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Abstract

The results of a survey carried out inside the salt basins of the Comacchio Saline (Province of Ferrara, Italy) are

reported, occasionally affected by the formation of numerous submerged circular shapes of approximately two

meters in diameter and whose crowns quickly tend to darken. A rare phenomenon that has so far only been

reported in China in the Shanghai swamps, which have been called "fairy circles". The coordination of

pedological and microbiological investigations on soils that are permanently submerged (Typic Sulfiwassents) or

occasionally emerged (Aeric Sulfiwassents) has highlighted how the formation of the "fairy circles" of the

Comacchio salt pans can be attributed to concomitant exogenous conditions (increase in temperatures and

salinity of water) and endogenous (gas emissions of methane and sulfur dioxide), which is followed by intense

bacterial activity and proliferation of microalgae which explain the darkening of the crowns. It was also possible

to highlight a different distribution of bacteria along the profiles with dominance of methanogens in the

epipedon and of sulfur reducers below it.
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Location of the area, saline structure and repre-

sentation of the "fairy circles" phenomenon

The Saline di Comacchio (Province of Ferrara), now a

protected area of over 600 hectares in the Po Delta

Park, preserve the structures of the last plant built in

the Napoleonic era for the production of salt and

kept in operation until 1984 (Fig. 1). Unlike the

neighboring areas which are mostly in contact with

the marine waters of the Adriatic, the underwater

soils of the salt pan are characterized by conductivity

values frequently >15 mS cm-1, and by a significant

presence of sulphides, conditions which limit the

proliferation of species halophilous plants and, conse-

quently, the deposition of organic material on the

bottom of the historic tanks. Spring-summer satellite

images (GOOGLE-Earth) of 2014 and 2020

highlighted the formation of numerous circular

shapes on the bottom of the tanks, especially in the

north-eastern part of the salt pans (Fig. 2). The circles

are characterized in the form of a circular crown with

a diameter of approximately two meters slightly raised

both at the center and at the edges, thus forming a

slight internal depression. The crown of each circle

tends to darken rapidly after a few hours after its

formation, highlighting the development of an intense

biological activity.
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the circles called fairy circles also reflect a transitory

phenomenon (Cantwell, 2021; Zhao et al., 2021). The

recurrence of the phenomenon in the spring of 2020

allowed for careful observation with the localization

and delimitation of the affected areas and in 2021,

after having obtained the necessary authorizations

from the Delta Regional Park, the precise observation

and sampling activity began through the opening of

profiles and surveys in the submerged areas and also

in some emerged ones.

Materials and Methods

Pedological survey and sampling

In submerged conditions, surveys were carried out at

variable depths by sampling both the submerged soil

and the overlying water column using a Beeker

sampler (Eijkelkamp, NL) equipped with a polyethy-

lene tube (6 cm Ø diameter) (Ferronato et al., 2016).

Then taking advantage of the temporary emptying of

some tanks for maintenance, it was possible to open

some profiles and at the same time carry out drillings

up to a depth of 3.5 m from the ground level in corre-

spondence with some circles. The reading of the soil

characteristics was carried out on the extruded co-

lumns in the case of submerged soils and on profiles

or on their reconstruction from drilling in the case of

emerged soils. The sampling was carried out on each

of the horizons of the various types of profiles.

Figure 1

In the center of the image, 

the hatched perimeter of 

the Comacchio Saline. 

The star symbol locates

the area shown in figure 2.

Figura 2. Satellite image from April 2020 of an area located

within the Comacchio Saline affected by the formation of submerged

circles «Fairy circles”

The trigger of the phenomenon was hypothesized to

be concomitant with specific climatic conditions:

absence of precipitation for periods exceeding 60

days, intense evaporation and high salt concentration

of the water in the tanks, high air temperatures even

at night. Similar phenomena are found in the coastal

saline marshes near Shanghai in eastern China, where
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Sampling and microbiological analytical metho-

dologies

Using plexiglass liners, two columns of underwater

soil were collected respectively in the central and

peripheral parts of a submerged circle (Fig. 4). The

analysis of the microbial communities was conducted

on samples collected at increasing depth in each of

the two columns.

