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Impacts of an Eruption on Cold-Seep
Microbial and Faunal Dynamics at a
Mud Volcano
Fanny Girard* , Jozée Sarrazin and Karine Olu

Ifremer, EEP, Plouzané, France

Cold seeps are widespread in the deep sea and, like other chemosynthesis-based
ecosystems, often host high faunal biomass. Temporal changes at seeps have been
inferred by comparing communities at different successional stages; nonetheless,
temporal studies in seep ecosystems are rare. Using data collected as part of a benthic
observatory, we characterized intra-annual microbial and faunal dynamics in a microbial
mat habitat on the Håkon Mosby mud volcano (1256 m depth; Barents Sea), and
evaluated the effects of a mud eruption on the biota. Video sequences recorded twice
daily for 4.5 months with an autonomous imaging module were analyzed to quantify
changes in microbial mat cover and megafaunal density and behavior. In addition, time
series data for pressure, bottom currents, and seabed temperature were analyzed to
characterize environmental changes. Of the five taxa observed on the video footage,
the zoarcid Lycodes squamiventer, the pycnogonid Nymphon macronyx, and the skate
Amblyraja hyperborea were the most common. Zoarcids made frequent incursions on
microbial mats, but were more often documented on the adjacent sediments. The cyclic
behavior of common trends identified between microbial mat cover, zoarcid densities,
and abiotic variables using dynamic factor analysis suggested that seep ecosystem
dynamics at the Håkon Mosby mud volcano may be modulated by tides and the activity
of the volcano. Moreover, the eruption that occurred about 2 months after the start of the
study had a significant impact on faunal densities, microbial activity, and environmental
variables. The eruption was preceded by a steady increase in seabed temperatures,
density of small holes (indicative of gas emissions), and microbial mat cover. It was
followed by 3- and 5-fold increase in zoarcid and pycnogonid densities, respectively. To
our knowledge, this study is the first to analyze intra-annual temporal data in a cold-seep
ecosystem and to present data on the effects of a mud eruption on seep microbial and
faunal dynamics. Overall, our results provide the first insight into ecosystem dynamics at
a high-latitude cold seep and highlight the need to collect high-resolution temporal data
to evaluate seep communities’ response to a warming Arctic and their potential role in
mitigating methane emissions.

Keywords: Håkon Mosby Mud Volcano, LOOME, Arctic, Beggiatoa, deep-sea observatories, time series,
megafauna
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INTRODUCTION

The collection of temporal ecological data through monitoring
has long been recognized as essential for science, policy and
decision making, especially in the context of climate change and
the overall increase in anthropogenic pressures (Goldsmith, 1991;
Lovett et al., 2007; Costello et al., 2017). Likewise, the importance
of temporal studies in the deep sea has been acknowledged since
it has become clear that deep-sea environments are not as stable
as initially thought (Smith, 1994; Glover et al., 2010). However,
due to the challenges associated with working in the deep sea,
the vast majority of temporal studies have focused on annual or
multi-annual time scales (Glover et al., 2010). With the advent
of open-ocean observatories, data on intra-annual changes in the
deep sea are now becoming available, shedding light on the role
of seasonality and tidal regimes on deep-sea ecosystems (Juniper
et al., 2013; Cuvelier et al., 2014; Lelièvre et al., 2017; Chauvet
et al., 2018). Despite progress made, some ecosystems such as
cold-seep environments, remain largely underrepresented when
it comes to high-resolution temporal studies.

Cold seeps occur worldwide along both active and passive
margins (Sibuet and Olu, 1998). While they can form in a
wide variety of geological settings, cold-seep ecosystems are
generally fueled by the presence of sub-seafloor hydrocarbons,
often in the form of methane. As methane migrates through
the sediments, it is generally oxidized anaerobically by microbial
consortia able to simultaneously reduce sulfate, resulting in the
formation of hydrogen sulfide (Boetius et al., 2000; Niemann
et al., 2006). In addition to producing reduced compounds,
the activity of these microbial consortia often contributes
to carbonate precipitation, providing hard substrata for the
settlement of various species (Fisher et al., 2007). Therefore,
cold seeps often host rich and abundant communities that
rely on chemosynthetic primary production, and enhance
biodiversity by increasing habitat heterogeneity (Sibuet and
Roy, 2002; Levin, 2005; Cordes et al., 2010). Moreover,
several studies have shown that seeps can be utilized by
background (non-seep) fauna as a source of food (MacAvoy
et al., 2002; Olu et al., 2009; Niemann et al., 2013; Seabrook
et al., 2019), nursery grounds (Sen et al., 2019) or habitat
for coral communities (Cordes et al., 2008), suggesting a
large-scale influence of seep ecosystems in the deep sea
(Levin et al., 2016).

Due to generally steady fluid emissions and the extremely high
longevity estimated for several seep-associated species, cold seeps
are often viewed as relatively stable environments (Bergquist
et al., 2000; Smith et al., 2000; Durkin et al., 2017). As a result,
most studies have characterized changes in seep communities
by comparing communities hypothesized to represent different
successional stages (e.g., based on the age of foundation species
or authigenic carbonates) rather than analyzing temporal data
(Bergquist et al., 2003; Cordes et al., 2005, 2006; Bowden
et al., 2013). These chrono-sequencing studies have shown that
successional trends at seeps are driven by fluid flow intensity
and that a decrease in seepage rates generally results in a shift in
community composition from domination by endemic primary
consumers to non-endemic higher-order predators.

