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The Canary Islands are an active volcanic archipelago. In the last decade, volcanic
activity has occurred twice on the youngest and western most islands: El Hierro
(submarine eruption) in 2011-12, and La Palma (subaerial eruption) in 2021. 70 fish
specimens of different species from El Hierro volcano and 14 from La Palma were
necropsied. A notable high and early mortality of fishes was registered during the
submarine eruption of El Hierro. In most of them, generalized congestion in the
gills, liver, spleen, kidney, heart and rete mirabile of the swim bladder was observed.
Some specimens also presented exophthalmia, gastric eversion, ocular
haemorrhages, over-inflation of swim bladder and gas bubbles mainly on the
skin and cornea. The eruption of La Palma volcano was characterized by the
emission of large amounts of lava flows and pyroclastic deposits (mainly ash in size)
both, on land and sea. Lava flowed on land and eventually reached the sea, forming
lava deltas in the coastline of La Palma. This event was also associated with an
increase in fish mortality in locations near to the lava deltas. Fishes presented ash
particles in opercula/oral cavities and gills. In addition, several fishes presented an
intense intestinal impaction composed of volcanic material including ashes and
hyaloclastites fragments. To our best knowledge this study describes, for the first
time, pathological findings in dead fishes associated with two different styles of
recent volcanic eruptions in the Canary Islands.

KEYWORDS

volcanic eruption, El Hierro, La Palma, decompression syndrome, gas bubbles, ashes,
hyaloclastites, impaction

Introduction

The Canary Islands are an active volcanic archipelago developing over Jurasic oceanic
lithosphere as a result of the eastward movement of the African plate over a mantle hotspot
(e.g., Carracedo et al., 1998). They consist of eight main islands in the central eastern Atlantic
Ocean, close to the Saharan coast of Africa. The geological stages and ages of the islands
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decrease from East to West. El Hierro and La Palma islands are the
youngest and, because of that, the most volcanic active (e.g.,
Carracedo et al,, 1998). This has led to two volcanic eruptions with
different eruptive styles derived from the location of the vents:
submarine in the case of the 2011-12 eruption of the Tagoro
volcano on the island of El Hierro; subaerial in the case of the 2021
eruption of the Tajogaite volcano on the island of La Palma (Figure 1).

There are few studies on the effects of volcanic eruptions on fish
stocks. In a recent review, Carrillo and Diaz-Villanueva (2021) have
summarized the impacts of volcanic eruptions in freshwater
environments and organisms mainly focused on the assessment of
the density or behaviour alterations in fish populations. Among
these studies, it can be highlighted the effects after the 1912 Mt
Katmai (USA) eruption that produced a delay in the arrival of
migratory salmonids by obstruction of access, leading to a reduction
in recruitment of young sockeye salmon (Oncorynchus nerka
Walbaum) (Eicher and Rounsefell, 1957). Similarly, Bisson et al.
(2005), described a massive habitat loss because of the eruption of
Mount St. Helens (USA; 1980) which led to an overall reduction in
fish population densities. More recently, Di Prinzio et al., (2021)
reported how, 21 months after the 2008 Chaiten eruption (Chile),
fish assemblages were greatly affected by the volcanic effects on the
habitat. Most of these studies have been carried out after volcanic
eruptions to assess the disturbances or the recovery of the aquatic
ecosystem. However, to our knowledge, there are not available
studies about the causes of fish death, directly, due to
volcanic eruptions.

The submarine eruption on the island of El Hierro began the
10th of October 2011, announced by the recording of more than
10,000 earthquakes during three previous months. The eruption was

FIGURE 1
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fed by a fissure located at the submarine prolongation of the
Southern rift of the island between 350-400 m depth. It built a
main volcanic cone (later named Tagoro volcano) nested inside a
submarine canyon that reached a height of more than 200 m, with
successive morphological reconfigurations of its flanks and craters.
Pyroclastic materials, mainly lapilli and bombs in size, was
accumulated close to the vents. Lava flows were emitted from
different craters and flowed along the canyon for more than 3 km
(e.g., Perez-Torrado et al,, 2012; Carracedo et al., 2015). The
eruption ended in the first days of March 2012, being the second
longest eruption in the Canary Islands after Timanfaya eruption
(1730-36) on the island of Lanzarote. In the first 20 days, many
fishes appeared dead floating on the sea surface of the volcano area
(Mendoza et al., 2022).

