1)

2)

Reply to the Reviewers' Comments prof. Picotti Vincenzo (Referee 1)

General comments
This is a novel dataset of peak precipitations in the mountain area of the Northern Apennines
of Italy. The authors discuss a well calibrated core and compare it with part of existing data in
the region. Although the topic is of paramount interest for the scientific community and the
results interesting, the manuscript is poorly written and it requires a deep reworking prior to
the final publishing. A first problem is the language, that in some cases is coupled with or it
enhances problems in the flow of the arguments. | urge the authors to polish the paper making
the reasoning easier to the reader. | have tried to polish the abstract, but, in the text, | did it

here and there, and | mostly highlighted some parts where the meaning was obscure.

Reply: the final version text will be edited by native English translator according to the

Reviewer’s suggestions.

An important general scientific problem is the interpretation of the core deposits. From the
map of Figure 2, the Lake Moo spill point has an elevation of 1114.2, the S1 core was drilled at
1121. The authors interpret the deposits as lacustrine until — 0.9 m. This implies a lake level at
1120 m around 200 to 60 years ago. The spill point should have incised 6 m in around 100
years. | think this is not possible, in any case | urge the authors to consider in their manuscript
the relationships between the spill point and the lake level, a topic completely overlooked. In
my opinion, given the young age and the elevation with respect to the spill point, it is very
likely that the units 3 and 4 were formed in a subaerial environment, that is the fan
environment visible today. From the point of view of the peak precipitation, this is maybe not
changing much, but the sedimentological interpretation, such as the hyperpycnal flows, should
be completely changed. Interbedded fine- and coarse-grain deposits is something typical of
colluvial fans, where dense flows, such as debris flows and grain flows, are common, but there
is always the reworking of previous deposits by running water, that winnows the matrix and

brings about fine-grained intervals.
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3)

4)

Reply: This is a good point. Following the Reviewer’s observation, we have precisely measured
the elevation of key points using Garmin eTrex 10 to improve and better explore the relationship
between the spill point, lake level and core stratigraphy. The results are:

- S$1:1120.2 ma.s.l. instead of 1121 m a.s.l.

- Spill point: 1116m a.s.l. instead of 1114.2 m a.s.l..

The difference is about 4m and not about 7m as shown in "CTR."

After a confrontation with the municipality and the Carabinieri forest ranger of Ferriere, it
emerged that the area of the emissary was modified by human interventions lowering its
altitude to encourage grazing over the years. These activities were carried out by the owners of
the area, and there is no official documentation.

We suggest moving the limit of the underwater deposits (now at the base of unit 4) to a depth
of 2.3m. Also, unit 3 has been divided into two sub-units: 3a and 3b. Unit 3a retains its
depositional characteristics as described in the first version of the article, in a shorezone
environment affected by coarse material input through floods. Unit 3b changes its interpretation
from a relatively deep lake environment (as shown in Figure_4_new) to a shorezone
environment with low coarse debris input due to flooding.

Moreover, we have analysed the palinological content of unit 3 to refine its interpretation better
(Table pollen new in SM). In all three samples P12, P13, P14 the presence of typical wetland
plants is discretely, particularly herbaceous hygrophytes with values between 11.9 and 19.5%.

This group is made up of plants living in marginal lacustrine areas such as cyperaceae and sedges.

| also recommend the authors not to use the categories proximal/distal to describe grain size
variations in this fan or fan-delta, given they have a spatial meaning, and here the spaces are

amazingly tight.

Reply: We have replaced the concept of proximal and distal with that of "mature" and

"immature" deposits (Mutti, 1992)

Another problem is the missing correlation of pollens with the good record of the Lake del
Greppo of Vescovi et al. (2010), located in a similar setting (high elevation counterslope related

to deep landslide, Northern Apennines) around 100 km to the southeast. This correlation is
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5)

6)

also hampered by the author’s choice to merge data of Pinus and Abies into a common group,
therefore making it impossible to appreciate the decline of Pinus and the growth of Abies

during the HTM.

Reply: this is a good point. Following the Reviewer’s suggestion, we have referred to the pollen
record of the Lake del Greppo (Vescovi et al., 2010) in the discussion and we have distinguished
Pinus from Abies in our record. For what concerns the correlation of the two pollen records, we
are inclined to proceed with caution because of the different stratigraphic/depositional context

and the highly different degree of resolution of the two dataset (Figure_7_new).

Finally, the authors announced in the text and the abstract the occurrence of 2 cores and an
interesting trench. These data are not presented, only located in the Fig. 2 small version, but
not reported in the Fig. 2 larger version. What is the reason for this? A trench would help a lot

understanding the sedimentary processes!

Reply: In order to optimise the activities, we have focused our attention on the S1 core because
it is the most representative and complete of the sedimentary succession. The other core (S2)
and the trench were used in support to the stratigraphic and sedimentological study (and a
consequence of the second point) of the selected core (S1), on which all the laboratory analyses

were undertaken.

On the other hand, what is the role of Table 1? Does the forest composition play any role in

the story? The pollen data are not referring to it!

Reply: For the sake of clarity, we deleted Table 1 and moved all the available data about the
present-day vegetation cover of Lake Moo in text (section 2.1). In our opinion these data, which
represent a general overview potentially useful to the readers, cannot be directly compared with

the pollen record as they derived from a botanic study.

Specific comments
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Geographic coordinates and elevation of the drilling are missing.

Reply: done and the data has been added to the text.

S1 elevation: 1120.2 m

S1 geographic coordinates: 44° 37° 25”N - 9° 32’ 43"E

Fig. 1 Middle frame, graphic scale is wrong.

Reply: the figure has been modified according the Reviewer’s suggestions (Figure_1_new).

Fig. 2 geologic/geomorphic map: very poor! In the published 1:50000 map, the geology of
the catchment is given by large olistoliths of serpentinite embedded into “Complesso di
Monte Ragola” an Upper Cretaceous blocky clayshale. This latter unit is not mentioned in
the map or in the text. The surficial units are not sound: the hillslopes of the Lake (beside
one mapped as serpentinite bedrock) consist of two units.

The first, a “detritical (it should be detrital) cover, from boulder to granule, Holocene”.
Granule is not an official grain size: what does it correspond to? (valid for the colluvium
too). Does granule imply mud, or should it be something larger? Is there any mud in this
detritus? Second, most of this field is mapped as serpentinite in the published small-scale
map. Finally, if this is detritus, where is it coming from? If not transported, then it could
be the in-situ weathering of the substrate. In fact, the weathered blocky clayshales of

the Complesso di Monte Ragola, when removing the fines, would make it visible on the
surface only the blocks of any size, without the clay, transported toward the Lake Moo.

In any case this field should not be named “detritus”, but eluvial or colluvial cover, or
simply weathered bedrock, if the thickness is less than 1 m or so.

The second surficial unit in Fig. 2 consists of a large field named “Complex landslide, from
cobble to silt”. Again, strange there is no clay in this unit, whereas in the depression it is full
of clay. In any case, does this field refer to a landslide body? Coming from where, the
south? And what created this topography? Is this the original landslide topography? Or has
it been subsequently eroded? The steep wall on the eastern margin of the map is

steep, suggesting bedrock. | think the two fields represent the same feature: a deeply

weathered bedrock, but | never was there in the field.
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In the northwest side of the depression three alluvial fans are mapped that are missing a
supplying channel. This is odd: they are clearly fan and wedges of colluvium, not alluvium.
Actually, given the size and the mass flow processes, also the fans mapped at the end of
channels should be considered colluvial, but this is a matter of debate, therefore | could
accept them mapped as they are, except for the small sign of fan to the west of the main
fan: this is clearly part of the main fan and there is no feeding channel, therefore it should
be cut. Finally, the classic symbol for the fan are fanning lines that should be perpendicular
to the contour: in the main fan they are badly drawn. The author should better map the

area.

Reply: the figure 2 has been modified as follows (Figure_2_new): we used the latest update
of the geological database of the Emilia-Romagna Region, scale 1:10.000

(available at the following link: https://geo.regione.emilia-
romagna.it/cartografia_sgss/user/viewer.jsp?service=geologia) and on this geological basis,
the flood deposits of 13 - 14 September 2015 have been reported. In this way we have also

simplified the map and made it functional to the objectives of the article.

Fig. 5 scale is missing

Reply: Done (Figure_5_new)

Fig 6 It would be interesting to have the stratigraphic units plotted in the figure, since

the change in sedimentation rate at the end of unit 2 should be better placed at the
unconformity.

Reply: the figure will be modified as required (Figure_6_new). The limit between unit 2 and
3, placed on the basis of the facies analysis, is in accordance with the change in the

sedimentation rate observed in the age-depth model.

Fig. SUP1. In the profile BB’, the core S1 is wrongly reported at 22 m at depth, instead
of 12.5 m. Unclear why the authors did not calibrate the profile with the core. After

a simple graphic correlation, one can appreciate that the substrate starts at around
1800 m/sec, therefore providing a much simpler and more likely geometry of the

substrate/ sediment contact. Please reconsider your interpretation.
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Reply: the figure has been modified according the Reviewer’s suggestions (Figure_1_New).

Literature cited

Vescovi, E., B. Ammann, C. Ravazzi,and W. Tinner. 2010 a. A new Late-glacial

and Holocene record of vegetation and fire history from Lago del Greppo, northern
Apennines, Italy. Vegetation History and Archaeobotany 19: 219—233.

Reply: Included in references

Specific comments on the annotated manuscript

Line 18 to 19: As consequence, several geomorphological processes, like widespread debris
flows along the slopes and hyperconcentrated flood in the stream channels....

Referee: why putting debris flows in the slopes and hyperconcentrated flows in the
channel? This subdivision is odd! Debris flows require channels! On the other hand
hyperconcentrated flows are defined by the density contrast with ambient fluid, being
fresh- or marine water. But in the continent every flow is denser than air! Therefore, | urge
the authors to make it clearer the definition and nomenclature of flow regimes.

Reply: The sentence “like widespread debris flows along the slopes and hyperconcentrated
flood in the stream channels” has been replaced as follows:

...like debris avalanches and debris flows (Hungr et al., 2013), ......

Line 27: flows into the plain.
Referee: which plain?

Reply: .....flows into the Lake Moo plain.

line 27 to 30: Our main assumption is that, in such a small drainage basin (area <2 km2),
with favourable geologic and geomorphic characteristics implying advantageous sediment
transfer into lake, high density flood can be triggered only by high intensity precipitation
events (HIP) lasting enough time for water to infiltrate and mobilize large quantities of
debris.

Referee:

1) Unclear concept. Or unclear wording. Or both;
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2) The concept of threshold precipitation is well established in the literature. Why do the
authors present it as their assumption? what’s different/new?

Reply: the paragraph has been modified according the Reviewer’s comment as follows:

In accordance with the literature (Milliman and Syvitski, 1992; Mulder and Syvitski, 1995;

Mutti et al., 1996), in such a small drainage basin (area <2 km?), high density flood can be

triggered only by high intensity precipitation events (HIP) lasting enough time for water to

infiltrate and mobilize large quantities of debris.

line 49: In particular, on the northern Apennines, more than sixty percent of total
precipitation of the year is concentrated in days with moderate to high-intensity
precipitation (Isotta et al., 2014).

Referee: few days? unclear!

Reply: The sentence has been replaced as follows:

In particular, on the northern Apennines, more than sixty percent of total precipitation of
the year is concentrated in a few days of moderate to high-intensity precipitation events

(Isotta et al., 2014).

line 86: ..... generated by a small stream that flow into the plain.
Referee: which plain?
Reply: The sentence has been replaced as follows:

..... generated by a small stream that flow into the Lake Moo plain.

line 90 to 97: In the Trebbia-Nure case, a detailed analysis of precipitation (Grazzini et al.,
2016) 90 over Lake Moo site microbasin showed that the observed debris flow occurred
with a peak intensity of 112mm/3h. This is a very high value compared to shallow landslide
and debris flow thresholds find in literature for nearby areas, like the Apuane and
Garfagnana regions (Giannecchini et al., 2012), which can be explained by the dense
vegetation cover present now in the area. In addition, the absence of surrounding
anthropic activities, the vicinity of the lake to the main Apennines crest, very exposed to
maritime moist airflow coming from the central Mediterranean Sea, make this site
particularly 95 suitable for a detailed reconstruction of HIP events over the Holocene in

terms of frequency, sedimentary expression and forcing factors.
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Referee: the phrasing is unfortunate here... | suggest to split the long sentences and make
it clear what conditions occur in the study area with respect to the other areas. F.i the
Apuane are a crest even close to the sea.

Reply: the paragraph has been modified as follows:

In the Trebbia-Nure case, a detailed analysis of precipitation (Grazzini et al., 2016) over
Lake Moo site microbasin showed that the observed debris flows occurred with a peak
intensity of 112mm/3h.