Overall, the few multi-annual temporal studies carried
out at seeps showed little change in benthic communities
over time, supporting the idea of cold seeps being stable
environments (Lessard-Pilon et al., 2010; Marcon et al., 2014).
However, despite the lack of significant changes in the total
area covered by benthic organisms, these studies did note
small to significant changes in the distributions of mussel
beds between consecutive years (Lessard-Pilon et al., 2010)
or of vesicomyid clam beds at the decadal scale (Marcon
et al., 2014), suggesting variations in environmental conditions
over the study periods. Moreover, another study has shown
that chemosynthetic taxa can be significantly affected by
natural disturbances such as phytodetritus deposition events
or earthquakes (Nakajima et al., 2019). In fact, geological
data suggest that cold seeps may not always be as stable as
generally thought and that seep communities can be affected
by episodic disturbing events including eruptions at mud
volcanoes (Feseker et al., 2008; Foucher et al., 2010) or gas
venting triggered by hydrate dissociation (MacDonald et al.,
1994). Nevertheless, despite the evidence of significant temporal
variability within seep ecosystems, no high-resolution data on
intra-annual variations are available to date. Such data would be
highly valuable, not only to evaluate seep community resilience
to natural or anthropogenic disturbances, but also to better
understand the links between seep communities and their
geochemical environment. To fill this knowledge gap, the “Long-
term Observations On Mud-volcano Eruptions” (LOOME)
observatory was deployed in 2009 on the Håkon Mosby
mud volcano (HMMV), representing the very first observatory
operating in a deep cold-seep environment. The goals of the
LOOME observatory were to understand the mechanisms of
mud eruptions at HMMV, identify and describe warning signs,
estimate the amount of gases (e.g., methane) emitted, and
characterize the effects of these eruptions on geochemistry, faunal
communities, and seabed morphology (Feseker et al., 2014b).

Håkon Mosby mud volcano is a 1 km wide active mud volcano
located in the Barents Sea at 1256 m depth (Vogt et al., 1997).
It is characterized by strong thermal and geochemical gradients
from its center to its periphery resulting in a strict zonation of
microbial activity and chemosynthetic habitats (Gebruk et al.,
2003; De Beer et al., 2006; Niemann et al., 2006; Jerosch et al.,
2007). Temperature gradients of up to 40◦C/m below the surface
and flow rates as high as 4 m/year have been documented within
the active center of the volcano (Feseker et al., 2008). This active
center hosts aerobic methanotrophic bacteria abundant in surface
sediments and is characterized by the absence of anaerobic
oxidation of methane (AOM), and thus of detectable sulfides
(Niemann et al., 2006). The rim of the central habitat, directly
surrounding the active center, is dominated by the presence
of thick microbial mats (Jerosch et al., 2007). These mats,
dominated by large filamentous Beggiatoa spp., are sustained by
sulfide produced through AOM within the first 2–3 cm of the
sediment (Niemann et al., 2006). Finally, the periphery of the
volcano, where flow rates are the lowest, is dominated by two
species of symbiont-bearing polychaetes of the genus siboglinidae
identified as Oligobrachia haakonmosbiensis (Smirnov, 2000) and
Sclerolinum contortum (Smirnov, 2000; Gebruk et al., 2003).
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Overall, taxonomic diversity has been shown to decrease from
the periphery to the center of HMMV, which is visibly devoid of
epifauna. In particular, microbial mat habitats are characterized
by a low diversity of both macro- and meiofauna (Van Gaever
et al., 2006; Decker et al., 2012). With the exception of meiofauna,
for which the highest densities have been measured in the
microbial mat habitats, spatial patterns for faunal densities were
similar to those for diversity, with a decrease in densities from
the periphery to the center of the volcano (Gebruk et al., 2003;
Van Gaever et al., 2006; Decker et al., 2012; Rybakova et al.,
2013). Although the spatial distribution of faunal communities
on HMMV is well-documented, no data on their temporal
variability or response to the episodic mud eruptions suggested
by several studies (Feseker et al., 2008; Foucher et al., 2010)
have been published.

In this study, we used video footage recorded twice daily with
an autonomous imaging module (AIM) designed at Ifremer and
deployed as part of the LOOME observatory to characterize intra-
annual variations in microbial mat cover and megafaunal density
and behavior. A mud eruption occurred about 2 months after the
deployment of the AIM (Feseker et al., 2014b), making it possible
to record and analyze video footage before and after the eruption.
The goals of this study were thus to both characterize temporal
dynamics at HMMV and assess the impacts of an erupting event
on seep communities and their environment.

MATERIALS AND METHODS

Study Site and Data Acquisition
An autonomous imaging module (AIM) was deployed on July
25, 2009 during the ARKXXIV/2 expedition (RV Polarstern, ROV
Quest) at a depth of 1256 m on HMMV (72◦ 0.312′ N, 14◦ 43.626′
E). It was positioned 60 m from the observatory frame, at the
edge of the active center, in an area dominated by white microbial
mats (Figure 1). The AIM consisted of a 4000 m rated video
camera and two 35 W LED lights programmed to function while
the camera was recording. Due to battery autonomy limitations,
the camera was programmed to record two video sequences
of 2 min each per day for a year. All video sequences were
compressed in MPEG2 format and stored in the AIM. The AIM
was then recovered on September 28, 2010 during the MSM16/2
expedition (RV Maria S. Merian, ROV Cherokee).

Study Area
A total of 273 video sequences, corresponding to two sequences
of 2 min each per day (one at 8:58 and a second at 20:58;
Supplementary Videos 1–3) were recorded by the AIM for
4.5 months (until the battery ran out in December 2009). Video
footage from the last month (October 22 to December 12, 2009)
could not be analyzed because the AIM was displaced in the
aftermath of the eruption and the camera ended up buried in the
sediments. The first 120 video sequences were recorded prior to
the mud eruption (before September 27, 2009) and the field of
view was identical in all sequences (Figure 2A).