In the central column (short core, Sh) three different

horizons were identified at 0-0.5 (Sh1), 0.5-4.0 (Sh2)

and 4.0-16.5 (Sh3) cm depth while in the peripheral

one (long core, Lo) a white superficial layer (Lo0) and

three different horizons were identified at 0-1.5 (Lo1),

1.5-4.0 (Lo2) and 4-28

(Lo3) cm deep. Double strand DNA (dsDNA) was

extracted from 0.5 g of soil using the Fast DNA Spin

Kit for soil (3 replicates per horizon). The concen-

tration and purity of DNA extracts were determined

using a NanoDrop Lite Plus spectro-photometer

(Thermo Fisher Scientific, Wilmington, NC,

USA). Total DNA concentration was used as proxi

of soil microbial biomass.

The composition and structure of the bacterial and

archaeal communities were determined by polymerase

chain reaction-denaturing gradient gel electrophoresis

(PCR-DGGE) using 16S rRNA gene-specific primer

pairs (GC986F/Uni1401R and 357F/691R; Nübel et

al., 1996, Watanabe et al., 2004) as previously

described (Pastorelli et al., 2020). The quantification

of bacteria, archaea, anaerobi fungi, and some

microbial groups involved in methane (CH4)

production and sulfur (S) metabolism was conducted

by real-time PCR (Pastorelli et al., 2021) using the

specific primer reported in Table 1.

Analytical methodologies on soil samples

Soil samples were air dried and sieved to 2 mm. Tex-

ture was determined by the pipette method after

dispersing the soil samples with sodium hexameta-

phosphate solution. Soil pH and electrical conducti-

vity were measured on a 1:2.5 (w:v) soil:deionized

water suspension, while total carbonates (CaCO3)

were quantified by volumetric method. For the de-

tection of total organic carbon (TOC), the soil sam-

ples were finely ground into powder, treated with 2M

HCl to eliminate carbonates and finally processed

with an elemental analyzer. For sulfides, the semi-

quantitative SPS (Sulfide Paper Sensor) method was

used (Pellegrini et al., 2018). For other characteriza-

tions, please refer to the guidelines of the Natio-

nal Soil Survey Center USDA (Schoeneberger et al.,

2012).

Figura 3. Localization of sampling sites

Microbial group Target gene Primer Sequence 5’-3’ Reference

Bacteria 16S rRNA
Bac341F CCTACGGGAGGCAGCAG Muyzer et al., 2009

Bac805R GGACTACHVGGGTWTCTAA Caporaso et al., 2011

Archaea 16S rRNA
Arc344F ACGGGGYGCAGCAGGCGCGA Raskin et al., 1994

Arc806R GGACTACVSGGGTATCTAAT Takai and Horikoshi, 2000

Anaerobic fungi 28S rRNA
AF-LSU-F GAGGAAGTAAAAGTCGTAACAAGGTTTC

Dollhofer et al., 2016
AF-LSU-R CTTGTTAAMYRAAAAGTGCATT

Methanogenic

archaea
mcrA

qmcrAF TTCGGTGGATCDCARAGRGC
Denman et al., 2007

qmcrAR GBARRTCGWAWCCGTAGAAWCC

Sulfite-reducing

bacteria
dsrA

DSR1F ACSCACTGGAAGCACG
Foti et al., 2007

DSRR GTGGMRCCGTGCAKRTTG G

Sulfate-reducing

bacteria
aprA

AprA-1-FW TGGCAGATCATGATYMAYGG
Deplancke et al., 2000

AprA-5-RV GCGCCAACYGGRCCRTA

Table 1. Primer pairs and annealing temperature used for real time PCR absolute quantification of the different microbial
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Results and Discussion