The absence of surrounding anthropic activities, the vicinity of the lake to the main
Apennines crest, very exposed to maritime moist airflow coming from the central
Mediterranean Sea, make this site particularly suitable for a detailed reconstruction of HIP
events over the Holocene in terms of frequency, sedimentary expression and forcing

factors.

line 126: HIP conditions are more frequent in Autumn months due to a particular synergy
of higher frequency of synoptic disturbances and mesoscale convective systems which
could still develop in high thermodynamic unstable environment (Grazzini et al., 2019).
Referee: unclear phrase

Reply: We rephrased in the following way. “HIP conditions are very favourable in Autumn
months due to a particular synergy of mid-latitude synoptic disturbances, which are more
frequent towards the cold season, and strong convective systems, which could still
develop at the end of summer and in Autumn over the warm Mediterranean sea (Grazzini

et al.,, 2019)".

line 143 to 145: From this point of view, the main factor controlling the morphological
evolution of the area of Lake Moo, is the river incision produced by the Nure stream during
the Holocene (Gunderson et al., 2014). This incision triggered the development of
gravitational phenomena on the slopes

Referee: unclear citation: No Holocene incision in Gunderson et al., 2014

Reply: citation has been replaced by Elter et al., 1997.

line 185 and 187:

1) the position in the facies tract with respect to the whole fluvial-hyperpycnal system;
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2) relative flood event magnitude;

3) expected related facies types in more proximal and distal areas

Referee:

1) unclear, please reword it

3) expected based on what? it seems circular...

Reply: points 1, 2 and 3 have been deleted and replaced by the following sentence:

The facies tract approach is important because allows, along the vertical of the S1 core, to

recognize and reconstruction how the flood deposits change in time at a fixed location.

line 264: high density flood

Reply: replaced with debris flows

line 309: ......is like to the infill of a structural depression produced by gravitational block
sliding that was induced by post-glacial fluvial incision (Gunderson et al., 2014).
Referee: odd quotation! again, Gunderson et al., 2014 do not deal with Holocene incision

Reply: citation has been replaced by Elter et al., 1997.

line 314 to 316: The 27 deposits interpreted as instantaneous events representing a total

of 374.5 cm were removed, the remaining were used to build an event-free 315

sedimentary record.

Referee:

1) what percentage of the fine-grained deposits belong to the “instantaneous deposits”?

2) The authors should better explain why they built these two curves... (scope and
methods);

Reply:

Initially, we proposed two age-depth model curves, with and without the coarse-grained

levels (“instantaneous events”). During the review of the article we reflected on the

following:

1) Within the stratigraphic interval with radiometric data, there are many different

stratigraphic intervals without sediment data, for a total thickness of 107cm;
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2) The difficulty in putting the top limit of the "instantaneous events" in an objective way.
This limit marks the passage to regular lake sediments. It is therefore subject to

interpretation because it is often transitional.

The set of these factors do not allow us to evaluate the validity of the curve without the
coarse levels. For these reasons, we have chosen the age-depth model curve with

"istantaneous events" for caution reasons.

All this will be included in the material and methods chapter.

However, it is interesting to observe that in the age-depth model curve with "istantaneous
events", the change in sedimentation at the end of unit 2 is at a depth of 500cm, while it is
at a depth of 403cm in the age-depth model curve without coarse-grained levels. Based on

the analysis of facies, the limit of the end of unit 2 was placed at a depth of 445cm.

line 317 to 319: Four radiocarbon dates were rejected: one (LTL18275Abis code) because it
was not possible to date the sample for poor presence of organic matter, the others
(LTL18275A, LTL18575A and LTL18272A codes) because it was not possible to identify a
calibrate age.

Referee:

1) in this case, this is not rejected...;

2) unclear without the measured data in a table.

Reply: Text and the table TS2 have been modified according the Reviewer’s comments

line 337: ......and June (red) - December (blue) insolation values records reported for 45°
Nord.
Referee: source missing

Reply: done. From Samartin et al., 2017.

line 341 to 342: Caption figure 7. The stratigraphic succession of the S1 core compared
with the most relevant climate proxy available from literature for the area of interest.
Referee: here you should recall all the various proxies with sources.

Reply: done
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line 357: ........ characterized by a period of apparent inactivity of the fluvial system.
Referee: why are you calling yours a fluvial system?
Reply: the sentence has been modified according to the Reviewer’s comment as follows:

..... characterized by a period of apparent floods inactivity.

line 379 to 381.: This rise of temperature is associated also with a comparable
unprecedented intensification of fluvial deposition, testified in the core, by the deposition
of units 4 and 5, which marks the transition (in a short time) from marshy to fluvial 380
sheet-flood deposits (Fig. 5).

Referee: why are you calling yours a fluvial system?

Reply: the sentence has been modified according to the Reviewer’s comment as follows:
This rise of temperature is also associated with a comparable unprecedented
intensification of floods deposition, testified in the core, by the deposition of units 4 and 5,

which marks the transition (in a short time) from marshy to sheet-flood deposits (Fig. 5).

line 406: In this section, we introduce the pollen data to fully exploit the multidisciplinary
approach.

Reply: removed sentence

line 419: This occur in response to warmer conditions and pluvial phase, as indicated by
Regatieri et al., 2014;

Referee: phase is not appropriate, | would use warmer and wetter conditions.

Reply: done. This occur in response to warmer and wetter conditions, as indicated by

Regatieri et al., 2014

line 430: These coarse grained deposits are expressing of proximal facies (LM4 to LM6, in
Fig. 10).

Referee: | don’t find wise to use proximal/distal categories in this case study of such tiny
catchment.

Reply: Distal and proximal terms are related to the moo lake plain. However we

understand that it is not wise to use these categories in such tiny catchment and why Lago
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Moo area is only a step in the evolution of debris flow along its down-slope motion. We

have replaced the concept of proximal and distal with that of "mature" and "immature’

deposits (Mutti, 1992).

line 445 to 446: Capttion figure 10. The stratigraphic intervals 11 and 12 from S1 core
compared with the original pollinic data and the relevant climate proxy available from
literature for the area of interest.

Referee: also in this caption the authors should recall all the proxies with the sources.

Reply: done

line 472 to 481: HIP increase in response to higher temperature is already detectable in
observation series, especially in seasons when moisture availability is not limited, like in
Autumn (Bronnimann et al., 2018; Prein et al., 2017). We found evidences that this
occurred also in the past, especially during HTM testified by higher deposition of large size
sediment in to the lake. A comparison with the past help understanding future projections
on the area, although we are aware that past evolution cannot be taken as an analogous
for future due to the different forcing and consequent response of climate system
(D’Agostino et al. 2019). As temperature will continue to increase on the Mediterranean
area precipitation intensity would keep increasing over the Northern Apennine. We
hypothesize that precipitation intensity increase will be evident in months with cooler and
moist air masses, like in Autumn as it already emerging (see Fig.9), but gradually extending
towards Winter. In summer, increasing conditions of moisture limitations will induce a

decrease in frequency and intensity of precipitation (Dobrinski et al. 2016a and 2016b)

Reply: we will use uppercase letter for seasons

Captions
Figure 1. (a) Location area stricken by the rainfall event of September 13th and 14th
2015 (red square) and Lake Moo plain position (b) The landscape view of the Lake Moo plain

taken from the southern side.
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Figure 2. Location of the geognostic investigations, geophysical surveys tracks, and
detailed geomorphological mapping of the flood deposit occurs between 13 and 14

September 2015 (upper Trebbia and Nure valleys, province of Piacenza, Italy).

Figure 3. Sediment core description (see legend), radiocarbon dates and samples
pollen.
Figure 4. |dealized genetic facies tract interpretation of clastic deposits associated

with S1 core.

Figure 5. Though the exposure is quite small, these graded pebble-sand couplets

could be interpreted as a sheet-flood deposit (Unit 5).

Figure 6. Right: Age-depth model obtained from radiocarbon dates. Black and grey
line represents the two-sigma probability envelope depth without coarse grained events.
Red and orange line represents the two-sigma probability envelope depth with coarse

grained events. Left: S1 core.

Figure 7. Stratigraphy of core S1, main palynological features and microcharcoal
content. Relative abundances of pollen groups, explained in text (sub-section 3.4), are
reported along with the frequencies of hygrophilous herbs and aquatics. Asterisks point to
samples containing coprophilous fungi and other spores like Sporormiella, Dicrocoelium and
Ascaris. These data are compared with the most relevant paleoclimate reconstructions
available from literature for the area of interest. Panel (a) Reconstructed mean July air
temperature from Lago Verdarolo (from Samartin et al., 2017); Panel (b) 6180 speleothem
records and reconstructed precipitation trends (mean anomaly time series) from Renella
cave (slightly modified from Combourieu et al., 2013; Regattieri et al., 2014; Zanchetta et al.,
2011; Zhornyak et al., 2011) and Panel (c) June (red) - December (blue) insolation values
records reported for 45° Nord (from Samartin et al., 2017). Main Holocene climate phases

and events are also shown. Available radiocarbon ages are reported as calibrated years BP.
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Figure 10: Sedimentological and palynological features of two key stratigraphic
intervals (intervals 1 and 2) from core S1 compared with the most relevant paleoclimate data
available from literature for the area of interest (for references please see Figure 7). The
Anthropic Index (Al) has been calculated as: (Anthropic indicators/tree percentage)*100

following Accorsi et al. (1998).

Figure SUP1. Seismic tomography of the underground lake Moo basin. For

geophysical surveys tracks see Fig.2.

Table TS2. Full list of Radiocarbon sample age and description details.

Reply to the Reviewers' Comments Prof. Willy Tinner (Referee 2)

Main issues

1. Somehow surprisingly an age-depth model is presented but not used to put the data on a time-
linear scale, instead depths are preferred throughout the manuscript, which makes it difficult
to compare these novel data with existing palaeoclimatic, palaeoecological and
palaeoenvironmental records.

Following the suggestion of the Reviewer we modified accordingly the

Figure 10, converting depth in time for the two key intervals of the cored succession using the
age-depth model (i.e., the Holocene Thermal Maximum-HTM between ca. 9-7 kyrs BP and
the exit of HTM between ca. 6-3 kyrs BP). This is a very useful comment that improve the
comparison of our data with those already published (i.e., palaeoclimatic records from the
Renella Cave and the Verdarolo Lake). Please see the response to the specific comment N.

2. In some cases, however, the discussion and conclusions need more caution, in particular in
regard to mismatches of temporal scales between the different time-series used.

We modified accordingly, please see the response to the specific comment J.

3. Some factors leading to increased erosion such as human impact and fire are neglected (see
detailed remarks) and need attention.

We agree with the Reviewer and for this purpose we prepared new graphics (revised version of

the Figures 7 and 10), including also new analyses (e.g., microcharcoals). Please see the Formattato: Normale, Bordo: Superiore: (Nessun
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4. The Holocene chronology is based on eight 14C dates, the material is most likely of terrestrial
origin but may suffer from in-built ages (e.g. wood).

We see the point of the Reviewer and we will added text in sub-section 4.2 to better discuss the
possibility of bias due to the methodology (radiocarbon) and the materials used (listed in the
revised version of Table TS2 — Supplementary Material). Please see the response to the specific
comment D.

Detailed remarks

A) The abstract is concise and well written, but some mistakes should corrected (“small ice age”
is probably Little Ice Age, LIA).

Done.

B) It is not just (Glur et al. 2013) that have observed increasing flood activity in and

around the Alps during cold periods. A comprehensive review is provided by Henne

et al. (2018) who emphasize the conflict between the available evidence and the hypothesis of the
authors: warmer conditions do not always lead to more floods. Flood

increases during the Little Ice have been historically recorded and were the consequence of
increased precipitation during cold periods (see e.g. Wanner et al. 2000). It might well be that the
Alps and the Apennines have different regional flood histories (at least in the northern Alps and
the Central European lowlands) and this could be elaborated by the authors.

We agree with the Reviewer. We added text in the Introduction section to better discuss literature
data reporting an increasing flood activity during cool periods over the Alpine region.

Lines 75-90: “Many studies suggest a synchronization of a high frequency of flood events with
cooling periods. Flood reconstructions from natural archives show very consistently that the floods
on the Alpine area have occurred more frequently in times of cold, wet summers (Glur et al. 2013,
Henne et al. 2018). This is clearly recognizable, for example, during the LIA. Other studies
reported that in the hot and dry periods the floods have been rarer, but stronger in their intensity
(Giguet-Covex et al. 2012 and Brénnimann et al. 2018a, Geographica Bernensia, pag.40). At the
same time, no specific flood reconstruction is available, as far as we know, for the Apennine area,
which has a different precipitation climatology from the inner Alpine region.

The association between cold summers and high flood frequency may hold more for the Alpine
region, which has precipitation maxima in summer while in the Apennine area precipitation
maxima are occurring in Autumn. In addition, Alpine data are mostly derived from lacustrine
archives that are influenced by a combination of factors involving precipitation intensity, duration,
seasonality and changes in atmospheric-circulation, land use. These factors might overshadow the
physically based positive correlation between temperature increase and precipitation intensity
(Utsumi et al., 2011; Brénnimann et al., 2018b).