To estimate the surface visible in the field of view before
the eruption, a grid, with a spacing of 10 cm, was overlaid

on video frame grabs using Autodesk Inventor Professional©
(Supplementary Figure 1). The total surface of the field of view
was considered as the area of a trapezoid and was then calculated
with the following equation:

Total surface =
foreground width+ background width

2
∗ Field of view depth (1)

Using this method, a total surface of 2.6 m2 was estimated for
video footage recorded before the mud eruption.

Changes in seabed topography and displacement of the AIM
following the eruption resulted in modifications of the field of
view in the last 153 video sequences (Figures 2B–F). The camera
effectively appeared to be slowly sinking into the sediments,
resulting in a reduction of the field of view. Therefore, the 153
video sequences recorded after the mud eruption were divided
into five categories representing different camera fields of view
(type 1: 11 sequences; type 2: 18 sequences; type 3: 8 sequences;
type 4: 12 sequences; type 5: 104 sequences; Figures 2B–F and
Table 1). These categories were defined subjectively to be as
representative as possible of visible changes in the field of view.
Despite these major changes, it was still possible to identify
common features (microbial mats) between video sequences
recorded before and after the eruption.

Due to displacement, the camera tilt and height above the
seafloor could not be estimated, and it was thus not possible
to overlay a grid on video frame grabs to calculate the total
surface visible after the eruption. However, the total surface of
the field of view could be approximated using common features
between video sequences. Distances between two features in
the foreground, two in the background, and between a feature
located in the foreground and another in the background were
measured before the eruption using the 10 × 10 cm grid
(Supplementary Figure 1). Considering a constant distance
between these features, surfaces visible in the five field of view
categories defined after the eruption were approximated (type 1:
1.6 m2; type 2: 1.3 m2; type 3: 0.6 m2; type 4: 0.3 m2; type 5: 0.2
m2; Table 1). Type 5 images were not included in the following
analyses because of the very limited field of view. As a result, only
49 video sequences were analyzed following the eruption.

Megafauna Analyses
All megafauna visible on the video footage were counted and
identified to the lowest taxonomic level possible. Only organisms
visible within the grid boundary (Supplementary Figure 1) were
enumerated as they were sufficiently close (<2 m away from
the camera) to be accurately identified. Each video sequence
was viewed twice to ensure that no megafauna were missed.
Organisms were identified based on faunal samples collected
during the VICKING (2006) expedition (Decker and Olu,
2010). Additionally, video footage was sent to specialists to
confirm identifications.

Densities of the most abundant species (the zoarcid fish
Lycodes squamiventer Jensen, 1904 and the pycnogonid Nymphon
macronyx Sars, 1877) were estimated before and after the
mud eruption. Two different methods were used to estimate
densities before the eruption (Table 1). In the first analysis,
all organisms identified within the area covered by the grid
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FIGURE 1 | Study site overview. (A) Map showing the LOOME observatory frame (pressure sensor, current meter and thermistor 23) and autonomous imaging
module (AIM) locations on the Håkon Mosby mud volcano. (B) Photo of the AIM on the seafloor just after its deployment in 2009.

FIGURE 2 | Field of view of the autonomous imaging module (A) before and (B–F) after the mud eruption. The effect of the eruption on the AIM position is clearly
visible. Five different field of view categories were identified after the eruption (B–F) with (F) representing the last video recorded by the AIM. Seabed surfaces visible
within the field of view: (A) 2.6 m2, (B) 1.6 m2, (C) 1.3 m2, (D) 0.6 m2, (E) 0.3 m2 and (F) ≤ 0.2 m2. Common features between images are indicated (* or +).
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TABLE 1 | Total surface area (m2) considered in megafauna and microbial mat cover analyses before and after the eruption.

Analyses Before the eruption n = 120 After the eruption n = 49

Type 1 n = 11 Type 2 n = 18 Type 3 n = 8 Type 4 n = 12

Estimation of megafauna densities (total area) 2.6 1.6 1.3 0.6 0.3

Estimation of megafauna densities (reduced area) 1.3 1.6 1.3 0.6 0.3

Estimation of zoarcid fish sizes 2.6 NA NA NA NA

Estimation of microbial mat percent cover 0.6 0.12 0.12 0.12 0.12

The number of video sequences (n) recorded is indicated. While five different field of view categories were identified after the eruption, only images from field of view
categories 1 to 4 were analyzed.

(surface area considered: 2.6 m2) were included in density
calculations. In order to limit potential biases due to differences
in the surfaces covered by the camera fields of view before
and after the eruption, a reduced area was also used for
density estimations before the mud eruption. The surface area
considered in this second analysis corresponded to the field of
view visible in post-eruption type 2 images (surface of 1.3 m2 –
the most common field of view category after the eruption)
and was defined using common features identified on images
(Figures 2A,C).

Zoarcid fish sizes were estimated before the eruption using
the 10 cm × 10 cm grid (Supplementary Figure 1). In addition,
the position of every observed fish in relation to microbial
mats was recorded.

Microbial Mat Cover Estimation
Before the Mud Eruption
Only one 2-min video sequence per day was used for this
analysis. Because the camera occasionally failed to record at
20:58, the 8:58 video sequences were chosen. After making
sure that there was no change in microbial mat cover over
the course of a single video sequence, a frame grab was taken
at the beginning of each daily sequence and then used for
analyses. To limit perspective-related errors, only the section
of the images where microbial mats were the most visible
and distortion was minimal was analyzed (Figure 3A). Based
on the 10 cm × 10 cm grid, the defined study area had
a surface of 0.6 m2 (Table 1). Microbial mats within the
study area were first selected using the magic wand tool
in Adobe Photoshop R©, filled in black, and then saved on a
white background to maximize contrast (Figure 3A). Due to
camera tilt, microbial mats in the background were likely to
be distorted, even within the reduced study area. Therefore, a
MATLAB R© program, which took camera settings into account,
was used to correct the distortion on all digitized images. The
proportion of black compared to white pixels, corresponding
to the percentage of the study area covered by microbial mats
was then estimated in IP Lab Spectrum based on the method
developed by Sarrazin et al. (1997).