Chemical-physical characteristics and classifica-

tion of soils

The subaqueous soils present inside the tanks are

characterized by conductivity values mostly >15 mS

cm-1 and by significant concentrations of sulphides

(Ase and Acse horizons), a situation which is accen-

tuated in the site further south-east where in in hot

periods the low level of the water column favors eva-

poration with consequent saline saturation in the

first levels of the underwater soils (Az Horizons) (Ta-

Figura 4

Submerged circles with localization of samples using a 

column sampler for microbiological analyses

Figura 5. Representation of the hydromorphic and subaqueous profiles in the investigation area

ble 2). These conditions limit the proliferation of

plant species, including halophilic ones, and,

consequently, the deposition of organic material on

the bottom of the tanks. In accordance with the Soil

Taxonomy (SSS, 2022) the soils of profiles C8 and

C8a fall into the subgroup of Typic Sulfiwassents, C6

and C9 in that of Aeric Sulfiwassents and C2, C2a, C3

in that of Sulfic Haplowassents. In the other cases

(profiles C4, C5 and C5a) the greater exchange with

marine waters decreases the salt concentration (Typic

Haplowassents) and there is no formation of

submerged circles (Fig. 5).
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Soil profile Horizon 
Depth pH

(H2O)

C.E.
CaCO3

tot

Texture

TOM TOCSand

Ø 2000-50 µ

Silt

Ø 50-2 µ

Clay

Ø <2 µ

cm mS cm-1 g kg-1 g kg-1 g kg-1 g kg-1 % g kg-1

C1

A 0_5 8,66 12,4 170,9 297 492 211 2,86 15,9

AC 5_12 8,58 13,9 146,5 282 452 266 2,27 12,6

2C1 12_34 8,49 12,7 155,4 55 560 385 3,03 16,8

2C2 34_42 8,47 13,3 182,0 61 629 310 2,16 12,0

3C1 42_55 8,53 11,9 159,8 99 566 335 2,26 12,6

3C2 55_70 8,44 13,7 162,1 84 527 389 2,70 15,0

4AC? 70_73 8,26 18,5 146,5 53 369 578 1,62 9,00

C2

Ose 0_3 8,43 7,76 182,0 218 282 500 8,88 49,3

OAse 3_5 8,48 9,04 173,2 149 523 328 3,06 17,0

A 5_9 8,53 9,66 164,3 201 507 292 2,35 13,1

AC 9_19 8,79 8,56 188,7 48 657 295 1,72 9,06

C1 19_40 8,60 12,5 182,0 65 414 521 2,72 15,1

C2 40_62 8,43 16,2 157,6 65 439 496 3,35 18,6

2A 62_71 8,37 16,6 159,8 51 410 539 3,39 18,8

2AC 71_80 8,41 17,7 173,2 69 628 303 2,71 15,1

C2a

O 0_2 8,48 9,80 186,5 200 384 416 5,15 28,6

OA>A 2_8 8,61 8,07 173,2 190 433 377 2,33 12,9

AC 8_12 8,66 9,09 159,8 168 339 493 2,35 13,1

C1 12_24 8,64 9,88 153,2 267 567 166 2,45 13,6

C2 24_33 8,66 11,7 151,0 214 212 574 1,35 7,50

C2>2A 33_38 8,49 12,7 111,0 346 342 312 3,08 17,1

2A 38_48 8,53 14,0 166,5 275 237 488 2,83 15,7

2AC 48_53 8,17 16,6 153,2 225 235 540 3,27 18,2

C4

O 0_1 8,31 6,56 151,0 343 412 245 2,38 13,2

OA 1_5 8,31 9,27 142,1 398 280 322 2,71 15,1

A1 5_10 8,37 8,46 124,3 397 169 434 2,24 12,4

A2 10_13 8,39 8,03 111,0 462 379 159 1,86 10,3

AC 13_22 8,55 7,36 115,4 358 415 227 1,66 9,02

C 22_33 8,52 8,02 111,0 195 553 252 1,73 9,06