15

Formattato: Normale, Bordo: Superiore: (Nessun
bordo), Inferiore: (Nessun bordo), A sinistra: (Nessun
bordo), A destra: (Nessun bordo), Tra : (Nessun bordo),
Tabulazioni: 8.5 cm, Allineato al centro + 17 cm,
Allineato a destra




C1) Still in the introduction pollen is declared as a palaeoclimate proxy (line 82). Fortunately,
this is not the use the authors make of their (very coarse) pollen record. Actually, pollen is a
palaeovegetation proxy that in some cases and under some conditions can be used to reconstruct
climate.

We agree with the Reviewer. We changed text accordingly: “Those caveats call for an even more
multidisciplinary approach integrating sedimentary archive information and paleoenvironmental
data (e.g., pollen-derived paleovegetation patterns) with climatological observations and physical
arguments”.

C2) Since at latest ca. 5000 cal BP vegetation was strongly altered by humans and land use
effects were gradually overruling climate as the main driver of plant community changes. For the
Northern Apennine this is discussed in detail in e.g. Vescovi et al. (2010a) and Vescovi et al.
(2010b) for Greppo and Pavullo.

At the remote Greppo site in the mountains, pastoral and fire activities increased at ca.

6000 cal BP. At the less remote and warmer site Pavullo, arable farming started around

5000 cal BP. These activities were associated with deforestation (also recorded in the

data of the authors, pollen layers P08, P10, P12 with high herb pollen), a process of

paramount ecosystem relevance which can also increase erosion and flood activities.

This issue needs more attention given that Glur et al. (2013) correctly emphasize that

human impact may affect flood reconstructions deriving from single study sites. However, given
the signal observed in the Moo Lake data with reconstructed flood activity peaking during the
HTM (when human impact was low) and the post-LIA (when human impact was reduced since
ca. 1950 AD), the authors can partly rule out such human effects, which I think is very interesting
and should be elaborated in the text.

This is a very good suggestion. We better investigated the role of human impact mainly in terms
of pastoral activities and fire on the Holocene vegetation changes, especially in terms of trees cover
and then on the reconstructed flood activity. Indeed, we performed: i) a focus on the pollen
percentages of taxa associated with cultivation, pastoralism or generic human disturbance with the
addition of two samples in the uppermost portion of Unit 3, and ii) a new analysis concerning the
microcharcoal record. Our results highlighted:

i) a generally low amount of taxa indicative of human disturbance (i.e., new group “Anthropic
indicators” shown in the new version of Figure 7) characterizes all the samples, with an
almost total absence of cultivated taxa (only 3 samples — P9, P13 and P14 — contain few
grains of cereals: <4%). One relative “peak” (ca. 8%, mainly) is recorded around 8070-
7880 cal. years BP (sample P6) due to the categorization difficulties concerning anthropic
spontaneous taxa. More consistent “peaks” of ca. 6.5-8% (mainly Chenopodium,
Convolvulus arvensis, Plantago cf. media, Urtica) occur within the stratigraphic interval 2
(samples P8-P10 and P13) and dated between ca. 5780-5630 (P08) cal. years BP and 1270-
1110 cal. years BP.

ii) the concentration of microcharcoals is very low (ranging between ca. 0.2-200 mm?/g), also
considering the data obtained by Vescovi et al. (2010a) and Vescovi et al. (2010b).
Interestingly, the coarser microcharcoals (>125 micron), which can be interpreted as the
product of local fires, are absent throughout the cored succession, with the exception of the
most recent sample P14 (dated 146-14 yrs BP) that, however, contain only ca. 0.05 mm?/g.

Thus, according to the Reviewer comments, pollen data reasonably suggest a certain degree of
human impact on the decrease of tree cover since about 6000-5500 cal. years BP (up to 30% of
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herbs within sample P13). This impact is probably due to pastoral activities as documented by the
relative abundance of pollen meadow (pasture) taxa and the sporadic presence of coprophilous
fungi and other spores like Sporormiella, Dicrocoelium and Ascaris (asterisks in Fig. 7). However,
the integration of stratigraphic and pollen data points to a low degree of impact of both pastoral
activities and fire as triggering factors for floods, strongly supporting our hypothesis.

All these results are now shown in the new version of Figures 7 and 10 (attached below). Text of
section 5 (in particular sub-section 5.1) will be changed accordingly, taking into account the new
pollen and microcharcoal data and the Reviewer’s suggestions.

D) The chronology is likely sufficient to support the inferences and conclusions of the

authors, however, the authors may state that they assume that all radiocarbon samples

had no hard-water effects (e.g. in particular for peat, what is the material in the peat

layers mainly? Cyperaceae?). Indeed, there are limestones and breccias in the catchment and
dating of bulk sediment material under such conditions can lead to wrong reconstructions (see
Finsinger et al. 2019). Similarly, do the authors exclude inbuilt ages or reworking effects for
wood samples (e.g. were they small twigs, see discussions in Gavin 2001; Oswald et al. 2005)?

For what concerns wood samples, we sampled exclusively small twigs in order to reduce, as much
as possible, potential bias due to long-lived plants following the suggestion of Oswald and
colleagues. In our opinion, reworking effects can be considered negligible as samples were
collected from fine-grained deposits.

About the peaty samples, the high degree of decomposition prevented material identification in
terms of taxa. However, pollen analyses highlight the dominance of Cyperaceae that likely
represent the main component of peaty layers.

These issues will be briefly presented/discussed in text (in 4.2 sub-section). We have also changed
the Supplementary Table TS2 accordingly (upload separately).

E) The July temperature reconstruction of Verdarolo is in agreement with that of Gemini and
several other proxies, this may be stated at line 197 to increase the representativeness and validity
of the Verdarolo record (see discussion in (Samartin et al. 2017).

Done.

F) In regard to palynology, did the authors really do all identifications at 1000 magnification?
The standard is 400 x (to be efficient), only difficult pollen such as Triticum, Avena or Hordeum
types is usually observed at 1000 x (line 216). What is in the pollen sum? Please state (e.g.
terrestrial pollen, no aquatics, no spores).

We will correct/add information about pollen and microcharcoal analyses in text (sub-section 3.4)
as follows:

3.4 Palynological analyses

Palynological analyses were carried out on 14 samples collected from fine-grained layers of core
S1 to refine facies characterization and obtain pollen-derived paleovegetation data. Following the
radiocarbon dating, we particularly focused on two key stratigraphic intervals. The oldest one
(Interval 1 — ca. 11-9 m core depth) encompasses the period between ca. 7300 - 9600 cal yr BP
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centred on the Holocene Thermal Maximum (HTM). The youngest one (Interval 2 — ca. 5.5-4 m
core depth) records the final stages of HTM and the following period between ca. 5500 - 3800 cal
yr BP. In these two stratigraphic intervals, the mean sampling resolution is ca. 30 cm.
Palynological analyses were carried out applying a methodology already tested for pollen
substrates with some minor modifications (Lowe et al. 1996). The method includes the following
phases: about 8-10 g were treated in 10% Na-pyrophosphate to deflocculate the sediment matrix.
A Lycopodium spores tablet was added to calculate pollen concentration (expressed as pollen
grains per gram = p/g). The sediment residue was subsequently washed through 7 micron sieves
and then re-suspended in HC1 10% for remove calcareous material and subjected to Erdtman
acetolysis; heavy liquid separation, method was then introduced using Na-metatungstate hydrate
of s.g. 2.0 and centrifugation at 2000 rpm for 20 minutes. Following this procedure, the retained
fractions were treated with 40% HF for 24 h and then the sediment residue was washed previously
in distilled water and after in ethanol with glycerol; the final residue was desiccated and mounted
on slides by glycerol jelly and finally sealed with paraffin.

This method preserves the slides for many years after preparation and therefore it is suitable for
pollen extractions from geological and paleo-archeological samples. ldentification of the samples
was performed at 400 magnification and only difficult pollen such as Triticum, Avena or Hordeum
types at 1000 magnification.

Determination of the pollen grains was based on the Palinoteca of our Laboratory, atlases and a
vast amount of specific morpho-palynological bibliography. Names of the families, genus and
species of plants conform to the classifications of Italian Flora proposal by Pignatti (2017-2019)
and European Flora (Tutin et al. 1964-1993). The pollen terminology is based on Berglund and
Ralska-Jasiewiczowa (1986), Faegri and lversen (1989) and Moore et al. (1991) with slight
modifications that tend to simplify nomenclature of plants. The term “taxa” is used in a broad sense
to indicate both the systematic categories and the pollen morphological types (Beug 2004).
Identified pollen groups (at least 500 pollen grains) have been expressed as percentages of the total
(usually between 500 pollen grains). The component of the pollen sum includes only terrestrial
pollen, no fern spores and no aquatic plants.

The following groups were identified: Conifers (Pinus/Abies alba), Decidous trees (this group
includes quercetum taxa — Quercus, Carpinus betulus, Corylus avellana, Fraxinus, Ostrya
carpinifolia, Tilia and Ulmus + other Deciduous trees), Meadow (this group mainly comprises
Fabaceae and Asteroideae, Caryophyllaceae, Cichorioideae and Poaceae), Anthropic indicator
(e.g. Cerealia, Chenopodium, Convolvulus arvensis, Plantago, Urtica) and Alia that includes all
taxa excluded from previous groups. The hygro + aquatic plants, which includes hygrophilous
herbs (e.g., Cyperaceae) and helophytes and hydrophytes (i.e., Lemna, Junchus, Nymphaea,
Phragmites, Potamogeton and Sparganium), are considered proxy of humid conditions typical of
wetlands.

3.5 Microanthracological analysis

The same samples prepared for pollen analysis were also investigated for the identification of
microcharcoals. Microanthracological analysis has been used to understand past fire events mostly
connected to anthropogenic activities. Point count estimation of microscopic charcoal abundance
was carried out, and charcoal fragments encountered during pollen counting were recorded in four
size classes, based on long axis length (10-50, 50-125, 125-250, >250 um) (Whitlock, Millspaugh
1996; Clark 1982, 1997; Patterson et al. 1987; Whitlock, Larsen 2001). The former two classes are
thought to be wind-blown transported hence giving information concerning the regional fire events,
whereas the latter two are considered the result of local vegetation burning.

G) The discussion starts with a figure description over 6 lines (332-337), this is not
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really exciting, is actually very descriptive (and may stay confined to the figure caption). Why
not starting more dynamically with lines 345 (and following text), stating that high flood activity
occurred during the HTM? This would make the text more appealing.

We agree with the Reviewer and we shifted part of the text in figure 10 caption:

Figure 10: Sedimentological and palynological features of two key stratigraphic intervals (intervals
1 and 2) from core S1 compared with the most relevant paleoclimate data available from literature
for the area of interest (for references please see Figure 7). The Anthropic Index (Al) has been
calculated as: (Anthropic indicators/tree percentage)*100 following Accorsi et al. (1998).

H) Model simulations confirm that the HTM was more humid during the summer. This
outcome is mainly driven by (orbitally forced) summer insolation and the resulting mid
latitude (i.e. Mediterranean and European) evaporation. It seems unlikely that enhanced tropical
monsoon activity may have led to wetter climate as far north as the

Northern Apennines by vapor transport or related phenomena deriving from the monsoons (see
e.g. discussion in Tinner et al. 2009). On the contrary, the strong highpressure field resulting
from monsoonal activity north of the ITCZ at ca. 30 N was particularly active during the Early
Holocene (causing very dry conditions over the Mediterranean), to become weaker during the
Mid Holocene including the HTM, which likely allowed westerlies to reach the Mediterranean,
thus creating more humid conditions.

Please discuss and refine, Skinner and Poulsen 2016 is about tropical air

masses and related humidity changes, not mid-latitudes.

Studies have documented how mid-latitude extreme precipitation events are very often linked to
the transport of remote tropical air masses, in the form of strong confluent airflows, ahead of polar
cold fronts, which concentrates water vapour into narrow and very elongated (>2000km) plumes
(Atmospheric rivers). Atmospheric rivers have been found to be responsible for more than 90 %
of the total poleward atmospheric water vapor transport through the middle latitudes (Ralph and
Dettinger 2011). Krichak et al. 2015, documented how this mechanism is also relevant also for
Mediterranean extreme precipitation events, especially the ones occurring in autumn, in addition
to local evaporation from the Med sea. In that context the study of Skinner and Paulsen 2016 shows
that “the atmospheric environment associated with mid-Holocene fall rainfall resembles that of the
tropical-extratropical interactions, or tropical plumes, observed in present-day northwest Africa
[Geb, 2000; Nicholson, 2000; Knippertz et al., 2003]. Specifically, tropical convection carries
moisture into the midlevels of the troposphere where it is transported northward into the Sahara
within  strong southerly flow between an upper level trough and anticyclone
[e.g., Knippertz, 2003].” In that context an increase in frequency or intensification of tropical
plume export could also have had an effect of increasing water vapour availability over the
Mediterranean for heavy precipitation events.

1) Lines 361-364: which Alpine lakes do the authors mean? The new one by the
authors? Are the authors referring to summer temperatures and more intense summer
precipitation (the proxies are about that, see Samartin et al. (2017), please refine.