To test whether the presence of zoarcids on microbial mats
affected the estimation of microbial mat percentage cover,
frame grabs were re-digitized to include zoarcids lying on
mats. Estimated cover percentages, with or without zoarcids,
were then compared.

After the Mud Eruption
Due to the AIM sinking into the sediments and changes in
the camera tilt and height above the seafloor, frame grabs of
video sequences recorded after the mud eruption could not be
analyzed in the same way. The proportion of microbial mat
cover within the study area used before the eruption could not
be accurately estimated after the eruption as image distortion
could no longer be corrected. As a result, a different study area,
including different microbial mats, had to be considered after the
eruption (Figures 3A,B), preventing a direct comparison of the
proportion of microbial mat cover before and after the eruption.

FIGURE 3 | Methods employed to estimate the cover of microbial mats
before and after the mud eruption. (A) Area (0.6 m2) analyzed for changes in
microbial mat cover before the eruption. (B) Area (0.12 m2) analyzed for
changes in microbial mat cover after the eruption. (C) Area selected to
compare microbial mat cover immediately before and after the eruption.
Microbial mats were digitized in Photoshop R© (A,B) and percent covers were
computed in IP Lab Spectrum. Common features between images are
indicated (* or +).
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To characterize changes in microbial mat cover after the
eruption, only mats in the foreground of the images were
digitized and measured (Figure 3B). The selected study area
included mats that were visible on all post-eruption field of view
categories. Moreover, because it was located in the foreground
and covered a small surface area, distortion within the selected
study area could be considered negligible (distortion increases
with distance from the camera). Based on distances measured
between common features, a surface of about 0.12 m2 was
estimated for this study area (Table 1). Percentage microbial
mat cover was estimated using the method described above, but
without the distortion-correction step (Figure 3B).

To evaluate whether the eruption had an immediate impact
on microbial cover, surfaces covered by microbial mats estimated
from images immediately before (September 27, 2009 at 8:58)
and after (September 27, 2009 at 20:58) the eruption were
compared. To do so, common features between images were
used to identify an area visible in both the last pre-eruption and
the first post-eruption images (Figure 3C). Using the method
described previously, microbial mats within this area before and
after the eruption were digitized, distortion was corrected and the
percentage of microbial mat cover was estimated.

Environmental Measurements
Raw environmental data analyzed in this study were downloaded
from the PANGAEA data repository, where they are publicly
available (Feseker et al., 2014a). Bottom pressure (Blandin,
2009), seabed temperature (Feseker, 2009) and current velocity
(Wenzhöfer, 2009) were measured by sensors deployed as part
of the LOOME observatory (see Feseker et al., 2014b for
details). Bottom pressure and current velocity were respectively
measured by a pressure sensor and current meter mounted on
the observatory frame. Seabed temperatures were measured by
24 thermistors spaced 4 m apart along a 100 m long chain
that extended southward from the observatory frame. Except
for the three thermistors closest to the frame (thermistors 22,
23, and 24), all temperature sensors were located in the active
center of the volcano. After ensuring that temperature variations
recorded by most thermistors before the eruption were correlated
(with the exception of thermistors 5, 12, 16 and 17, there was
a strong correlation between temperature time series recorded
by all thermistors; Supplementary Figure 2 and Supplementary
Table 1), one of the three thermistors located outside the active
center of the volcano (thermistor 23) was chosen for our analyses
(Figure 1A). Data collected by this thermistor were used as
a proxy for seabed temperature variations within the AIM
deployment zone. Temperatures recorded after the mud eruption
were not analyzed because lateral transport of warm mud led
to significant temperature anomalies and a desynchronization
between thermistors (Feseker et al., 2014b). For all sensors,
only data recorded between July 25 and December 12, 2009 at
8:58 were included.

Additionally, several environmental variables could be
estimated from the AIM video sequences. Particle densities in
the water column were approximated using indices ranging from
0 (no particles) to 4 (large number of particles). This variable
was estimated based on entire video sequences. Small circular

holes were visible on the seabed. These holes were likely shaped
by gas release and were thus used as a proxy for gas emissions.
The number of holes visible on each frame grab used to measure
microbial mat cover (one image per day) was quantified. Because
holes could be difficult to detect in the images’ background, only
holes present within the study areas defined for microbial mat
cover analyses were counted. Hole densities were then calculated.

Statistical Analyses
Differences in the density of zoarcid fish, pycnogonids and
small holes before and after the mud eruption and in fish
and pycnogonid densities between daytime and nighttime video
sequences were tested using non-parametric Mann–Whitney
Wilcoxon tests. Differences in the proportion of zoarcids
observed on microbial mats and on adjacent sediments were
tested using two-proportion Z-tests.

Autocorrelation analyses were performed to detect potential
periodicities in zoarcid fish densities, microbial mat cover, and
environmental variables. In addition, linear regression models
were fitted to all time series to detect trends. When significant
trends were detected (slope estimate significantly different from
0), data were detrended prior to autocorrelation analysis.