The subaerial eruption on the island of La Palma began the 19th
of September 2021, with seismic precursors extended since 2017. As
well as the El Hierro eruption, it was fed by a fissure located on the
western flank of the Cumbre Vieja rift. Its main eruptive style was
strombolian with the construction of a main volcanic cone (recently
named as Tajogaite volcano) of about 200 m maximum height,
emission of a large amount of pyroclastic deposits (mainly ash in
size) and lava flows (mainly a’a on morphology). The eruption ended
the 13th of December, being the longest (85 days) historical eruption
of La Palma and the most destructive consequences in the last century
in Europe (e.g., Instituto Geografico Nacional, 2021; Carracedo et al.,
2022). Lava flowed initially on land to the sea, where its entrance
created new land know as lava deltas, with changes on the lava
morphology (from a’a to pillow lava) and formation of a new type of
volcanoclastic material named as hyaloclastites. The first entrance
into the sea of the subaerial a’a lava flows was the 29th of September.

LA PALMA

TAJOGAITE
SUBAERIAL
ERUPTION (2021)
0 5km
I

Location of the Canary Islands in the framework of the Central Atlantic Ocean (A). Location of the Tagoro eruption in the submarine prolongation of the
S rift of the island of El Hierro (B). Location of the Tajogaite eruption in the western flank of the S rift (Cumbre Vieja rift) of the La Palma island. The
perimeter of the lava field with the entrance to the sea is marked in red (C).
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Successive entrance of the lava flows generated a lava delta that
reached a final surface of about 43 Ha. On 22th November a new lava
delta, located north to the previous one, began to form, reaching a
final surface of about 5 Ha (e.g., Instituto Geografico Nacional, 2021;
Carracedo et al., 2022). Around these lava deltas, fishes were found
dead but to a lesser extent compared to El Hierro eruption.

Here, we report the results of pathological studies of fish found
dead during the two volcanic eruptions in the Canary Islands. To our
best knowledge, this is the first study showing the details of necropsies
of dead fishes during these two different explosive episodes when
volcanic ashes, lava flow and gas are injected into the
oceanic environment.

Materials and methods
Fishes collected

Although 70 dead fishes were collected on the 11th,19th, 26th and
28th of October 2011 in the coastline of El Hierro, near to the
submarine volcano eruption (Figures 2A and B), only 49 specimens
were considered acceptable to perform the necropsy and the
histopathological study. The remaining specimens were not

I

FIGURE 2

(A). Ocean surface of the Mar de Las Calmas (El Hierro) indicating a submarine eruption (on Oct. 12th, 2011) (see details in Carracedo et al., 2015).
(B) High mortality of fishes in the coastline of El Hierro Island (on Oct. 20th, 2011). (C). The lava flow in contact with the ocean created the first lava delta

(La Palma island) (on Sep. 30th, 2021) (see details in Caballero et al., 2022).
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included in the study due to a severe and advanced process of
autolysis. In the case of La Palma volcano, 14 dead fishes were
collected the 7th and the 28th of October of 2021, at the coastline
area of the new formation of the lava delta (Figure 2C). Fish collection
was provided, as a field opportunity, by the specialized emergency
authorized personnel, which was allowed to access to the volcano area
under the necessary permits an authorizations, and only when their
lives were not under risk. This logically affects the total number of
collected specimens.

All the different species of the dead specimens were identified
following the Guidelines of the Canary Islands Marine Biodiversity
(Espino et al., 2018) and listed in Table S1 (Supplementary material).