Done. We refined the paragraph to be more specific. “In Fig.7 we observe a positive correlation
(at the millennial scale) between reconstructed (July) temperatures at VVerdarolo site, precipitation
intensity from nearby speleothem records from Apuane caves (Regattieri et al., 2014; Zanchetta
et al., 2011) and high HTM flood activity recorded in S1 core. Our findings support the evidence
from other authors (for example Marcott et al. 2013, Giguet-Covex et al., 2012), which are
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associating greater warmth with more extreme precipitation events, probably rarer and more
concentrated at the end of Summer/Autumn, when conditions are more favourable.”

J) Itis true that July temperature during the period 1961-2018 increased by about
+4.3 C in the data of the authors (lines 366-378, 11 yr running average). However,
this is at an intermediate level between weather and climate. At climatic temporal
scales > 30 years for July means, the increase might be more similar to +2 C (14 vs
16 C). Why is this important? The proxies involved have in the best case multidecadal
resolutions, in the case of Samartin et al. (2017) ca. 80 years for the past 1000 years
and ca. 250 years for the YD/Holocene transition. Caution is therefore needed. No
way to reconstruct rates of climate change at decadal scales with such data, they were
instead designed to study multi-centennial trends such as the HTM. Where resolution
of multiproxy studies was high enough (reaching decadal scales) the early Holocene
warming in proximity of the Northern Apennines was estimated to ca. 3-4 C within 48
years (Schwander et al. 2000; von Grafenstein et al. 2000). Please refine to avoid
mismatches of temporal scales.

M) Lines 462-465 see remark J and please refine to consider mismatches of temporal
scales of time-series involved.

The value +4.3°C (in 100 years) refers to the temperature trend estimated with a linear
regression (Mann_Kendal_Test method used for significance) from the Eraclito ER dataset,
covering the period 1961-2018. It has not to be confused with the actual increase in the same period
which is lower, near +2°C. The trend is computed from the row July monthly averages while the
11yr running average is used only in Fig.8 to smooth the curve in the graph. The idea of calculating
the trend over 100yr is an attempt to make comparison feasible with proxies with a multidecadal
temporal resolution. As you pointed out, this comparisons paraphs hold in the first 1000 year of
proxy reconstruction while, for the YD/Holocene transition, the comparison is less meaningful.
Although we agree, we could not draw firm conclusions, the observed recent trend it is very high
and similar or superior to estimated trends from other studies, including Henne et al. 2018, which
report as a maximum trend +3-4 °C in 50-100 years at the onset of the Holocene. We realize that
in the earlier version of the manuscript, we were only briefly mentioning the problem of contrast
instrumental data with reconstructed temperature data (line 377-378). We will argument better this
comparison and be less firm in our conclusion.

K) Discussion of pollen, what kind of conifers were involved? | assume Abies alba
mainly during the HTM. This implies that Abies alba reached its peak during the
warmest period of the Holocene, in sample P7 (which chronologically coincides with
the HTM peak of Samartin et al. 2017). Thus the sentence at lines 423-424 should be
“In the P7 sample we observe a further increase in conifers (75%, mainly Abies alba)
and a consequent reduction in deciduous trees (10%) during warmest HTM conditions.”
This finding might be explained by the fact that Abies alba is a warm-temperate tree
(not a boreal conifer) that prefers rather moist conditions (see discussion in Tinner et

al. 2013), which is in full agreement with the interpretation of the authors.

We better explained in Figure 7 the encountered conifer taxa and their trends within the two
intervals of interest (i.e., Interval 1 and Interval 2 in Figs. 7, 10). We agree with the Reviewer’s
comments about A. alba, as the highest relative abundances characterise the HTM (derived from
the temperature curve of Lake Verdarolo; Samartin et al., 2017) and the most humid Holocene
period (from the 3180 curve of Renella Cave; Zhornyak et al. 2011; Zanchetta et al., 2011,
Combourieu et al., 2013; Regattieri et al., 2014). Interestingly, a peak of ca. 60% occurs at sample
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P7 dated around 7300 cal. years BP in correspondence of the maximum temperature values (please
see also Figs. 7, 10). We will accordingly add text about these data in section 5.

L) Lines 436-439. The creation of openland and grassland was a consequence of land
use, not climate. To reduce the forest cover to 30 %, semi-desert conditions would

be needed, even in hot coastal Sicily arboreal pollen was at ca. 80% during the Late
Holocene, when land use was low. The authors should cite relevant literature from
the Northern Apennines (e.g. Vescovi et al. 2010a and Vescovi et al. 2010b) that
permits attributing such changes to human impact through high taxonomic resolution
(e.g. increase of Rumex acetosa and R. acetosella at Greppo as proxies of pastoral
farming, of Plantago lanceolata and Cerealia at Pavullo as proxies of arable farming).

We see the point of the Reviewer as explained in response to comment C2.

Specifically, pastoral activities are quite well documented by pollen data and spores in samples P9-
P13, however no evidences of significant local fire are detected by means of the microcharcoal
analysis (as explained in the response to comment C2).

N) Figure 7: A pity the new Moo record is not on a time scale. How will future research be able
to compare this with new results on a depth scale? Figure 10: x-axis label for pollen is missing. Is
this 100%?

We modified figures 7 and 10 in order to plot our data firstly against core depth (i.e., Figure 7,
where we added the label for the horizontal scale) and then selected index/data against a time
scale (i.e., Figure 10).

Figure 7. Stratigraphy of core S1, main palynological features and microcharcoal content. Relative
abundances of pollen groups, explained in text (sub-section 3.4), are reported along with the
frequencies of hygrophilous herbs and aquatics. Asterisks point to samples containing coprophilous
fungi and other spores like Sporormiella, Dicrocoelium and Ascaris. These data are compared with the
most relevant paleoclimate reconstructions available from literature for the area of interest. Panel (a)
Reconstructed mean July air temperature from Lago Verdarolo (from Samartin et al., 2017); Panel (b)
5180 speleothem records and reconstructed precipitation trends (mean anomaly time series) from
Renella cave (slightly modified from Combourieu et al., 2013; Regattieri et al., 2014; Zanchetta et al.,
2011; Zhornyak et al., 2011) and Panel (c) June (red) - December (blue) insolation values records
reported for 45° Nord (from Samartin et al., 2017). Main Holocene climate phases and events are also
shown. Available radiocarbon ages are reported as calibrated years BP.

Changes in high--intensity precipitation on the Northern
Apennines (Italy) as revealed by multidisciplinary data over the

last 9000 years
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Abstract. Several record-breaking precipitation events have stricken the mountainous area of Emilia-Romagna Region
(rorthernNorthern Apennines, Italy) over the last years. As a consequence, severalsevere geomorphologlcal processes,
like widespread-debris avalanches and debris flows-a
shallow landslides and overbank flooding affected the territory, causing serioussevere damages to manhuman-made
structures. The unusual intensity and-wide-spatial-scale—of these phenomena leads—us—te—investigateprompted an
investigation on their frequency in the past, beyond the instrumental time. A-detailed-study-ofAre these recent-depesits
compared-with-fossipeatphenomena unprecedented in the region?
Peat bog and lake paleodepesits-deposits can provide useful insightelements to reply to suppert-a-strong-mateh-between
precipitation—intensity-this question and warm-climaticphasesto infer the frequency of extreme precipitation events
occurred in antecedent climatic periods,as-expected-by the increase-air water vapour-holding capacity-at higher
temperaturespast.
Here we present the results of thea dedicated field campaign performed in summer 2017 at Lake Moo a-0.15km?in the<
Northern Apennines, a 0.15 km? peat bog located at an altitude of 1130m1130 m a.s.l. Thechosen-area-has been-affected;
duringDuring the flooding-of the-upperTFrebbia-and-Nure-vaHeys-extreme precipitation event of 13-14 September 2015,
by-several high-densitydebris flows, generated by thestream-that-flow-inte-thesmall streams, have affected the Lake Moo
plain. Qupmamﬁassumﬁuepﬁl&tha{—mln such a small drainage basin (area—<2 km?),-with-favourable-geclogic-and
j ity-(< 2km?), high-density flood
can be triggered only by high--intensity precipitation events-(H1P)-lasting-eneugh-time forwater to-infiltrate-and-mebilize
large-quantities-of-debris.
The sedlmentary succession (ca 13 m- thlck) was studied through the eAFaeHenMg of two cores and one trench. Fhe

izedThe sequence, characterised by

clusters of coarse-grained alluvial deposits interbedded with organic-rich silty clays and peatypeat layers, was
achievedanalysed combining sedimentological-and, pollen—data—with, microanthracological, pedological data and
radiocarbon dating (AMS C).), in an innovative multidisciplinary approach for this area.

Observed-depositional-eyclesOriginal data acquired during the field campaign were put-in—relationalso correlated with
other specific paleoclimatic proxies available in the literature for the Nerth-ApennineNorthern Apennines area. Fhis
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comparison-HlustratesWe discover that the increase of extreme paleoflood-{. associated with coarse-grained deposits
similar to the ones observed recently), correlates well with the warm phases with-a-maximum-activity-duringof the

Holocene thermal-maximumThermal Maximum and frem-the-smal-ice-age-to-the-present-day-with the ongoing warming
trend observed which started at the beginning of the last century.,

Keywords

extreme precipitation, Holocene flood histery,-nerthernactivity, Northern Apennines, climate change, water cycle, global
warming

1. Introduction «

The—frequency—of—high—High-intensity precipitation (HIP),) events, also known as torrential
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rainstermrainstorms, for their capacity to generate flash flood efon, small streams, isrepresents a key |

ha formattato

aspectsignificant component, of the watercycle-of Mediterranean climate-since-a-significant-amount-ofwater cycle.

ha formattato

More than half of the annual precipitation is often concentrated in a few major precipitation gvents (see-for

examplee.q., Frei and Schar 1998; |sotta et al., 2014), forthe Alpine-area)ThereforetheA better knowledge of
thetheir,_expected frequency (and theirmaximum intensity),—in-present-andfuture climate is-a-very impertant
eonstraint) Is crucial, for planning adequate hydraulic defences and sustainable water resources managing—tn

5 ar—on-the-northern-Apennines—more-than v percentof-to orecin on-of the ve oncen ed-ind

with-moderate-to-high-intensity-precipitation{management in the present and future climate. jseftaetal-—2014%

Northern-laly g over-the e here we-have been

Under the threat of the global warming, a growing number of studies are-investigatinghave investigated

the link between currents temperature rise of air masses and intensity of extreme precipitation-intensity—A

since-1980although-this-islargely-changing with the-area-ofthe-, highlighting spatial and seasonal differences across
the globe eensidered{(e.0., Lehmann et al-., 2015;; Papalexiou and Montanari, 2019). There is a consensus that

HIP events are increasing with global warming, more than mean precipitation which paradoxically could
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instead decrease in some regions (Berg et al., 2013). Myhre et al. (2019) show that HIP precipitation over

ha formattato

Europe almost doubles per degree of warming, due to the combined effect of increasing frequency (the major

ha formattato

driver) and an increase in intensity.

At the local scale, different responses of weather patterns and limitations in moisture availability can

alter the uniform expected raise of HIP due to the increase of saturation water vapour pressure (6-7% K™) (e.g.,
Westra et al., -2019)-Onthe-Alpine-domain2014; Prein et al., 2017). For example, on the Swiss Alps, Scherrer et |
al. (2016) found a significant increasesincrease, in daily extreme precipitation indices everSwitzerland(since the
beginning of the last century (i.e., between 1901-2014).) while Brugnara and Maugeri (2019),through-the
analysis-of-newly digitized-data-of the-last 150-years) documented regional differences in HIP trends across the
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whole Alpine area,foundregional-differences-in-the-trend-of the-extremes-suggesting. These results suggest, that
instrumental data aredo, not eeveringcover, a sufficientsuitable, period of timeto infer reliable local changes in

HIP frequency.
The investigation of sedimentary archives, like peat bogs and lakes, allow testing the robustness of the

hypothesised linkage between gxtreme even
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(i.e-Heloecene)Inliterature|n literature, there is ample documentation of the use of these sedimentary archives

to reconstruct chronologies of past flood events chrenclegies(Ahlbern(Zavala et al., 2018; Anselmetti2006; |

Zavala et al., 20142011; Giguet-Covex et al., 2012; Gilli et al., 2013; Giraudi, 2014: Glur et al., 2013; Stoffel et
al., 2013; Wirth, 2013; Wirth et al., 2013; Anselmetti et al., 2014; L ongman et al., 2017; Schillereff; et al.,
2014; Stoffel et al., 2016; Swierczynski et al., 2017; Ahlborn et al., 2018; Wilhelm et al., 2012, 2018; \Wirth,
2013 Wirth-et-al.-2013: Zavala and Pan, 2018; Zavala-et-al.2006: Zavala-et-al-2011), alongside others as tree
rings (Ballesteros-Canovas et al., 2015;-Stoffel-et-al.-2013), speleothems (Regattieri et al., 2014; Zanchetta et

al., 2011) and torrential fans and cones (Schneuwly-Bollschweiler et al., 2013).

high-Interestingly, over the Alpine
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area a synchronisation between increasing flood frequency ef floed-events-with-and Holocene cooling periods-
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For-example~ characterised by cold and wet summers, like the Little Ice Age-LIA, has been documented by a

large number of studies (e.g., Glur et al-{., 2013); presenting-results from-a-multi-archive flood reconstruction-based
on-sediments; Henne et al., 2018). Other authors reported that under warm paleoclimate conditions floods in

the Alps became rarer but stronger in intensity, highlighting the complexity, of tenthis issue (Giguet-Covex et

al., 2012; Bronnimann et al., 2018a), Alpine la

depositionsdata mostly derive from lacustrine sedimentary successions that are known to be jnfluenced by a

combination of factors which-invelves(e.g., precipitation intensity, duration, seasonality; and, changes in

atmospheric-circulation which—and land use) that might overshadow the physically—pased pesitive
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correlationrelation, between temperature increase and extreme precipitation intensityevents (Utsumi et al., 2011;
Bronnimann, et al., 2018)-These-caveats-call-for-an-even-more-multidisciplinary-approach-integrating-paleoclima
{peHen)sedimentary-archive-information2018b).

