we observed that D. commutata is not

—~ 30 4 s

n
o
!

Life Expectancy (days
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0 T T
Control 1Tmg 2mg 3mg 5mg 8mg

Figure 3. Population level. Life expectancy (e,) of Daphnia
commutata exposed to increasing concentrations of
volcanic ash. Results are mean=+S.E. of 15 replicates. The
relationship e -ash concentration 1?=0.93.

Figura 3. Nivel poblacional. Expectativa media de vida
(e,) de Daphnia commutata expuestos a concentraciones
crecientes de cenizas. Los resultados son medias+E.S. de 15
réplicas. La relacién e -concentracién de cenizas 1°=0.93.

able to persist, as all individuals died before
reaching reproductive age.

As a result of this experiment we were able
to conclude that the population parameters of
cladocerans are negatively affected by the ash
concentrations found in the affected lakes. On
one hand, we confirmed through photographs
that Daphnia cannot avoid the ingestion of ash
together with the food, which causes Daphnias’
gut to be clogged by ash (see Wolinski et al.
2013). This leads to an assimilation deficiency
due to the presence of inorganic particles. On
the other hand, due to the crystalline structure
and the sharp edges of the ash, ash caused an
abrasion of the gut walls (Wolinski et al. 2013).

ECosYSTEM LEVEL

Datafrom field sampling comes from previous
studies (Balseiro et al. 2007) and our own data-
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set carried out during and after the eruption
every 15 days during summers 2011-2012 and
2012-2013 (December to March) (Wolinski et
al. 2013; Modenutti et al. 2013a). The data
comes from three affected lakes: Lakes Espejo,
Correntoso and Nahuel Huapi (Figure 1) (see
also Modenutti et al. 2013a). All samples were
obtained in replicates from a central sampling
point located at the deepest part of each lake
basin. Water and phytoplankton samples of 12
L were obtained with a Schindler-Patalas trap
from depths of 0, 10, 20, 30 and 45 m, while
zooplankton were sampled with vertical tows
from 50 m to the surface with a Bongo net (55
pm mesh size) with a closing mechanism [for
details see Wolinski et al. (2013); Modenutti
et al. (2013a)].

After the eruption event, we recorded in the
affected lakes Espejo, Correntoso and Nahuel
Huapi (Figure 1) an increase in total suspended
solid from <1 mg L-1 (before the eruption) to
8 mg L-1 (after the event). Concurrently, we
recorded an increase in the attenuation light
coefficient (K,), an increase in phytoplankton
abundances and a upper location of the
deep chlorophyll maxima (Modenutti et al.
2013a, 2013b). On the contrary, 6 months
after the eruption event the abundance of
crustacean zooplankton decreased and the
community structure changed, mainly due
to the disappearance of cladocerans (Figure
4). Food shortage or changes in phytoplankton
cell size could not be the cause of the failure
of cladoceran populations as phytoplankton
biomass and cell abundance increased
after the eruption (Figure 4A and 4B).
This phytoplankton increase was mainly a
consequence of shading by ash that increase
K, reducing phytoplankton photoinhibition,
combined with nutrient addition (mainly
ash-borne phosphorus) (Modenutti et al.
2013a). Therefore, it is especially interesting
that although the producer level increased
in biomass, it was not mirrored in the next
trophic level, the herbivorous zooplankton
(Figure 4C). Copepods did not increase and
cladocerans disappeared in the summer
following the eruption, when we did not
record any offspring (Wolinski et al. 2013).
It is evident that the presence of ash caused,
as explained before, a high cellular stress and
a decrease in assimilation that led finally
to a drop in survival and fecundity at the
herbivorous filter-feeding level. It is worth
mention that the total suspended solids in the
lakes reached concentrations higher than 8 mg
L-1, a concentration that was demonstrated

Seccion especial
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to be lethal for cladocerans. Suspended ash
concentrations as low as 2-3 mg L-1, frequently
observed in the affected lakes, were sufficient
to reduce both survival and fecundity in the
laboratory studies (Wolinski et al. 2013).
Equivalent reductions in natural populations
would mean that populations under these
conditions may not be able to compensate for
other mortality sources, such as predation.
Hence, these populations might not be able
to maintain themselves, thus being strongly
reduced even to being not detectable in the
lakes, as in the summer following the eruption.
Regardless of the better food condition, as
they are not able to discriminate between ash
and food, filtering zooplankton was strongly
diminished. However, copepods seemed to
suffer less due to their ability to select for
motile cells (Balseiro et al. 2001) and so avoid
ingesting ash. The partial reduction observed
of this herbivorous trophic level would, in
turn, affect higher trophiclevels like fish larvae
feeding mainly on cladocerans [e.g., Galaxias
maculatus, (Modenutti et al. 1993)]. Data from
other eruptions in Alaska and Russia indicate
that sockeye salmon captures were negatively
affected due to a decrease in their resources
(Eicher & Rounsefell 1957; Kurenkov 1966).

In the following summer (January-February
2013), 18 months after the eruption, we
observed a recovery of the cladoceran
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populations (Figure 4C) that was related with
the decrease of total suspended solids (ash)
in the lakes. This suggests that the recovery
of this filter-feeding trophic level is relatively
fast and matches previous data from Mount St.
Helens eruption (Edmondson & Litt 1984) were
the recovery of zooplankton occurred within the
period of one to three years. Hence, immediately
after the eruption, it can be expected that
cladocerans will disappear, and as we observed,
as the ash particles settle and the ash concentration
decreases, filter-feeding populations will recover.
When lakes return to their original transparency,
cladoceran populations recover their historical
abundances.

CONCLUSIONS

We presented a synthesis showing
that volcanic eruptions affected pelagic
microcrustaceans at different scales. At the
subcellular scale the exposition to ash affect the
performance because organisms must derive
energy to compensate for cellular damage.
At the organismic level, the ash ingestion by
filter feeding zooplankton has direct effects
reducing survival and fecundity. The net
result of these changes caused a decrease in
the grazer level. At the ecosystem level, the
eruption changed the light-nutrient ratio in the
water column, reducing the photoinhibition
on producers by decreasing light and
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increasing phosphorus, causing an increase
in the producer level. Therefore volcanic
eruption caused a mismatch in the trophic
food web with an increase of the producers
and a decrease of the herbivores. Finally, the
recovery of the pre-eruption initial condition
was observed to be relatively fast lasting one
to three years.
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