Finally, dynamic factor analysis (DFA) was performed to
investigate the relationship between the different times series.
DFA is a dimension-reduction technique used to estimate
underlying patterns in a set of time series. The complex
mathematics behind DFA are detailed in Zuur et al. (2003).
In short, a DFA model with no explanatory variable can be
formulated as follows:

yt = Zxt + et (2a)

xt = xt−1 + wt (2b)

Where yt is a N x 1 vector containing the values of the N time
series at time t. xt represents the values of the m common trends
(also called states) at time t, which follow random walks governed
by process errors wt . wt was set as a m x m identity matrix. Z is the
N x m matrix containing the factor loadings and determining the
form of the linear combination of the common trends. Overall,
trends that explain a large proportion of the temporal variance of
a given time series will receive large weights (positive or negative).
Finally, e is a N x 1 noise component assumed to be normally
distributed with a mean of zero and error covariance matrix R.

In this analysis, we included the seven (N = 7) times series
as response variables in the model, and did not include any
explanatory variables. Each response variable was standardized
prior to analysis by subtracting its mean and then dividing
it by its standard deviation. Only data collected before the
eruption were included.

To identify underlying common patterns between time series,
four different DFA models, based on different R matrices
were applied. The following covariance matrix structures were
tested: equal variance and no covariance (diagonal and equal),
unequal variance and no covariance (diagonal and unequal),
equal variance and covariance (equalvarcov) and unconstrained
variance and covariance (unconstrained). Each time, one to five
(m = 1 to 5) common trends were tested. Model parameters and
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states were estimated using the MARSS (version 3.10.10) package
(Holmes et al., 2012) in R (R Core Team, 2014). The best-fitted
model was then selected based on Akaike’s information criterion
(model with the lowest AICc value).

After inspecting model fits and potential residual issues,
state values were extracted from the selected model, and
autocorrelation analysis was performed to identify potential
cycles. Factor loadings were determined using the varimax
methods described by Harvey (1989). Factor loading were then
represented for each common trend as in previous studies
(Zuur et al., 2003).

All statistical analyses were conducted in the
programming environment R.

RESULTS

Megafauna Density and Behavior
Five different taxa were observed on the video sequences
(Table 2). The zoarcid fish Lycodes squamiventer and pycnogonid
Nymphon macronyx were, by far, the most common taxa
both before and after the mud eruption. Skates of the species
Amblyraja hyperborea (Colett, 1879) were occasionally seen
swimming through the field of view. Although rare, the other
taxa observed included a fish identified as Lophius piscatorius
Linnaeus, 1758 and two non-identified squids (Table 2). While
only megafaunal species were enumerated in this study, several
suprabenthic crustacean species, likely amphipods and copepods,
were also observed in the water column.

Densities of both zoarcids and pycnogonids were estimated
from the seabed surface area within the field of view. Overall,
there were no significant differences in zoarcid and pycnogonid
densities between daytime (8:58) and nighttime (20:58) video
sequences (Mann–Whitney Wilcoxon: p-values = 0.249 and
0.373 for zoarcids and pycnogonids, respectively). The densities
of zoarcid fish were significantly higher after the eruption,
regardless of the method used to estimate density (Table 3).
Similarly, the densities of pycnogonid were higher after the
mud eruption, although differences were only significant when
a reduced area was used to calculate densities before the eruption
(Table 3). Based on autocorrelation analyses, zoarcid densities
did not exhibit any significant cycles during the study period
(Supplementary Figure 3).

The size distribution of zoarcids was skewed to the right with
the majority (>60%) of fishes measuring between 6 and 20 cm
(Supplementary Figure 4). The largest individual measured was
45 cm long and no fish smaller than 6 cm was observed on
the video footage.

TABLE 3 | Average (± SD) densities (number of individuals per m2) of zoarcids
(Lycodes squamiventer) and pycnogonids (Nymphon macronyx) before and after
the mud eruption.

Before the eruption After the eruption

Average density
(± SD)

Total area (2.6 m2)

Average density
(± SD)

Reduced area
(1.3 m2)

Average density
(± SD)

Zoarcids 0.31 ± 0.35* 0.33 ± 0.53* 1.1 ± 1.6

Pycnogonids 0.061 ± 0.14 0.090 ± 0.25* 0.46 ± 0.99

Two different methods, based on different study areas were employed to calculate
densities before the eruption. Density differences before and after the eruption were
tested with Mann–Whitney Wilcoxon tests, and significance is indicated with an
asterisk (*p-value < 0.05).

Zoarcid fishes were observed significantly more often on
the sediments adjacent to microbial mats than on the mats
themselves both before and after the mud eruption (two-
proportion Z-test: p-values = 0.013 and 0.001 before and
after, respectively).

Microbial Mat Cover Dynamics
Percentage microbial mat cover estimated with and without
removing the zoarcids lying on mats only differed by 0.78% on
average. Because the influence of zoarcids on microbial mat cover
estimates was negligible, percent cover values used in the analyses
were estimated without removing zoarcids.

Microbial mat cover was variable throughout the study period
(Figure 4). Before the eruption, microbial mats covered, on
average, 26.2% (± 4.84% SD) of the seabed within the field
of view of the camera. Although results were not significant,
the autocorrelation analysis suggested that microbial mat cover
exhibited cycles with a period of about 27 days (Supplementary
Figure 3). Moreover, there was a general trend for an increase
in microbial mat cover through the eruption (Supplementary
Table 2 and Figure 4A). Percentages of microbial mat cover
estimated immediately before (September 27, 2009 at 8:58) and
after (September 27, 2009 at 20:58) the eruption within the
selected study area were of the same order of magnitude (35 and
30%, respectively), indicating the absence of an immediate impact
of the mud eruption on microbial cover.

No general trend for an increase or decrease in microbial
mat percent cover was detected after the mud eruption
(Supplementary Table 2 and Figure 4B). Although weak
oscillations with a period of about 14 days were visible
after the eruption, no significant cycles were identified
(Supplementary Figure 3).