2A 33_38 8,52 7,95 117,7 322 217 461 2,33 12,9

2AC 38_47 8,49 7,34 111,0 263 269 468 2,01 11,2

2C1 47_66 8,51 7,65 122,1 318 393 289 1,70 9,41

2C2 66_73 8,52 9,03 117,7 288 428 284 1,59 8,80

C8

Az 0-3 8,43 20.39 223,3 90 702 208 1,60 9,21

A 3-15/17 8,55 8,23 168,7 91 644 265 4,87 27,1

AC1se 15/17-24 8,44 9,24 175,4 109 761 130 3,12 17,3

AC2 24-48 8,44 10,66 166,5 98 732 170 4,73 26,3

CA 48-55 8,27 15,45 151,0 159 619 222 4,40 24,4

2C 55-60 8,38 14,19 158,5 254 587 159 2,80 15,6

C8bis

A1z 0-3 8,43 20.28 218,8 109 733 158 1,60 9,21

A2 3-8 8,52 7,69 165,6 85 763 152 8,03 44,6

AC1se 8-17 8,38 10,66 186,5 104 732 164 4,55 20,2

AC2 17-25 8,49 10,06 179,8 105 763 132 4,01 25,3

C 25-47,5 8,42 11,06 155,4 101 703 196 3,00 16,6

2A1 47,5-63,5 8,32 13,85 149,6 261 465 274 6,56 36,5

2A2 63,5-86 7,91 14,77 133,6 188 589 223 7,14 39,7

2AC1 86-114 7,97 15,72 157,6 226 545 229 6,19 34,4

3Oaz 114-172 8,15 20,86 135,4 149 559 292 4,38 24,3

3Oa 172-209 7,97 18,71 122,1 155 599 246 8,85 49,2

3A 209-252 8,00 17,12 122,5 209 541 250 6,54 36,3

4AC1 252-288 8,08 13,27 124,3 474 339 187 4,34 24,1

4AC2 288-325 8,04 13,72 131,0 551 271 178 5,61 31,2

C9

Az 0-6 8,50 20,85 165,2 71 758 171 1,68 9,40

A 6-15 8,15 8,41 172,8 102 691 207 8,36 46,5

AC1se 15-30 8,50 10.62 161,2 107 679 214 3,91 21,7

AC2 30-42 8,39 11,01 144,3 82 702 216 7,56 42,0

C 42-59 8,43 14,63 155,8 99 699 202 2,57 14,3

2C1 59-86 8,13 17,84 134,5 255 529 216 3,85 21,4

2C2 86-115 8,04 17,96 131,0 249 583 168 3,13 17,4

Table 2. Soil chemical-physical characteristics

Soil microbial communities

Both the position in the submerged circle (central or

peripheral band) and the depth have a significant

influence on the composition and structure of the

bacterial and archaeal communities in the soil (Fig. 

6). In general, the total biomass (calculated in terms

of μg DNA g−1 dry weight (dw) soil) and the abun.

dance of bacteria and archaea (calculated in terms of
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Figura 6. nMDS and PERMANOVA analyzes performed on PCR-DGGE profiles obtained by amplification of the bacterial (A) and

archaeal (B) 16S rRNA gene.

-

16S rRNA gene copy number g−1 dry weight (dw)

soil) decrease significantly with depth (Fig. 7). The

real time PCR conducted with primer pairs for 28S

rRNA of anaerobic fungi showed values below the

detection threshold. The mcrA gene, used as a marker

gene to quantify the group of methanogenic archaea,

shows a peak in the whitish film present on the

surface of the peripheral profile, while based on the

depth it shows an opposite trend in the two different

soil profiles. Similarly to total bacteria, S reducers

Figure 7

Total biomass 

(calculated in terms 

of mg of dsDNA 

extracted per g of soil) 

and abundance of 

microbial communities 

(calculated in terms 

of marker gene copy 

number per g of soil).