Necropsy and histopathological studies
and procedures

The necropsies were performed at the Fish Pathology Unit of the
Institute of Animal Health and Food Safety (IUSA) of the ULPGC,
through a systemic approach and observation of external and internal
organs (Meyers, 2009; Roberts, 2012). Gross morphological changes
were identified, and samples of gill, heart, swim bladder, digestive
tract, liver, spleen, anterior and posterior kidney, gonads, muscle,
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eyes, skin and central nervous system were taken from each specimen
and fixed in 10% neutral buffered formalin for the histopathological
examination. After fixation, the tissue samples were placed into
cassettes and processed. Processing of the tissues included
dehydration through ascending grades of alcohols, clearing in
xylene and finally paraffin wax imbibition. Paraffin blocks were
sectioned at 4 um and sections stained with hematoxylin and eosin
(H&E). The slides were mounted and examined with a light
microscope (Olympus BX51TF, Japan).

The digestive content of four fish (3 parrotfish (Sparisoma
cretense), 1 planehead filefish (Stephanolepis hispida) from La Palma
volcano was extracted, air-dried and examined under scanning
electron microscopy of the Advanced Confocal and Electronic
Microscopy Service (SIMACE) of the ULPGC.

Results
Volcano of El Hierro Island

Macroscopic and microscopic findings

The necropsy findings of the fishes analysed are shown in Table 1.
Specimens of Helicolenus dactylopterus and Hoplostethus
mediterraneus collected on the 11th and 19th of October (first week
after the beginning of the eruption) presented gastric eversion within
the oral cavity, with a notable blood congestion of the stomach walls
(Figure 3A). Specimens of Antigonia capros collected on the 11th of
October (first day of eruption) showed unilateral exophthalmia. This
finding was also seen in specimens of Serranus atricauda collected on
the 26th and the 28th of October (after 16 days post-eruption)
(Figure 3B). The presence of gas bubbles and hemorrhages in the
cornea were observed in specimens of Anthias and Chromis limbate
collected during the first week. Similarly, gas bubbles in the eyes
(Figure 3C) and the skin (Figure 3D) were found in a specimen of
Grammicolepis brachiusculus, usually adapted to live in deep oceanic
waters (500-700m; source:FishBase). Many of the fishes
(physoclistous species) collected also during the first days of the
eruption, presented over-inflation of the swim bladder (Figure 3E)
and severe congestion of the rete mirabile (Figure 3F).

Microscopically, severe congestion was confirmed in rete mirabile
of the swim bladder (Figures 4A and B), gill, liver (Figure 4C), spleen,

TABLE 1 Necropsy findings reported in dead fishes from El Hierro volcano eruption.

Necropsy findings % fish affected

Swim bladder congestion 18/49 (36.7%)

Gill, liver and heart congestion 13/49 (26.5%)
Gastric eversion 10/49 (20.4%)
Gas bubbles in cornea 10/49 (20.4%)
Ocular hemorrhages 7149 (14.2%)
Exophthalmia 4/49 (8.2%)
Gas bubbles in the skin 1/49 (2.0%)

Gas bubbles in the heart 1/49 (2.0%)
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kidney and heart. In the heart ventricle, gas bubbles were observed in
the specimen of Grammicolepis brachiusculus (Figure 4D).

Volcano of La Palma Island

Macroscopic and microscopic findings

The necropsy findings of dead fishes collected during the eruption
of La Palma volcano are shown in Table 2.

The results of the necropsy of the animals found dead one week
after the beginning of the formation of the lava delta (7th of October,
2021), showed the presence of volcanic material inside the oral and
opercula cavities (Figure 5A) and between the gill lamellae. This
material was composed by black small particles (=<1 mm) not found
within internal organs or tissues. Nevertheless, those specimens
analysed three weeks after the beginning of the formation of the
lava delta (28th of October, 2021) together with abundant
accumulation of small black particles in the gills (Figure 5B),
showed a notable intestinal impaction composed by the presence of
volcanic material within the digestive system (Figures 5C and D). In
the digestive content (Figure 6A) presence of hyaloclastites (formed
by quench fragmentation of lava flow surfaces when entered into the
sea) and ashes were detected (Figure 6B). Under scanning electron
microscope, the hyaloclastites are identified as angular and low-
vesiculated fragments, while vesiculated particles are identified as
ashes (Lindqvist et al., 2011).