In contrast, less attention was paid on the Holocene flood activity in the Northern Apennine area (N

Italy in Fig. 1), which has a different precipitation climatology compared to the inner Alpine region. Indeed,

the link between cold summers and high values of flood frequency appears more logical for the Alpine region,

which shows a precipitation maximum in the Summer. In contrast, in the Northern Apennine area, precipitation

maxima occur in Autumn with more than sixty per cent of the annual total precipitation concentrated in few
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days characterised by severe meteorological events (Isotta et al., 2014).

Focusing the analysis on the Emilia-Romagna Region (ER Region; Fig. 1), an increase in interannual

variability of torrential rainfall has been observed over the last ten years with marked or even exceptional

droughts, such as those occurring in 2012 and 2017 (Grazzini et al., 2012), followed by years of record-
breaking rainfall (2014 and 2018). Between September 2014 and September 2015, the ER Region has been
affected by three events of exceptional intensity with an estimated return period of several centuries (Grazzini

etal., 2016).

To consolidate HIP trends on the N Apennine area, we analysed the Holocene sedimentary succession

of a small-size peat bog (Lake Moo in Fig. 1) through the application of a multidisciplinary approach that

integrates sedimentological and environmental data (e.g., pollen-derived paleovegetation patterns), with

climatological observations and physical arguments,, ta-this study.-we-aim-to-fill this gap; extending-and-reinforcing

forcingfactors.Lake Moo is located in the proximity of the main N Apennines crest that is very exposed to moist

maritime airflow coming from the central Mediterranean Sea. The dimension of the drainage basin is small

(total area <2 km?) and the anthropic impact is low as the site belongs to the Natura 2000 network (site code

and name: 1T4020008 - Monte Ragola, Lago Moo, Lago Bino). Moreover, the activation of debris flows (sensu

Hungr et al., 2013) during the severe flash flood event occurred on 13"-14™ September 2015, with an estimated
rainfall intensity of 112 mm/3h over the Lake Moo basin (Segadelli et al., 2020; Grazzini et al., 2016), offers

the unigue opportunity to use these recent deposits as the archetype of past events. According to literature
(Milliman and Syvitski, 1992; Mulder and Syvitski, 1995; Multti et al., 1996), in such a small drainage basin
high-density floods can be triggered only by HIP events lasting enough time for the water to infiltrate and

mobilise large quantities of debris. All these geomorphological features make the Lake Moo an ideal site to
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investigate past changes in HIP events in terms of sedimentary expression, frequency and forcing factors, and
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to address the following research questions:,
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a) Could we consider thesethe, recent events unprecedented everlengertime-seales2on a millennial<

timescale (i.e., the Holocene period)?,

b) Hyes-isls the frequency of theseHIP, events coupled with (paleo)temperature variations?

2. The study area
2.1, Geographic and elirratieclimate context
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The Lake Moo plain (44°37°29”"N, 9°32°25”E) hasa surface-area-of), about 0.15Km* 115 Km? wide, is
located near the boundary between Emilia-Romagna and Liguria regions (Piacenza province, Italy);; Fig. 1a)

in the highupper, valley of the Nure stream at an average altitude of 1130m-1130 m above sea level (a.s.l-(Fig-
1-Newadays;.). A high tree cover density characterises the present-day catchment area ef(i.e., the Lage-Moe-is

characterized-by-a-dense forest-cover-(total woodland cover efca.is 65.55%; Corticelli et al., 2011), with a high \
vegetationalrichness of plant species and an exceptional concentration of protected mountain speciestaxa with “

a highparticular, phytogeographical interest. The vegetation landscape shows the widespread |

presenceoccurrence, of the Fagus sylvatica—is, locally interrupted by grazing land-areas and blueberry:‘

MR lal VS,

Pinus nigra is also present{Table Land-documented (Fig. 11b).

moorlandmoorlands with the presence of the rare Juniperus nana and Sorbus chamaemespilus. Reforestation of |
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Figure 1. (a) Location and-phetemap of the, Lake Moo site

10°00"E

15°0'0"E

] 2
in-the catchment area of
Lago-Moo

Carpinus-genus)

Total 122 65.55 Moderately dense forest

Fable— 1 Actual-vegetation—cover—of Lake Moo—area—deductedplain. The area affected by the extreme
precipitation event of September 13" and 14" 2015 is highlighted by Certicelli-et-al2011

Fhe—climatethe red rectangle. (b) View of the area—is—characterised—byLake Moo landscape from the

altitudesouthern side.
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Present-day climate conditions primarily reflect the interaction of the prevalent atmospheric flow,and

the mountain range,—with-enhanced-humiditygiven-the-shert-distance_surrounding the Lake Moo plain. The
proximity, to the TyrrhenianLigurian, Sea (Nistor,-2016). The-menths-with-the-about 40 km SW) makes the location

particularly favourable to orographic precipitation enhancement in case of moisture-laden southerly-flow. The
Jlargest amount-of precipitation areis usually observed,in &he—transMen—seasens—QSprlng and the Autumn);, with a

predeminantmarked, peak in early

Autumn. In this period we observe a particular synergy of higherfrequency-ofmid-latitude, synoptic disturbances
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and-mesescale, becoming more frequent towards the cold seasons, and strong, convective systems which-could
stitl-develop-in-high-thermedynamic-unstable-envirenment still developing over the warm Mediterranean Sea at the

end of Summer and in Autumn (Grazzini et al., 2019).2020); a situation very favourable the genesis of extreme

precipitation events in the area,,

2.2. Geological and geomorphological setting «

The study area mainly consists mainly-0f strongly-serpentinized-ultramafites-gxtensively fractured and
\
representing the-original-oceanic-crustserpentinites that represent the accreted fragments, of the Ligure-Piemontese

oceanic bpasin, developed-in-the-Mi

pA AL,

separating the

European and Adrla plateplates during the Middle-Upper Jurassic, (Marronl etal. 2010) Duetothe-compositional
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ultramafites are bordered by depesﬁsANmeh%p%edemmanﬂ%eharaetenzeekb%polygemc breccias{(Casanova
complex;early Campanian-age,Vescovi;2002),, made of blocks of limestones or marly limestones immersed
inembedded within, a fine-grained matrix era-mineral-cement.(Mt. Ragola Complex, Late Santonian Early

CHIUCUUCU VWit .,

Campanian; Elter et al., 1997),

The merphelogy-of the-areageomorphological landscape, includes flat areas and steep slopes located at ‘

different altitude-that some-authors(Elter-et-al-1997altitudes. On the former, marshy environments commonly
occur recording the last filling phases of small lacustrine basins, some of which still exists as the Lake Moo

and the Lake Bino (Figs. 1-2). However, the origin of the Lake Moo is still a matter of debate as some Authors

point to a glacial origin (Elter et al., 1997; Marchetti and Fraccia, 1988; Carton and Panizza, 1988)-interpret-as

authors—such—as—the-), while others have interpreted the basin as the expression of Holocene deep-seated

gravitational slope deformations (Geological, Seismic and Soil Service of the Emilia-Romagna Region—

landslides;, 2012) mainly controlled by changes in the 2849)-From-this-point-of view the main-factorcontrolling

iverjncision preduced byrates of, the Nure stream during

2014} This-incision-triggered-the development1997). The complexity, of

the—Holocene{Gunderson(Elter et al.,
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gravitational-phenomena-on-the-slopes—These-complexpast and present morphological features-of-the-area-is-alse ha formattato: Tipo di carattere: 11 pt

influencedprocesses are likely enhanced, by the presencesuperposition, of lithological elementsunits, with astrong ha formattato: Tipo di carattere: 11 pt

mechanical contrast, such as ophiolites superimpesed-enand the underlying a predominantly clayey substrateunit, ha formattato: Tipo di carattere: 11 pt
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The-selection-of the-study site-has-been-obtained-following-Taking into account the griteria indicated by
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The field campaign led to the acquisition of two sedimentary cores (S1 and S2)), 14m,and 6m-long<
respectively, and one trench.-investigating (T1), undertaken to investigate, the sedimentary succession capped
by the high-density flood depesitdeposits formed during the lastrecent HIP event (1413"-14" September 2015).
The location of the cores and the trench

benefited from a detailed k

geomorphological map (Fig. 2) and a high-resolution reflection seismic survey (Fig. SUP1 ofin, the

supplementary material)-and-a-detailed-geomerphological-map;), both ef them originally produced for this purpese :
(Fig—2).research, The fermerlatter, provided useful information enabout the lake basinflecrbasin-floor,
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morphology and the thickness of the infilling succession.

{ ha formattato: Tipo di carattere:

11 pt

Formattato: Rientro: Prima riga:
9 cm, Allineato a sinistra

1.25 cm, Tabulazioni:

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

11 pt

ha formattato: Tipo di carattere:

[
{
[
[
[
[
[
[
{ ha formattato: Tipo di carattere:
[
[
[
[
[
[
[
[

11 pt

31

Formattato: Normale, Bordo: Superiore: (Nessun
bordo), Inferiore: (Nessun bordo), A sinistra: (Nessun
bordo), A destra: (Nessun bordo), Tra : (Nessun bordo),
Tabulazioni: 8.5 cm, Allineato al centro + 17 cm,
Allineato a destra




Figure 2. LoeeationGeomorphological map showing the main geological units and the hydrological elements of the Lake<«

Moo plain. The detailed mapping of flood deposits formed during the recent HIP event (13%-14" September 2015), the
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location of the geognostic investigations; and the

geophysical surveys tracks,-and-detailed-geomorphelogical-mapping-of

ember—20 npe ebh nd-Nure-vallevs—nrovince-of Piacen

4 )

Hahy)- are also reported.,

The two cores, S1 and S2, 14-and-6-meterslong-respectivelywere performed-through-undertaken using a /

continuous perferatingdrilling, system—which that guaranteed an undisturbed cere-stratigraphy and a high |
recovery percentage (Stabout 90%-and-S2-919%)-The-%). A trench;carried-outin- (6m long, 3m wide, 2m depth) |

was excavated between the two cores+eached-the-depth-of 2-meters,the length-of 6-meters-and-the- width-of 6-meters:
The-subsurface-succession-was-stratigraphically-analysed.-and-the- allowing a detailed analysis of the most recent
deposits.

We focused our attention on the Jongest core (S1) was-selected-that shows the complete record of the <
Lake Moo infilling succession, as reference-and-sampled-for-it reaches the ophiolite bedrock. Therefore, all the
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laboratory analyses (grain size, radiocarbon and palynological analysis) were undertaken on core S1, while

the other core (S2) and the trench were used in support to the stratigraphic reconstruction. Elevation and

geographic coordinates of reference core S1 were acquired using Garmin eTrex 10 GPS receiver: 1120.2 m.
a.s.l. and 44° 37 25”N — 9° 32° 43”E, respectively,

3.2, Facies analysis and chronology “

A-facies-characterizationFacies characterisation, of the Lake Moo sedimentary succession has-beenwas

mainly, performed en-basis-efintegrating, the observable macroscopic physical characteristics (i.e., grain size,
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sedimentary structures, Munsell chart colour and types of bounding surfaces);and-granulometric) with the grain-

size data, the latter, available for the reference core S1. { ha formattato: Tipo di carattere: 11 pt
»_The interpretation in terms of« {ha formattato: Tipo di carattere: 11 pt
depositional environments also benefited from the precise position of the core(s) with respect to the spill point [Formattatm Rientro: Prima riga: 1.25 cm
of the Lake Moo and the application of, the facies tract concept. A-The latter strongly supported the [ha formattato: Tipo di carattere: 11 pt
interpretation of the coarse-grained intervals encountered throughout the studied succession. Specifically, a [ha formattato: Tipo di carattere: 11 pt
facies tract is defined as the association of genetic facies tract-here-means-all-faciesthat can be, observed within {ha formattato: Tipo di carattere: 11 pt
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tract appreach mportant-because-allows to-recognize-the-following-impertant-information-like:concept, if framed
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into the core(s) stratigraphy, may allow reconstructing how flood deposits changed through time at a fixed
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location (Figs. 3, 4), -
{ ha formattato: Tipo di carattere: 11 pt
ha formattato: Tipo di carattere: 11 pt, Colore
carattere: Nero
ha formattato: Tipo di carattere: 11 pt, Colore

The abundance of wood remains and peat-levelsin-peaty layers within the sedimentary eeresalowed *C< /

carattere: Nero

Formattato: Rientro: Prima riga:

(Nessun bordo)

1.25 ¢cm, Bordo:

Superiore: (Nessun bordo), Inferiore: (Nessun bordo), A
sinistra: (Nessun bordo), A destra: (Nessun bordo), Tra :

succession under examination supported the reconstruction of a robust chronological framework. Twelve

samples were selected from the reference core S1 and radiocarbon twelve samples-that were-analyseddated, at the
CEDAD Laboratory of the University of Salento (Prevince of Puglia; |Italy). The data are collected inwithin the,
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Table FS2-of-theTS1 (in, supplementary material—Fhe) and the conventional, *C ages were converted into

calendar years using the OxCal software version 3.10 seftware (Reimer et al., 2013).