Sh, short core (central 

column); Lo, long core 

(peripheral column)

also decrease with depth (Fig. 7). Bacteria resulted

more abundant than archaea in the surface layers of

the soils. In contrast, archaeal communities domina-

te the deeper layers (Fig. 8). Furthermore, the results

obtained displayed distinct trends of methanogens in

the central and two peripheral columns (Fig. 8).

Compared to total archaea and S-reducing bacteria,

methanogenic archaea dominate the deepest layer of

the central zone of the "fairy circles" and the surface

film of the peripheral zone.
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Oxygen levels typically decrease with soil depth due

to microbial respiration and limited diffusion. Such

variations create distinct niches, leading to the

distribition of different microbial communities

across soil profiles according their ecological

requirements(Naylor et al., 2022). Sulfur bacteria and

methanogens have similar nutritional requirements

and compete with each other for the use of

substrates such as H2, CO2 and CH3COO− (Stams

et al., 2005). In the central zone of the submerged

circle, deeper layers may provide favorable

conditions for methanogen abundance and activity,

possibly due to higher organic matter content and

anaerobic conditions (Liu and Whitman, 2008).

Conversely, the peripheral zone may support metha-

nogen activity in surface layers due to different

hydrological dynamics and nutrient availability while,

in deeper layers, S-reducing bacteria may outcom-

pete methanogens for substrates, thereby limiting

CH4 production and release (Whitman et al.,

2006). Based on these indications, it would seem

conceivable that the genesis of the "circles" is linked

to a progressive concentration over time of bacterial

methane developed in the first "organic" horizon,

buried 10-15 cm deep beneath the bottom of the

saline: upon reaching the threshold of pressure

necessary for the vertical exfiltration of the gas, the

small local reservoir decompresses, creating the

annular depression peripheral to the central bulb

constituting the scar of the conduit for the escape of

the gas and associated fluids.

Conclusions

The pedological, chemical-physical and microbiolo-

microbiological investigations conducted on the

submerged soils of some salt pans lead to support

the hypothesis that the origin of the submerged cir-

cles ("fairy circles") can be attributed to particular

and concomitant endogenous conditions (methane

gaseous emissions and sulphides) and exogenous

(climatic, in particular). The initial circular morpho-

logy assumed due to the emergence of gaseous bub-

bles is immediately followed by a rapid proliferation

of microalgae, methanobacteria and other colonies of

bacteria, including sulphurous ones which give the

crown its typical dark colour. The PCR-DGGE

analysis revealed that both the position in the "fairy

circle" and the depth of the sample significantly

influence the structure and composition of the soil

bacterial and archaeal communities. Total biomass

and abundance of bacteria and archaea decrease

significantly with depth. The mcrA gene, used as a

marker gene to quantify the group of methanogenic

archaea, shows a peak of the latter in the whitish film

present on the external surface of the crown and an

increase with depth at the central umbo. Sulfur

bacteria and methanogens have similar nutria-tional

needs and compete with each other for the use of

substrates such as H2, CO2 and CH3COO-, with the

result that methanogens dominate in the most

superficial layer of submerged soil and sulfur

reducers in the deeper layers. as confirmed by the

presence of ACse horizons of significant thickness in

the Sulfiwassents. The hypothesis has been put

forward that the progressive concentration of bacte-

rial methane accumulated over time in the organic

and organo-mineral epidedons buried in the first

meters of depth of the salt pans, once the necessary

pressure threshold is reached, would produce the

vertical exfiltration of the gas with consequent for-

mation of the peripheral annular depression.
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Figura 8

Relationships between 

groups of microorga-

nisms versus depth 

diversity in the 

submerged soil sample. 

Sh, short core (central 

column); Lo, long core 

(peripheral column)
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