TABLE 2 | Occurrence of the megafaunal taxa observed before and after the mud eruption.

Number of observations Zoarcidae
Lycodes squamiventer

Nymphonidae
Nymphon macronyx

Rajidae
Amblyraja hyperborea

Squids Lophiidae
Lophius piscatorius

Number of video
sequences

Before the eruption 98 19 6 2 0 120

After the eruption 72 65 2 0 1 153

Total 170 84 8 2 1 273
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FIGURE 4 | Changes in the percentage of microbial mat cover (A) before and
(B) after the mud eruption. While five different field of view categories were
identified after the eruption, only images from field of view categories 1 to 4
were analyzed (type 5 images were not analyzed because of the very limited
field of view: ≤ 0.2 m2).

Environmental Variable Dynamics
Bottom pressure had a clear cyclic behavior throughout the
study period (Figure 5A). The autocorrelation analysis identified
significant cycles with a period of 14 days (Supplementary
Figure 3). Overall, there was no trend for an increase or
decrease in bottom pressure before or after the mud eruption
(Supplementary Table 2).

No significant cycles were identified for the other
environmental variables (Supplementary Figure 3). However,
significant trends were detected (Figure 5 and Supplementary
Table 2). The temperatures measured by thermistor 23
(considered representative of seabed temperatures before the
mud eruption) varied between −0.87 and −0.74◦C and tended
to increase until the mud eruption (Supplementary Table 2 and
Figure 5C). Despite the absence of significant cycles, damped
oscillations in seabed temperature were visible.

A significant increase in hole densities was also detected both
before and after the mud eruption (Supplementary Table 2
and Figure 5E). Before and after the eruption, the average
densities of holes per m2 were 144 (± 80 SD) and 367 (± 138
SD), respectively, and this difference was significant (Mann–
Whitney Wilcoxon: p-value < 0.001). Finally, current velocity
tended to increase before the eruption and decrease afterward
(Supplementary Table 2 and Figure 5B).

No significant upward or downward trends were observed for
particle densities estimated from video footage (Supplementary
Table 2), even if they appeared to be lower after than before
the mud eruption (Figure 5D). Although not quantified, other

changes in the environment were visible on the video footage.
Bubbles escaping from the seabed were regularly observed,
especially following the mud eruption. In addition, tremors
(shaky field of view), which were detected for the first time on
August 24, 2009 (33 days prior to the eruption), were frequently
detected both before and after the mud eruption.

Common Trends Between Time Series
The DFA model containing three common trends and a diagonal
and unequal covariance matrix (different variance and no
covariance between response variables) had the most support
from the data (Supplementary Table 3 and Supplementary
Figure 5 for model fits). The first trend identified was
characterized by significant cycles with a period of 14 days
(Figure 6 and Supplementary Figure 6). This trend was related
to zoarcid densities and microbial mat cover with positive
loadings and to current velocity and bottom pressure with
negative loadings. The second trend also oscillated with a
period of 14 days, although these cycles were not significant.
This trend displayed a peak on August 23, 2009 and was
related to hole densities and current velocity with positive
loadings and to microbial mat cover and bottom pressure with
negative loadings (Figure 6). Finally, the third trend exhibited
significant oscillations that suggested a possible, although non-
significant, 40-day periodicity (Supplementary Figure 6). The
third common trend was related to particle densities, seabed
temperature and current velocity with positive loadings and to
microbial mat cover with negative loadings (Figure 6).

DISCUSSION

HMMV Microbial Mat Habitat Use by
Megafauna
Five different taxa were observed during this study. The
three most common taxa (the zoarcid Lycodes squamiventer,
pycnogonid Nymphon macronyx, and skate Amblyraja
hyperborea) have all been previously documented on HMMV
(Gebruk et al., 2003; Rybakova et al., 2013). Overall, we found
that zoarcids spent more time on the adjacent sediments
than on the microbial mats themselves, suggesting a potential
avoidance of the toxic sulfidic conditions associated with
mats. Nevertheless, our temporal analysis revealed common
dynamics between zoarcid densities and microbial mat cover
(Figure 6), indicating a positive link between them. Such
positive relationships between zoarcids and microbial mats have
been documented in previous studies. In particular, Rybakova
et al. (2013) showed that, although zoarcids occur throughout
the mud volcano, they are most abundant in areas of high
microbial mat cover. Moreover, stable isotope analyses suggested
that zoarcids feed on macrofaunal communities associated
with mats and adjacent sediments, which appear to mostly
rely on methanotrophically derived carbon (Decker and Olu,
2012). The relationship between zoarcids and microbial mats
could thus be of a nutritional nature. Similarly, pycnogonids
are frequently observed in mat habitats (Gebruk et al., 2003;
Rybakova et al., 2013). They are surface deposit feeders and,
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FIGURE 5 | Time series of environmental variables before and after the mud eruption. (A) Bottom pressure (Blandin, 2009), (B) current velocity (Wenzhöfer, 2009)
and (C) seabed temperature (Feseker, 2009) were measured by sensors deployed as part of the LOOME observatory. (D) Particle index and (E) hole density were
estimated from imagery. The vertical dotted lines indicate the day of the mud eruption. Temperature data collected after the eruption are not shown as they were not
considered representative of seabed temperatures at the AIM deployment site (see section “Materials and Methods”).

like zoarcids, likely depend on methane-derived carbon
(Decker and Olu, 2012).