3-3An age-depth model was also constructed applying a linear interpolation. Coarse-grained intervals

were not excluded from the processing because of the difficulty to evaluate the exact thickness of the deposits

interpretable as instantaneous events. Indeed, the upper limit of coarse-grained intervals commonly appears

transitional toward finer sediments and, in few cases, some intervals for a total thickness of 107 cm were not

recovered.

3.3. Pollen and microanthracological analysis
In order to refine facies characterisation and highlight past vegetation changes at the study site, pollen analyses<
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Palynological-analyses were carried out on, 14 samples collected from core S1-torefine facies

ived-the core S1. We focused the analyses on

a-further choice-\w made-using-on mples-falling-into-bwo atiaraph nta o
7

cur-interest-the first one-(}1);(and paleotemperature) conditions: i) Interval 1 (ca. 10.5-9 m core depth), covering
10.77m10-9:33m-depth-and-with-temporal-reselution-7300--the period between ca, 9600-7300, cal yr BP and, thus
centred on the Holocene Thermal Maximum-(HTM),—the second-one-(l)from 5.48m-to-4.55 depth-and
correspending-to-the-exitof HTM-(3900--HTM (Renssen et al., 2012) and ii) Interval 2 (ca. 5.5-4.5 m core
depth) recording the final stages of HTM and the following cooling period between ca, 5500-3800, cal yr

BP)-,, In these two stratigraphic intervals, thesamples were collected from fine-grained layers following a,
icof ca. 30

mean sampling resolution i

cm.

A standard methodology already tested for pollen substrates was applied with some minor

modifications (Lowe et al., 1996). The method includes a series of laboratory treatments: about 8-10 g were

treated in 10% Na-pyrophosphate to deflocculate the sediment matrix; a Lycopodium spores tablet was added

to calculate pollen concentration (expressed as pollen grains per gram = p/g) and the sediment residue was

subsequently washed through 7 micron sieves. The sample was re-suspended in HC1 10% for remove
calcareous material and subjected to Erdtman acetolysis; heavy liquid,separation and-at the same-time the samples
were-takenmethod was then introduced using Na-metatungstate hydrate of s.g. 2.0 and centrifugation at 2000

rpm for 20 minutes. Following this procedure, the retained fractions were treated with 40% HF for 24 h and

then the sediment residue was washed previously in distilled water and after in ethanol with glycerol; the final

residue was desiccated and mounted on slides by glycerol jelly and finally sealed with paraffin.

This method preserves the slides for many years after preparation and therefore it is suitable for pollen

extractions, from predominan

SAUALLIVLIS,

geological and paleo-archeological samples. Identification of the pellen-grainssamples was performed |
at 1000-light-microscope400, magnification and based-en-theonly difficult pollen such as Triticum, Avena or

Hordeum types were observed at 1000 magnification.

Determination of pollen grains was based on the Palinoteca of the “Centro Agricoltura Ambiente —«

CAA G. Nicoli” laboratory (Italy), atlases and a vast amount of specific morpho-palynological bibliography
stored-at the CAA Laberatory (S-Glovanni-in-Persicetotaly)., Names of the families, genus and species of plants
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conform to the classifications of Italian Flora prepesalproposed, by Pignatti (2017-2019) and European Flora

(Tutin et al., 1964-1993). The pollen terminology iswas based on Berglund and Ralska-Jasiewiczowa (1986),

Faegri and lversen (1989) and Moore et al. (1991) with slight modifications that tend to simplify plants

nomenclatureof plants, The term “taxa” is used in a broad sense to indicate both the systematic categories and

the pollen morphological types (Beug

—, 2004). For each

sample, at least 500 pollen grains were counted, and the identified taxa have been expressed as percentages of

the total pollen sum that includes only terrestrial pollen, no fern spores and no aquatic plants,

On the basis of vegetational and ecological characteristics, the following main pollen groups were

identified: Conifers (Pinus/Abies alba), Deciduous trees (this group includes quercetum taxa — Quercus,

Carpinus betulus, Corylus avellana, Fraxinus, Ostrya carpinifolia, Tilia and Ulmus + other Deciduous trees),

Meadow (this group mainly comprises Fabaceae and Asteroideae, Caryophyllaceae, Cichorioideae and

Poaceae), Anthropic indicator (e.g. Cerealia, Chenopodium, Convolvulus arvensis, Plantago, Urtica) and Alia

that includes all taxa excluded from previous groups. The group of hygro + aquatic plants was also

distinguished. It includes hygrophilous herbs (e.g., Cyperaceae), helophytes and hydrophytes (i.e., Lemna,

Junchus, Nymphaea, Phragmites, Potamogeton and Sparganium), which are considered good proxy of humid

conditions typical of wetlands.

The 14 samples prepared for pollen analysis were also investigated for the identification of

microcharcoals. Microanthracological analysis has been used to track past changes in fire history, likely

connected to anthropogenic activities (Vescovi et al., 2010). Point count estimation of microscopic charcoal

abundance was carried out, and charcoal fragments encountered during pollen counting were recorded in four,
size classes based on the long axis length: 10-50, 50-125, 125-250, >250 um (Whitlock and Millspaugh 1996;
Clark 1982; Patterson et al., 1987; Whitlock and Larsen 2001, Fisinger et al., 2008). The former two classes

were interpreted to be wind-blown transported, hence giving information about the regional fire events,

whereas the latter two were considered the result of local vegetation burning (Vittori Antisari et al., 2015).

Pollen and microcharcoal results are presented in section 5, to support facies stratigraphy and to

discuss controlling factors on floods activation.
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3.4, Temperature reconstruction and modern climatological dataset
Central to our study is the availability of a reliable (paleo)temperature dataset for the chronological

period recorded by the Lake Moo sedimentary succession. In this respect, the Holocene paleoclimate

reconstruction conducted by Samartin et al. (2017) on the nearby Lake Verdarolo represents a very important

reference. The Lake Verdarolo site is located at 1390 m a.s.l., 270 m higher and 54 km SE from Lake Moo
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(Fig. 1), in a very similar climatic context. The Authors reconstructed the mean July air temperature using a

chironomid-based inference model, developed through a combination of data extracted from more than 200

lakes of Norway and Swiss Alps (Heiri et al., 2011). This vegetation-independent paleotemperature

reconstruction is the first for the Northern Apennines and it agrees with that of the Gemini Lake (1350 m a.s.l.

elevation and 48 km SE from Lake Moo) as well as several other records coming from central Italy (Samartin

etal., 2017).

Modern temperature and precipitation time series (1961-2018) at Lago Verdarolo and Lake Moo were

derived from the gridded high-resolution dataset of Emilia-Romagna (Eraclito4), described in Antolini et al.

(2016). Trend estimation and Mann Kendall significance trend test were computed with the pyMannKendall

package (Hussain et al., 2019).

A

A. Results «

4.1. Holocene stratigraphy

A4.1.1, Sedimentary facies <

Fourteen lithofacies (LM1 to LM14) have been identified within the infilling succession of the Lake Moo

basin. Detailed lithological description of each lithofacies is reported below.
- LM1 to LM2;, Clast-supported deposit with a thickness ranging frembetween, 5-te--15 cm. Extremely |
Fine boulders to coarse (LM1)-to-medium-pebbles(LM2)-cobbles with abundant coarse to fine grained

{ ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt, Colore

carattere: Nero

ha formattato: Tipo di carattere: Times New Roman,

Grassetto, Colore carattere: Colore
personalizzato(RGB(13,13,13))

Formattato: Normale, Interlinea: 1.5 righe, Mantieni
con il successivo, Mantieni assieme le righe, Bordo:
Superiore: (Nessun bordo), Inferiore: (Nessun bordo), A
sinistra: (Nessun bordo), A destra: (Nessun bordo), Tra :

(Nessun bordo)

ha formattato

ha formattato

Formattato

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

ha formattato:

Tipo di carattere:

11 pt

Formattato

sandstenesand matrix, showing a low degree of sorting, occur, Polygenic clasts have low sphericity and

ha formattato:

Tipo di carattere:

11 pt

a yvery angular shape. Occasional-fragments-\Wood fragments locally occur. The basal and top contacts

are sharp; the basal one occasionally shows evidence of erosion;

- LM3 to LM4: Clast-supported deposit with a thickness ranging between 5-15 cm. It is composed of«

fine cobbles to coarse pebbles with a very fine sand to silt matrix. Polygenic clasts have low sphericity

and a subangular shape. Scraps of wood are encountered. The basal and top contacts are sharp; the

basal one occasionally shows evidence of erosion;
LM3
- LM5; Massive matrix-supported deposit composed of medium pebbles to granules withembedded-<

within g very fine sand to silt matrix. Polygenic clasts have low sphericity and a subangular shape.
SharpScraps of wood are encountered. The, basal and top contacts with-evidence-of-are sharp; the basal
one pccasionally shows evidence of grosion-along-the-basal-one—Presence-of fragments-of wood;
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- LM6 Generalto LM8: Generally, clast-supported, poorly sorted deposit with a thickness ranging- /
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are locally recorded atop.

Fragments of woods can be encountered at the base of the layers. The basal contact is sharp and {ha formattato: Tipo di carattere: 11 pt
occasionally shows evidence of erosion; the upper boundary is transitional; [ha formattato: Tipo di carattere: 11 pt
LM7 to

- LM9 to LM10: Massive or crudely fining-upward graded,peerly-serted, very coarse to fine sands;\ {ha formattato: Tipo di carattere: 11 pt
showing a low degree of sorting. The total thickness ranges between, 5-20 cm-thick—Fhe-top-partof-the [ha formattato: Tipo di carattere: 11 pt

detrital-layer-consists-of-the-finest-particles-with-. Evidences of a planar lamination—Sharp-basal- and tep Formattato: Struttura + Livello:1 + Stile numerazione:
. Punto elenco + Allinea a: 0.63 cm + Imposta un rientro
contacts—Oecasional-scattered wood fragments ef-weed—atoccur close to, the tep—ef-thetayersupper di- 1.27 cm

oLalltict WOUUM &

boundary, which is transitional. The basal contact is sharp; ha formattato: Tipo di carattere: 11 pt

LM10 Sandy

ha formattato: Tipo di carattere: 11 pt

- LM11: Fine sandy, loam to clayey loam-—Presence-of-pelygenic_showing a dark grayish brown color< ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

(10YR 4/2 or 10YR 3/2). Polygenic, fine to medium pebbles aligned with low sphericity and a very

are sharp; ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

EMI1Peatlayerand

- LM12: Silty deposit of dark color (10YR 3/1) with a high content of decomposed, organic rich-clay- ha formattato: Tipo di carattere: 11 pt

{
{
{
{
angular shape-Darkgrayish-browneolor(10YR 4/2 6r- 10¥R-3/2). Sharp occur. Both basal and top contacts % ha formattato: Tipo di carattere: 11 pt
{
{
[

. . . . . .. ha formattato: Tipo di carattere: 11 pt
layers—Finematter. Occasional fine to medium pebbles aligned with low sphericity and very angular o dl P

Formattato: Struttura + Livello:1 + Stile numerazione:

shape-Dark-celor{10¥R-3/1); occasionally occur, Punto elenco + Allinea a: 0.63 cm + Imposta un rientro
M12 di: 1.27 cm

- LM13: Loam to silty clay deposit showing a coarse angular blocky structure and dark olive gray color ha formattato: Tipo di carattere: 11 pt

(5Y3/2), with yellowish-brown (10YR5/6) due to the presence of iron oxides. The deposit is deprived ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

of calcium carbonate and a field pH 5.5 value is recorded; [
{ ha formattato: Tipo di carattere: 11 pt

Formattato: Struttura + Livello:1 + Stile numerazione:
Punto elenco + Allinea a: 0.63 cm + Imposta un rientro
di: 1.27 cm

ha formattato: Tipo di carattere: 11 pt

[ ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

Formattato: Normale, Bordo: Superiore: (Nessun
bordo), Inferiore: (Nessun bordo), A sinistra: (Nessun
bordo), A destra: (Nessun bordo), Tra : (Nessun bordo),
Tabulazioni: 8.5 cm, Allineato al centro + 17 cm,
Allineato a destra