Comparative summary of results

Table 3 summarizes the most significant oceanographic data
together with the main lesions described for the two different
volcanic scenarios. These results offer an overall perspective that
could help for the diagnosis of fish mortality related to volcanic
activity and/or eruptions.

Discussion

A volcanic eruption is an instantaneous and powerful geological
event. In the last decade, this extraordinary phenomenon has taken
place twice on the Canary Islands: El Hierro (submarine eruption,
start date 10th of October, 2011), and La Palma (subaerial eruption,
start date 19th of September, 2021). The effects of these two volcanic
eruptions on the marine and terrestrial ecosystems were extensively
monitored and coordinated by Special Plan for Civil Protection and
Emergency Care due to Volcanic Risk in the Canary Islands
(PEVOLCA) during the period of active eruptions.

In both recent volcanic eruptions in the Canary Islands the
marine ecosystem was affected in two clearly differentiated ways. In
the case of the underwater eruption in El Hierro, a high fish mortality
rate was observed during the first days of the eruption around the
volcanic area, with many dead fishes found floating near to the
coastline related mainly to the important physical-chemical
perturbations of the sea water. In the case of La Palma volcano, the
rate of dead fishes was reduced in number and longer in time when
compared with El Hierro eruption. Deaths were mainly associated to
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FIGURE 3

congestion of the rete mirabile in a specimen of Balistes carolinensis.

the creation of the new lava delta, at the arrival of the lava flow to the
sea 10 days after the beginning of the eruption (IGN, 2021), and
associated also to the production of large amounts of volcanic ashes
that eventually reached the ocean.

There are few studies reporting the impact of volcanoes on
different environments (see review Carrillo and Diaz-Villanueva
(2021)), however pathological studies describing the findings on
dead animals, as a result of the extreme environmental conditions,
during volcanic eruptions, are even scarcer.

In the present study, high and early mortality, severe congestion
of the gills and internal organs was observed in all the dead fishes
collected during the first days of the submarine eruption of El Hierro
island. It has been reported that congestion is a common lesion
associated to anoxia and temperature stress in fish (Bagherzadeh
Lakani et al., 2013; Bowden et al., 2014). During El Hierro volcano
several authors reported high temperatures, and a drastic decrease in
pH and oxygen levels in the oceanic waters of the area, during the first
weeks of the eruption. For example, Gonzalez-Vega et al, (2022)
reported conditions close to anoxia during initial stages of the
eruption in the first 250 m of water column, with concentration of
dissolved oxygen as low as 7.71 pmol Kg™', representing -96%

Frontiers in Marine Science
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Macroscopy findings in fishes from El Hierro volcano. (A) Gastric eversion in two specimens of Hoplostethus mediterraneus. (B) Exophthalmia unilateral
in a specimen Serranus atricauda. (C) Gas bubbles in cornea in a specimen of Grammicolepis brachiusculus. (D). Gas bubbles in skin in a specimen of
Grammicolepis brachiusculus. (E) Over-inflation of the swim bladder and hemorrhages in a specimen of Hoplostethus mediterraneus. (F) Severe

depletion respect to normal conditions. Fraile-Nuez et al., (2012)
reported temperature anomalies of +3°C at 80 m depth from the
volcano with a maximum temperature of +18.8°C observed over the
crate at 210 m depth. Finally, the pH of the seawater column in the
volcanic area drastically decreased below 6, with a lowest registered in
2.9, as consequence of the emissions of CO,, SO, and H2S/HS-
(Santana-Casiano et al., 2013; Santana-Casiano et al., 2016). All these
authors agreed that these extreme physical-chemical perturbations of
the water column could be directly associated with the high mortality
of the fishes seen in the El Hierro volcanic eruption.

In addition to generalized congestion, other internal damages
were found in dead fishes from El Hierro. These damages include
over-inflation of swim bladder with severe congestion of the rete
mirabile, gastric eversion, exophthalmia, gas bubbles and
hemorrhages in the eyes. The pathogenesis of these lesions could be
associated to both, depressurization effects from rapid movements
towards the surface and/or with gas oversaturation of the
environmental surrounding waters. “Decompression syndrome”
(Rummer and Bennett, 2005; Morrisey et al., 2005) or
“barotrauma” (Munday et al., 2015), happens when a fast ascent
from deep to superficial ocean waters drastically decrease water
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FIGURE 4

TABLE 2 Necropsy findings reported in dead fishes from La Palma volcano eruption.