Unlike zoarcids and pycnogonids, the contribution of
chemoautotrophy in Amblyraja hyperborea’s diet has never
been evaluated. However, in a recent study, Sen et al. (2019)
documented high densities of A. hyperborea egg cases at an active
seep site off Norway, and suggested that these Arctic skates could
be using seeps as nursery grounds, possibly taking advantage of
positive temperature anomalies in surface sediments to shorten
incubation times. In light of this study, the observation of several
A. hyperborea skates on HMMV is thus particularly interesting.
Although no egg cases have been documented so far at HMMV,
recorded temperature anomalies (Feseker et al., 2008) as well
as the relatively frequent observation of A. hyperborea adults
suggest that this mud volcano may also serve as a nursery grounds
for these skates.

Overall, none of the taxa documented in this study were
endemic to seeps. This pattern is commonly observed at high-
latitude cold seeps where communities are generally dominated
by background fauna while seep-endemic species are rare to
inexistent (Åström et al., 2018; Sen et al., 2018, 2019). At high
latitudes, surface production is generally limited by the extended
periods of darkness and cold temperatures. Seeps thus constitute

biomass hotspots where background fauna can take advantage
of the high productivity associated with active seepage (Åström
et al., 2018). In this study, we identified a positive relationship
between zoarcid fish densities and microbial mat cover and
found that the mud eruption had a positive impact on both
pycnogonid and zoarcid densities. These results, combined with
the outcome of isotope analyses (Decker and Olu, 2012), and
the higher growth rates measured for Lycodes squamiventer on
HMMV compared with background sites (Hildebrandt et al.,
2011), support the idea that background fauna present at HMMV
directly benefit from seep productivity.

Relationship Between Faunal, Microbial,
and Environmental Temporal Dynamics
Before the Eruption
Through the analysis of high-resolution time series before
the eruption, we were able to shed light on the complex
interactions between faunal dynamics, microbial activity and
environmental variables. Different groups of time series, related
to three different common trends, could be identified using
DFA analysis. Although the interpretation of these results
is not straightforward, and further studies will be necessary
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FIGURE 6 | Common trends and factor loadings per trend estimated from a dynamic factor analysis (DFA) model with three common trends and a diagonal and
unequal covariance matrix R. Shading around trend values indicate 95% confidence intervals.

to confirm the observed trends, several mechanisms can be
inferred (Figure 7A).

Microbial mat cover, zoarcid densities, current velocity and
bottom pressure were all related to the first common trend
characterized by a spring-neap tidal periodicity (14 days). Even
though the influence of tides has been characterized in non-
reducing and hydrothermal vent environments (Wagner et al.,
2007; Barreyre et al., 2014; Doya et al., 2014; Lelièvre et al., 2017),
this is the first time that such an effect has been detected in
a cold-seep ecosystem. Although additional studies are needed
to confirm the effect of tides and investigate the mechanisms
involved, assumptions can be made based on what is known
for hydrothermal vents. Tides have been shown to affect bottom

currents at vents (Tivey et al., 2002), which in turn, can affect
the behavior of vent fauna by driving changes in temperature and
oxygen saturation levels (Lelièvre et al., 2017). It is thus possible
that tidal variations in bottom currents at HMMV indirectly
affected microbial mat cover by changing local environmental
conditions (e.g., oxygen levels) above the mats.

In addition, tidal loading, due to increased bottom pressure,
may modulate vertical flow rates at HMMV by increasing
sea water diffusion through the sediments, creating pressure
gradients below the seafloor (Crone and Wilcock, 2005). Bottom
pressure and microbial mat cover were related to trend 1
with opposite factor loadings (Figure 6). This result suggests
that low pressures could be associated with higher flow rates,
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FIGURE 7 | Schematic representation of inferred interactions between fauna, microbial activity, porewater biogeochemistry, and fluid flows at Håkon Mosby mud
volcano microbial mat habitats. (A) Interactions inferred from of the analysis of time series of data collected before the eruption and (B) the impacts of the mud
eruption on faunal density, microbial activity, and environmental variables are represented separately. White arrows represent positive relationships, and variables
analyzed in this study are shown in gray. Variables related to cyclic common trends are indicated by an asterisk (∗).

increasing the amount of methane available for anaerobic
methane oxidation, and thus sulfide production in subsurface
sediments. In this case, microbial growth would be facilitated,
increasing the surface covered by mats, consequently attracting
more zoarcids (Rybakova et al., 2013). Moreover, vertical
migration of microbial filaments may also affect microbial
mat cover. It has been shown that Beggiatoa filaments have
the ability to migrate through sediments to remain at the
optimal oxygen-sulfide interface (Møller et al., 1985). Therefore,
higher flow rates and lower downward diffusion of oxygen
into the sediments would decrease the depth of the oxygen-
sulfide interface, and potentially lead to an upward migration
of microbial filaments (De Beer et al., 2006). While, temporal
variations in seabed temperatures, used as a proxy for fluid
flow rates in this study (Feseker et al., 2014b), were not related
to trend 1, it is possible that changes in flow rates were not
significant enough to translate into temperature anomalies at the
sediment surface.

Seabed temperature, along with particle densities, current
velocity and microbial mat cover, were all related to trend 3,
which exhibited cycles with a non-significant period of about
40 days (Figure 6). These oscillations could reflect temporal
variations in the activity of the volcano. Mud volcanoes are highly
dynamic geological structures with cyclic phases of eruption
followed by periods of quiescence (Deville and Guerlais, 2009).
Even during the quiescent phase, fluid flows have been shown

to vary according to cycles related to gas and mud migrations
through the volcano conduits (Deville and Guerlais, 2009). In
some terrestrial mud volcanoes, cycles in mud expulsions have
been linked to the lunar phase (29.53 days; Aliyev et al., 2002).
At HMMV, Feseker et al. (2014b) have observed that mud
displacements occurred roughly on a monthly basis. The detected
temporal variations in seabed temperature may thus be driven by
these mud flows. Similarly, cyclic mud displacements may have
a negative impact on microbial mat cover and lead to sediment
re-suspension, increasing water turbidity.