37



- LM14; Massive clayey silts with rarea low amount of decomposed, organic matter.Oeeasional and a«

Flood deposit, rainfall event

Depth (M) ot oo/13-1472015 night
-

0-

9 -

PO7T —
Abies alba
7420-7241 B.P.—

$1G3
o~
- P05 —
c 5162
~ 7 - 2 10 -
E 5161
1= 35 P04 —
9672-9501 B.P.
149-11 B.P. P03 —
I 6573-6396 B.P. —
c
2
8 -
2-
—s .
Abies alba _
2 LA 7027-6785 B.P.
=
c . 12-
S p1a_ q-
146-14 B.P.— 12.25 -
3-> Ophiolite bedrock
102.12+0.50 B.P.— [
- Mature
- P13 — paleosol
g B LM13
: s
E] & 3
- <
E o =]
S @ -
4- s
4
P12 — 116 264 256
Unconformity
4094-3861 B.P. ____ UZJ . LM 14
P11 o
— S1G5 N
5164 [
o
I
7]
5599-5455 B.P.™— Opbhiolite
bedrock
: % = $1G1 - Grain size sampling
= w
=] 8 E E P5- Plzalynalogica\
g g o sampling
IE © 149-11 B.P:
% g = Age Cal age BP)
7] g - (2 sigma)
= | 16 2464 102.12+ 45 BP:
Wentworth grain size class (mm) conventional age

38

[ ha formattato: Tipo di carattere: 11 pt

Formattato: Struttura + Livello:1 + Stile numerazione:
Punto elenco + Allinea a: 0.63 cm + Imposta un rientro
di: 1.27 cm

ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

[
[
[ ha formattato: Tipo di carattere: 11 pt
[
[

ha formattato: Tipo di carattere: 11 pt

o G A )

[ ha formattato: Tipo di carattere: 11 pt

Formattato: Normale, Bordo: Superiore: (Nessun
bordo), Inferiore: (Nessun bordo), A sinistra: (Nessun
bordo), A destra: (Nessun bordo), Tra : (Nessun bordo),
Tabulazioni: 8.5 cm, Allineato al centro + 17 cm,
Allineato a destra




Flacd depost, rainfall event _ N
Depth (m) o553 7arz015 nght 6 9
-

[ ha formattato: Tipo di carattere: Grassetto

P7 —
Abies alba

[Formattato: Rientro: Sinistro: 0 cm
7420-7241 B.P — |
e —

Unit 2

6573-6396 B.P. —

Abies aiba = P
7027-6785 B.R. — =
S
12-
e 12.25 -
Ophiolite bedrock -
Facies cade Synthetic description

Clast-supparted deposit, Subangular very coarse (LM1) to coarse
piebbles {LM2), with abunsant cosrse: to fine grai
silty matrix, poosty soried. Gark grayish brawm

M1
Mz

SUBAERIAL

103ty clay, Dk rayish brown colon, Presence of pebbie

Sandy
LMD g graute chasts

Sty clay with rare prosence of organic matter, pebbles and
Eranules,

M1z

Peat layer and clay organic rich kayers. Presence of pabbles
and granules.

Wiatrix susporiad dopasit, Polygenic subangular coarse pebiles
M2 and granules with wry fine sand 10 sty matri, Prosence of arganic
matter

Pinus syivestris

P11 40943861 B.P.

P10 — el a1 with abursdant o calaions of
5 VAriSbAG LS CAA TEsk P DD 6 A,

Pa 5
5599-5455 B.p— 8

(General cist supeort, massive o <rudely gradecl. pocrly sarted,

SUBAQUEOUS [LACUSTRINE BASIN)

MataLMa

e i . Dbk s s Bl

Unit2
-
:
|

Fragments of wood: 4 %,

ha formattato: Tipo di carattere: Grassetto

T
Veeresctn gran i s gmm)

ha formattato: Tipo di carattere: 11 pt

Mature paleasal Ophiolite P5 - Patynological sampling
M3 bedrock 19-118.2 Age keol yr B9)

ha formattato: Tipo di carattere: 11 pt

* ha formattato: Tipo di carattere: 11 pt
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FineThe fine-grained facies,—from-LM10-to LM13. (LM11-LM14 in Figs. 3, 4), are subdividedalso
gathered, into two main groups. n-theThe, first group belong-the facies-includes L M11 and LM13 (paleosol) that

are characterised by features indicative of subaerial conditions; the second group consists of L M12 expression

of environment shorezone-and-subagueous-lacustrine(i.e., peaty, depositsrespectivelyThe second-group-includes-) and
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Figure 4. ldealized|dealised genetic facies tract

showing the
fourteen lithofacies (LM1-LM14) identified within the reference core S1, whose stratigraphy is reported in Fig. 3.

/
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A4.1.2, Stratigraphic units b

Above the ophiolite bedrock, five

informal units-stratigraphic units have been distinguished within the S1 cored succession and described belowas

follows, from the bottom to the top (Fig. 2):3). Each unit has also interpreted in terms of depositional
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Unit 1: (12.25-11.30 m core depth) -, This unit, 95 cm-thick, is exclusively represented only-by the LM13 facies.
Two-levels—can-be-distinguished:—from-11.30-m-to-lithofacies that is, in turn, composed of two main horizons
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indicative of a mature paleosol. The lowermost horizon (Bw), recorded between 12.25-11.60 m core depth-is

present-a, corresponds to weathered deposits overlain by 30 cm-thick slickensides horizon (Bss)-while-from
60-m-t0-12.00-m-core-depth-is-present-a-weathered-horizon(Bw).), This unit is interpreted as a mature-paleosel;

likelydeveloped-en—aresidual pedogenized, colluvium fermingmarking, the base of a structural depression

produced by gravitational block sliding;

Unit 2 (11.30-4.4 m core depth) - This ca.7 m-thick unit is characterised by the presence of several, very coarse

intervals (LM6-LM8) showing a thickness of about 10-30 cm and locally capped by sandy layers (LM9-

LM10). Silty deposits with a variable organic-matter content, accompanied by a scarce (LM12) or moderate

(LM5) occurrence of pebbles/granules, separate the coarse-grained intervals. This unit, which is capped by a

marked unconformity surface, is interpreted as a relative shallow lacustrine environment subjected to several

flood events of remarkable intensity;

Unit 3 (4.4-2.3 m core depth) - This unit, ca. 2 m thick, shows sharp boundaries and the occurrence of two

sub-units (3a and 3b). The lowermost sub-unit 3a, ranging between 4.4-3.2 m of depth, is exclusively

represented by silty deposits with scattered pebbles/granules, several wood fragments and a mottled-like

appearance corresponding to the LMS5 lithofacies. These deposits are attributed to a marginal lacustrine

environment subject to sporadic floods. Upwards, marginal lacustrine clayey deposits (LM14) capped the

sequence (sub-unit 3b), documenting a period of apparent flood inactivity;

>

of several-ayersof (2.3-0.9 m core depth) - This unit, 1.4 m-thick, is composed of alternating coarse (LM3-

LM4) and fine-grained deposits (LM12 and LM11) that record:
- the disappearance of truly lacustrine deposits replaced by subaerial ones through an erosional surface

that marks the lower boundary of the Unit 4. The stratigraphic depth of this boundary is in accordance
with the altitude of the spill point of Lake Moo (1116 m a.s.l.);
- the return of several, cm-thick flood deposits (LM3-LM4).

Unit 5 (uppermost 0.9 m) - This unit is characterised by the presence of several layers of very, coarse sediments

transgression-which-make-up-the-unit 3finer deposits (LM11). An erosional contact separates Unit 4 from Unit 5z
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As a whole, we interpret the lecal-lacustrine succession (units1-2-3-and-4)-is like-to-theas an, infill of a

structural depression produced by gravitational block sliding that was induced by post-glacial fluvial incision
(GundersenElter et al., 20141997).

42

{ ha formattato: Tipo di carattere: 11 pt

{ ha formattato: Tipo di carattere: 11 pt

{ ha formattato: Tipo di carattere: 11 pt

{ ha formattato: Tipo di carattere: 11 pt

{ ha formattato: Tipo di carattere: 11 pt, Non Grassetto

)

{ ha formattato: Tipo di carattere: 11 pt

J

ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

ha formattato: Tipo di carattere: 11 pt

[
[
{ ha formattato: Tipo di carattere: 11 pt
[
[

Formattato: Rientro: Prima riga: 1.27 cm

o A L )

Formattato: Normale, Bordo: Superiore: (Nessun
bordo), Inferiore: (Nessun bordo), A sinistra: (Nessun
bordo), A destra: (Nessun bordo), Tra : (Nessun bordo),
Tabulazioni: 8.5 cm, Allineato al centro + 17 cm,
Allineato a destra




Figure 5. Representative photograph of the trench (see Fig. 2 for location), showing the uppermost 50 cm-thick

sedimentary succession. Though the exposure is quite small, the graded pebble-sand couplets belonging to the Unit 5 can

be interpreted as a sheet-flood deposit.

4.2, Age-depth model «
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Age (cal kyr B.P.)

a 1 2 3 4 5 6 7 8 9 10

Sediment depth (cm)
b
g

1050

The age-depth model, based on eight out of twelve “C dates available for the S1 core (Table TS1 in

the supplementary material), indicates that the sedimentary succession above the bedrock encompasses almost

all the Holocene period (about the last 10 kyrs; Fig. 6). Three ages (at ca. 9.60 m, 3.10 m and 2.40 m core

depth) were excluded because resulting younger than 1950 AD, while one sample collected at 2.35 m core

depth resulted not datable due to a very low organic matter content. The selected calibrated ages are

stratigraphically coherent and mainly derived from wood fragments and peaty deposits. In order to reduce the

potential bias due to long-lived plants and reworking processes, small twigs were selected (Oswald et al., 2005)

from fine-grained deposits and identified when possible (e.g., Pinus and Abies alba). Due to the small

dimension of the basin and the ophiolites prevalence in the drainage area (Fig. 2), we consider negligible the

hard-water effect on peats.

The resulting age-depth model suggests the occurrence of four main stratigraphic intervals in terms of

sedimentation rates. The lowermost interval (about 9.5-7.3 cal kyr BP) denotes a mean accumulation rate of

ca. 0.50 mm/yr that strongly increases up to ca. 2.38 mm/yr within the overlying section dated around 7.3-5.5

cal kyr B.P. An important change in the accumulation rate occurs around at 5 m of the core depth with a drop

to ca. 0.3 mm/yr between the 5.5-4.0 cal kyr BP interval. Above, between ca. 4.5-3 m, the deposit shows an

uncertain chronology due to the lack of reliable radiocarbon dates and the occurrence of an unconformity

surface around 4.5 m, at the contact between Units 2-3 (Figs. 3, 6). During recent times (the last 146-14 cal yr

BP), the accumulation rate strongly increases, reaching the remarkable value of ca. 12 mm/yr.
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Figure 6. AgeS1 core stratigraphy and the age-depth model obtained from radiocarbon dates. BlackRed and grey-tine
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5. Discussion “

R Figure7-showsAs a basis for discussion we assemble, and temporally synchronise, the stratigraphic

suceession-of-the-S1-core-compared-Lake Moo data with the most relevant elimatepaleoclimate, proxy available “

from literature, focusing on the N Apennines paleoarchives (Figs. 1, 7). As a whole, the Holocene infilling

succession of the lacustrine basin (i.e., Units 2-3) is composed of an alternation of cm to dm-thick, coarse-

grained flood deposits and silts characterised by a variable amount of organic matter (sub-sections 4.1. and

4.2.; Figs. 3, 4, 7). The coarse intervals are particularly well-developed and frequent within the portion of the

stratigraphic Unit 2 chronologically correspondent to the HTM (Holocene Thermal Optimum), constrained
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between ca. 9-5 kyr cal BP in the nearby Verdarolo Lake (Samartin et al., 2017 in Fig. 7A; section 3.4.).

ha formattato: Tipo di carattere: 11 pt

Interestingly, stable oxygen isotope records from the nearby Apuan Alps (Corchia caves; Fig. 1) document,

within the same time interval, the wettest conditions interpreted as precipitation increases in the Northern

Apennine (1 and Il humid periods in Fig. 7B) with a peak between ca. 8500 and 7500 cal yr BP (I humid

period; Regattieri et al., 2014; Zanchetta et al., 2011). This peak is in phase with a clastic layer, dated back to

8.2 and 7.1 cal kyr BP, indicative of a period of enhanced cave flooding triggered by high-magnitude

precipitation events (Zhornyak et al., 2011). The Authors attribute this maximum fluvial activity to an increase

of strong convective episodes, like the one that affected the Versilia region in 1996 (Cacciamani et al., 2000

for a description of the Versilia flood event).