Necropsy findings % fish affected

Intestinal impaction with volcanic material 6/14 (42.8%)

Presence of volcanic particles in oral/opercula cavity and
gills.

6/14 (42.8%)

Presence of volcanic particles in stomach 3/14 (21.4%)

Gill congestion 3/14 (21.4%)

pressure causing an exponential increase in gas volume. Associated
lesions described by the literature include overexpansion of the swim
bladder, bulging of the eyes, oesophageal eversion and protrusion of
the intestine very similar to those reported in the present study. In
addition, literature on the environmental effects of underwater
explosions have also reported the swim bladder as the most
frequently damaged organ, together with extensive lesions on the
kidney, liver and spleen, possibly related to the rapid contraction and
overexpansion of the swim bladder (Kearns and Boyd, 1965;
Christian, 1973; Falk and Lawrence, 1973; Yelverton et al., 1975;
Linton et al., 1985).

Furthermore, Pribyl et al., (2011) also described microscopically
emphysema (gas bubbles) in the heart ventricle, like the one described
in the present study, as a consequence of barotrauma. In our case, a
specimen of Grammicolepis brachiusculus, known as a deep ocean
species, also presented gas bubbles in the skin. The presence of gas
bubbles in the skin has not been documented in the process of

Frontiers in Marine Science

Microscopy findings in fishes from El Hierro volcano. Severe congestion (*) of the rete mirabile in a specimen of Balistes carolinensis (A, HGE,
bar=500pm) and Helicolenus dactylopterus (B, H&E, bar=200pm). Liver congestion (*) in a specimen of Hoplostethus mediterraneus (C, H&E,
bar=200um). Gas bubble (*) in the heart ventricle in a specimen of Grammicolepis brachiusculus (D, HGE, bar=200um).

10.3389/fmars.2022.999816

decompression or barotrauma so far. However, Santana-Casiano
et al, (2013) reported a notably increase of ocean water gas
saturation in the first weeks of the volcanic eruption in El Hierro. It
is well known, on fish populations, that any gas oversaturation of the
environmental water will lead to oversaturation of the animal tissues
and, consequently, the formation of intra- and extravascular gas
bubbles; (Marking, 1987; Speare, 1991; Velazquez-Wallraf et al.,
2022), that could also explain the results showed in the present study.

The recent studies of La Palma volcano eruption have reported
notable changes in the properties of the water quality in the area,
especially, in the turbidity, due to the entrance into the sea of the lava
flows and falling of ash particles from the eruptive column developed
about the volcanic vents (Caballero et al., 2022). Despite these
conditions, fish mortality was low and only occurred sporadically
associated with the creation of the lava delta. In the present study, we
describe the deposition of ash particles in the oral and opercula
cavities, and between gill lamellae of dead fishes, without any other
histopathological damages associated. In addition, we also reported a
severe impaction of volcanic material in the lumen of the intestine of
42.8% of the analysed fishes. The material found in the digestive
content was mainly composed of hyaloclastites and ashes. Based on
our findings, we think that although the water conditions in the area
affected by the lava delta were less lethal to fish populations than El
Hierro volcano, the presence of ashes in the water column, as well as
the newly formed lava delta, facilitated the entry of the volcanic
material into the fishes being a possible cause of death. Despite the
lack of previous pathological studies, some authors have reported
similar results. In this sense, Newcomb and Flagg (1983) described a
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FIGURE 5

Macroscopic findings in fishes from La Palma volcano. (A) Volcanic particles (—) in the oral cavity in a specimen of Aulostomus strigosus. (B) Severe
deposition of volcanic particles in the gill from a specimen of Stephanolepis hispida. (C) Presence of volcanic material (—) in the intestine of Sparisoma
cretense. (D) Severe impaction of volcanic material (—) in the intestine of Stephanolepis hispida.
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FIGURE 6