Finally, common trend 2, which was related to sediment
hole densities, current velocity, microbial mat cover and bottom
pressure, appeared to oscillate with a period of 14 days but
did not exhibit any significant cycles (Figure 6). This trend
was characterized by a peak on August, 23 2009, 34 days
before the eruption. Tremors were detected for the first time
in video sequences from around the same time (August, 24,
2009), and were then frequently detected until the eruption.
This time period may thus mark the onset of the increase in
the mud volcano’s activity that eventually led to the eruption.
In particular, this increase in activity may have destabilized gas
hydrates in subsurface sediments. Hydrates are ice-like crystalline
minerals containing hydrocarbon (e.g., methane, carbon dioxide)
and non-hydrocarbon gases trapped within a water molecule
lattice (Sassen et al., 2001). These structures generally form, and
remain at equilibrium, under high pressure and low temperature
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conditions (Sloan and Koh, 2007). Gas hydrate accumulation has
been documented at HMMV, with the highest hydrate contents
estimated on the rim of the active center, where microbial mats
are located (Ginsburg et al., 1999). It is thus possible that the
destabilization of hydrates led to the release of gaseous methane
resulting in the formation of holes on the seabed as gas bubbles
escape (Figure 7A). Although, microbial mats could have been
negatively affected by gas emission, the relation between times
series related to trend 2 is unclear.

Variables not measured in this study, as well as various
events, may have blurred the trends visible in the different time
series. Although not included here, atmospheric forcing may have
affected our results. Surface storms have been shown to have
an effect on the deep-sea benthos through changes in bottom
currents (Cannon et al., 1991; Matabos et al., 2014; Lelièvre
et al., 2017; Chauvet et al., 2018). Moreover, time series may
have been affected by stochastic events such as microbial mat
resuspension triggered by currents or fish activity. In particular,
mat resuspension by zoarcids was observed on several video
sequences and may have affected microbial mat cover or particle
density. Finally, the mud eruption, that occurred 65 days after
the start of this study, had a significant impact on the time
series. Changes in seabed morphology and AIM displacement
following the eruption led to significant changes in the AIM
camera field of view. As a result, time series of data collected
after the eruption were too short to be analyzed separately, and
only data collected before the eruption were included in the DFA,
limiting the robustness of the results. Moreover, the estimation of
variables from video footage following the eruption (i.e., zoarcid
and hole densities, particle index) may have been affected by
changes in the field of view.

Impacts of the Mud Eruption on Fauna,
Microbial Mats and Their Environment
The increase in gas and fluid emissions associated with the mud
eruption had a significant impact on faunal density, microbial
activity, and environmental variables. A steady increase in
microbial mat cover and seabed temperature was measured
until the eruption. Additionally, the densities of small holes on
the seabed, indicative of gas emissions, continuously increased
throughout the study period, even after the eruption. Analyses
of environmental data time series collected as part of the
LOOME observatory corroborated our observations (Feseker
et al., 2014b). These analyses showed that the eruption
was accompanied by changes in seafloor bathymetry, upward
flows of hot fluids and gas flares. Based on our results,
it appears that the ascent of hot fluid associated with the
eruption may have enhanced anaerobic methane oxidation
as well as microbial mat growth by supplying methane, and
increased gas emission directly and indirectly by destabilizing gas
hydrates (Figure 7B).

Although we did not directly compare microbial mat
cover proportions before and after the eruption, the increase
in fluid emissions likely resulted in higher microbial mat
cover following the eruption, possibly explaining the observed
increase in zoarcid fish densities (Figure 7B). Another notable

effect of the mud eruption was the increase in pycnogonid
densities following the event. Part of the effect may be due
to the AIM sinking and getting closer to the sediments,
making pycnogonids easier to detect after the eruption.
However, it is also possible that the increase in porewater
methane concentrations associated with the eruption boosted
the production of methane-derived carbon. Pycnogonids, whose
isotope signatures suggest reliance on methanotrophic carbon
(Decker and Olu, 2012), may thus have been attracted to this
fortuitous food input.

CONCLUSION

In summary, this study is the first to describe intra-annual
dynamics in a cold-seep ecosystem and to characterize the
impacts of a mud eruption before and after it occurred. Based
on a unique data set, we were able to link variations in
fluid flow rates to changes in microbial mat cover and faunal
densities and to determine how the mud eruption affected
seep communities and their biogeochemical environment.
Because mud eruptions appear to be relatively frequent at
HMMV (Feseker et al., 2008; Foucher et al., 2010), they likely
play an important role in structuring seep communities on
this mud volcano. Moreover, our results suggest that flow
rates and community dynamics in HMMV microbial mat
habitats may be modulated by tides, and call for long-term
monitoring studies in seep environments to explore the complex
interactions occurring in these chemosynthetic ecosystems. Cold
seeps, and mud volcanoes in particular, have been granted
a lot of attention because they represent important sources
of greenhouse gas (e.g., methane) emissions (Milkov et al.,
2003; Levin et al., 2016). In particular, there is a serious
concern that increasing ocean temperatures due to climate
change will lead to the massive release of the methane
currently stored in the form of solid gas hydrates at seeps
(Wallmann et al., 2012). Methane-oxidizing microorganisms
and metazoan-microbe symbioses have the ability to partially
remove methane from subsurface sediments, thus limiting its
release into the water column (Niemann et al., 2006; Boetius
and Wenzhöfer, 2013). Therefore, a better understanding of
seep ecosystem dynamics is paramount for evaluating the
effectiveness of this microbial filter and for taking appropriate
management decisions to limit anthropogenic impact on cold-
seep environments.
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