(A) Digestive content from a Sparisoma cretense. (B) Digestive content under the scanning electron microscope. (*) presence of angular and low-
vesiculated fragments derivated of the fragmentation of the lava flows when entered to the sea (identified as hyaloclastites). (—) presence of vesiculated
particles, falling into the sea-surface from the dispersion of the subaerial eruptive column (identified as ashes).

severe congestion in the gills of sockeye salmon due to deposition of
ash particles from the 1980 Mt. St. Helens volcano (USA), suggesting
disruption of oxygen exchange as the main cause of death. Similarly,
and more recently, Lallement et al., (2016), reported how the eruption
of the Puyehue-Cordon Caulle (in Chile, 2011) produced an
important decline in fish densities in the most western streams

associated to the deposition of ashes.

Frontiers in Marine Science

Conclusions

The extensive sea surface area and the water column affected
during El Hierro volcano produced as result, a lower capacity of
escape for the fishes in the zone. These conditions resulted in high
and early mortality of the fish population during the first stage of the
underwater eruption. The corresponding lesions were severe organ
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TABLE 3 Summary of the most significant oceanographic data together with the main lesions described for the two different volcanic scenarios.

El Hierro volcano La Palma volcano

Start of eruption October 10th, 2011

(submarine 300 m depth up to 88 m below surface)
Relevant water conditions

Date and area 5-Nov-11; 17 Nov-11

measurements
Temperature (°C) *Increase up to +3°C

SDecreasing
(5.134-5.201 vs 8.045 control area)

PHT (PH units)

O, (umol/kg) §Decreasing (112.9 vs 217.2 control area)

CO, (umol/kg) ¥High content in surface waters

pCO; (uatm)
atmospheric CO, level)

Assessed fishes

Mortality High and early
Date of dead fish From 11 to 28 October, 2011
collected

Lesions on collected
fishes Gastric eversion.
Exophthalmia
Ocular hemorrhages.

Gas bubbles in skin and cornea.

(464 km?, at 1.8km offshore of the southern coast of El Hierro)

¥150,000 at the seawater surface (strong gas oversaturation with respect to

Severe tissue congestion in gill, liver, spleen, kidney, swimbladder.

September 19th, 2021
(first lava delta formed on September 30th, 2021)

*1st-3rd October 2021
(near the lava delta, 344 km?)

*Increase up to + 4-5°C

*Decreasing
(7.2473-7.8896 vs 7.9516 control area)

Not published yet
*High content in surface waters

*595-2538 at the seawater surface (notably higher than the
atmospheric measurements)

Low and delayed

From 7 to 28 October, 2021

Deposition of ashes in the external organs in gill and oral cavity.
Impaction of ashes and hyaloclastites in the intestine.

¥ Data from Fraile-Nuez et al., (2012) water samples were taken two weeks after the start of the eruption (5-Nov-11; 16-20 Nov-11). SData from Santana-Casiano et al., (2013) water samples were
taken two weeks after the start of the eruption (5-Nov-11; 17 Nov-11). * Data from Roman et al., (2022), water samples were taken near the lava delta on 2th October 2021.

congestion and physical injury such as exophthalmia,
gastric eversion, ocular hemorrhages, over-inflation of swim
bladder and the presence of gas bubbles in eyes and skin.
These findings are related to the dramatic changes in the
reported physical-chemical water conditions (severe
anoxia, increased temperature, decreased pH) and to the
potential development of decompression and/or gas
oversaturation syndromes. In La Palma volcanic eruption,
the lava flow aroused gradually and slowly to the coastal water,
creating the lava delta. The fishes in the area could have opportunity
to escape to the extreme changes of the water conditions
described. However, this eruption produced a huge amount
of ashes and volcanic particles. These conditions together with
the formation of the new delta had a lower and gradually
impact on fish populations in terms of mortality. The
corresponding lesions were the result of the entry of this volcanic
material and particles into the fishes, affecting the respiratory and
digestive systems. The results of the present study described for the
first time two different injury patterns on fish mortality
directly related to different volcanic eruptions occurred in the
Canary Islands.
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