Models simulations on Northern Apennine, are showing higher precipitation in Autumn in response

to the intense Summer heat of the HTM period, (e.g.,Tinner et al., 2013). We speculate that the precipitation
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increase, reflected also in high frequency of flood activity, could have occurred during a phase of a progressive

reduction of the Hadley cell, paralleled by a reduction of the subtropical high-pressure after the insolation peak

(Fig. 7C). This would lead to an enhanced meteorological activity over the Mediterranean area, due to the mid-

latitude weather systems, especially at the transition towards the cold season. Although in decline, the presence

of African Monsoon (Skinner and Poulsen, 2016) could also have contributed to enrich sub-tropical air masses

in the water vapour potentially extractable by mid-latitude synoptic disturbances. Accordingly, Krichak et al.

(2015) documented how this mechanism is relevant for Mediterranean extreme precipitations nowadays;

moreover, the events occurring in the autumn seasons are characterised by a greater transport of water vapour

from the subtropical Atlantic even across North Africa.

With the end of the HTM, a drastic decrease in flood activity is documented at the Lake Moo, as the

coarse intervals abruptly reduce in number and thickness within the uppermost portion of Unit 2 dated to ca.

5.5-3.8 kyr BP. This stratigraphic trend is reasonably interpretable as the expression of a decrease in frequency

of HIP events over the study area under cooler and less humid climate conditions (Fig. 7). The limit between

Unit 2 and Unit 3 corresponds to an unconformity that marks the passage to a marginal lacustrine succession

of uncertain age, at least for the lowermost portion (sub-unit 3a). This facies interpretation is supported by

palynological data, which show remarkable values of herbaceous hygrophytes (mainly Cyperaceae) and

aquatics typical of wetlands.
The upper portion of Unit 3 (i.e., sub-unit 3b), dated around 146-14 cal yr BP, is almost deprived of

coarse materials documenting a period of apparent floods inactivity at the Lake Moo (Figs. 3, 7). This is

followed by a reactivation of flood processes during recent times (i.e., coarse-grained flood deposits within

Units 4-5; Figs. 3, 7) with a minimum of five events to a maximum of twelve events every 100 years, as the

confidence range associated with the calibrated age at 2.80 m core depth is rather wide (146-14 cal yr BP; Fig.

7). Despite the low degree of precision affecting radiocarbon ages younger than 200 years, this renewed

increase in flood activity fits well with the instrumental record that points to a high frequency of HIP events

during the last decades over the Northern Appennine (Libertino et al., 2019). These phenomena seem to be

also responsible for the replacement of lake deposits by subaerial ones through an erosional contact (Unit 4

lower boundary).
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Asterisks point to samples containing coprophilous fungi and other spores like Sporormiella, Dicrocoelium and Ascaris.

These data are compared with the most relevant paleoclimate reconstructions available from literature, for the area of
interest. These-includes:—reconstructedPanel (A) Reconstructed, mean July air temperature from Lago Verdarolo (from
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isonexceptionally high accumulation rate

estimated on the recent period for the Units 4-5 (Fig. 6; section 4.3.), a rate of about 1 m/100 years calculated

since ca. 1800 AD. The recent increased in flood activity is also supported by, instrumental data with

from Fig. 9, where we also observe an

emerging trend (not yet significant though) of precipitation intensity increase (both as daily maximum and as

monthly cumulative values) in the autumn months,
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Figure 8. Comparison of current data and reconstructed July mean temperature at the Lake Verdarolo site: (see Fig. 1 for« { Formattato: Rientro: Prima riga: 0 cm

location). The blue line is the reconstructed temperature and the shaded area is the sample-specific estimated standard
error associated with the temperature reconstruction based on chironomid assemblage from Samartin et al. (2017). The
orange line representrepresents the July mean temperature (1961-2018) retrieved for the grid cell of Lago Verdarolo from
Emilia-Romagna climate reanalysis ERACLITO (11 years running average). The shaded orange area is +/- one standard
deviation. On-the-left-theThe full available period is reported on the left, while en-the-right-a zoom on the most recent
period frem(since 1600 AD-up-to-rew) is shown on the right.
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51 Detailedcomparisen-on-_5.1. Holocene flood activity, paleotemperature changes and HIP events

A positive link emerges correlating Holocene (July) paleotemperatures, precipitation intensity

reconstructions and flood history (Fig. 7) at the study site, as the stratigraphic units showing the highest

frequency of coarse-grained flood deposits (i.e., Units 2, 4 and 5) invariably fall into periods of higher

temperatures (i.e., HTM and the post-LIA time). This strongly supports the hypothesis that a greater warmth

favours the occurrence of extreme precipitation events, probably more frequent at the end of the

Summer/Autumn as already reported by other authors (e.g., Marcott et al., 2013; Giguet-Covex et al., 2012).

Although the process attribution and the geographical uniformity of the HTM wet phase are still matter of

debate, the abundance of coarse-grained flood deposits within the Lake Moo record around 9.5-5.5 kyr BP

suggests a precipitation increase also identified in other sites of the central and southern Mediterranean (Magny

etal., 2012b).

However, local factors as changes in vegetation cover (i.e., tree cover percentage) due to _human

disturbance and fires could have significantly contributed to enhancing slope erosion and then influenced the Lake

Moo sedimentary record, partly weakening our reconstruction of the temperature-HIP-flood activity relationship ha formattato: Colore carattere: Nero

at the Holocene scale. In order to overcome this issue, we explored and compared the pollen and microcharcoal
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as-indicated-by-within the P4 sample dated between 9.3-9.1 cal kyr BP. Interestingly, Abies alba shows

the highest percentages (ca. 15-55%) within the chronological interval that corresponds to the warmest
period of the HTM (Figs. 7, 10; Samartin et al., 2017). Moreover, A. alba reaches the peak of ca. 55%
during the HTM wettest conditions (around 7.5-7.3 cal kyr B.P.; I humid period in Fig. 7), as

reconstructed by several Authors (Regatieri et al., 2014; Zhernyaketal; 2011 Zanchetta et al., 20111t {ha formattato: Tipo di carattere: 11 pt

hould-also-be-noted-the-absence-of speciestyp ofumid-environment-(hygro+hydro-tn-Fig-10)-which-sugge {haformattato:Tipodicarattere:11pt

a-high-stationing-of the lake-level- Thisconfirms; Zhornyak et al., 2011) from the Apuan Alps speleothems.
This trend is consistent with the fact that A. alba is a warm-temperature tree with a preference for high

moisture availability (Tinner et al., 2013), as clearly documented within the nearby Lake Greppo

record (Vescovi et al., 2010, confirming, higher rainfall accumulation in-the period,-in-accordance [ha formattato: Tipo di carattere: 11 pt
withalready highlighted by, lake-level evidencedynamics from Jura Mountains and the central-northern {ha formattato: Tipo di carattere: 11 pt
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consequent-reduction-in-deciduous-trees{10%).—Theseresults(Magny et al., 2004, 2009, 2012). Although
no specific inferences can be made on past water levels of the Lake Moo, it is interesting to note that

the low amount of hygrophytes and aquatics (Fig. 7) is fully consistent with highstand conditions.

Anthropic indicators taxa (Fig. 7), as well as the Anthropic Index (Al; Fig. 10), show very low values

throughout the interval, documenting a negligible human impact on the area in accordance with the

extremely low content in microcharcoals (0.01-0.13 mm?%qg; Fig. 10). Besides, the coarser

microcharcoals (>125 micron) are not recorded suggesting no significant local fires. A slightly higher

amount of anthropic indicators taxa occurs within the sample P6, dated between 8070-7880 ca yr BP;

this is interpreted as an effect of categorisation difficulties about spontaneous taxa as Artemisia

vulgaris type, Chenopodium, Plantago, Urtica, etc.

Palynological data, combined with the stratigraphic interpretation of the S1 core, suggestthatpluvial {ha formattato: Tipo di carattere: 11 pt

phase;-in-this-period-had-been-characterized-by-a-support our hypothesis that warmer and wetter conditions
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thick, coarse-grained layers containing pebble of remarkable diameters (LM6, LM7 and LMS8 in Fig.
10).
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Cichorioideae and Asteroideae; Fig. 7). The growth in hygrophytes and aquatics (up to ca. 18.2%) is

consistent with a marginal lacustrine environment and then a relative lowering of the water level. Both

anthropic indicators taxa and Al increase, up to ca. 7.3% and 16.2% respectively (Figs. 7, 9),

suggesting a moderate degree of human impact on the vegetation cover (i.e., tree cover changes). This

impact is reasonably due to pastoral activities more than agriculture ones (few grains of cereals, less

than 4%, are locally encountered), as documented by the abundance of meadow (pasture) taxa and the

sporadic occurrence of coprophilous fungi and other spores (Sporormiella, Dicrocoelium and Ascaris;

Figs. 7, 9). By contrast, microcharcoals remain very low in amount, pointing to a low fire activity.

Although pollen-derived vegetation features (i.e., decrease in tree cover and a moderate degree of

human impact) document local conditions more favorable for the debris flows activation with respect

to those characterising |4, this interval)-i

{ ha formattato: Tipo di carattere: 11 pt

t0-97%- shows a low past flood activity with few and thin (<5 cm) sandy deposits (LM9 to LM10 in

Fig. 10). Integrating the I stratigraphic record with pollen data, such a low flood activity reasonably

reflects low frequency (and intensity) of HIP events during a cooler and less humid period (Figs. 7, 9).
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Figure 10. Sedimentological and palynological features of two key stratigraphic intervals (Intervals 1 and 2) from the

reference core S1. These features are compared with the most relevant paleoclimate data available from literature for the
area of interest (for references, please see Figure 7). The Anthropic Index (Al) has been calculated as: (Anthropic

indicators/tree percentage)*100 following Accorsi et al. (1999). Asterisks point to samples containing coprophilous fungi

and other spores like Sporormiella, Dicrocoelium and Ascaris. Core S1 sample ages derive from the age-depth model

reported in Figure 6. P samples correspond to the pollen samples; LM labels refer to the lithofacies explained in text

(section 4.1.) and in Figures 3-4; dmax corresponds to the maximum diameter.
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6. Conclusions «
Placing present climate conditions into a geological perspective time, beyond the instrumental
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recordera, is impertantessential, for understanding changes in the hydrological cycle induced by anthropogenic

climate warming, complementing projections of model elimate-simulations. Physical reasons and regional
climate reconstructions are consistently pointing to an increase ofin, precipitation intensity when water vapour
is not limited-(Prein-et-al2017)., In the last decade, record-breaking rainfall events have occurred frequently

occurred around the world; this. This trend is emerging with differentvariable strength in different area, and-often,

on—theareas. The, short timescale of the instrumental series, doesn’t allow yet to draw firm
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conclusion-reconstructions, Therefore, in the attempt to consolidate confidence about the gxtreme precipitation
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trend, we extended our analysis, passing from the instrumental timescale to the geological time. scale (i.e., the
Holocene period), This choice implies a strengrobust, multidisciplinary approach, which includes, in addition
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We acquired original data during a field survey-the monthsof June-and-Jubycampaign performed in Summer,2017.,

B

The major outcomes of our work can be summarized as follows:

1) The matching of instrumental temperature data and the paleoenvironmental data allow us to affirm

that recent-current summer temperature

months(July)are in-abseolute terms the-highest-ever-is comparable with the temperature recorded in the Northern
Apennines-with-an-estimated-ofApennine during the HTM. The current temperature trend computed from the
monthly values of July temperature at Lake Verdarolo site over the period 1961-2018 is, +4.3°C/100y (highly
statistically significant), whichand it, is feurtime-higherthanlikely to be one, the maximumhighest, recorded atin,

the exitoflastice-age{YoungerDryas)-Holocene;

2)-The
2) The stratigraphic units showing a high frequency of coarse-grained flood deposits are Units 2,
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deposited in the HTM, and Units 4 and 5 which belongs to the post-LIA time. Both periods are characterized
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by higher temperatures. The human impact is almost absent in the HTM and very low in the post-LIA time,

especially in the last part of the 20th century. This strongly supports the hypothesis that a greater warmth

favours the occurrence of extreme precipitation events. In particular, the recent sedimentation rate
{4-27m/100ycomputed, since 1850)-is-10-times-higher thanthat observed-duringthe HTM-{0-124c.a. 1800 AD (post-

LIA) is at least 1, m/100y
This high value of the sedimentation increase-and-higherfrequeney-of high-flow-dischargerate, has to be correlated

to the presence of numerous coarse-grained levels within Units 4 and 5, after a period of absence of floods

deposits in unit 3b. This difference in flood layers must be linked to an increase of HIP over the Lake Moo

basin, since we could not attribute it to any pther changes in physiographic and vegetation factors.The
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afforestationdynamics (i.e., tree cover). During HTM and current time, the forested,area forexample-during HFM

and-in-current time-coverage around Lake Moo persisted on high pereentage,a-factor which-should-be-detrimental
forthe-mobilization-of debris—values and this factor is considered disadvantageous for debris mobilisation. On

the contrary, during about 6-4 kyr BP we did not find any increase of coarse-grained layers from flood events,

even though the forested area declined significantly and the anthropic impact increased;

3) HIP increase in response to higher temperature is already detectable in observation series; especially

when-moi e bility not-Himited e in-A mn{(Brénnimann-et-al-—2018: Prein-et-al—20 We

found evideneesevidence, that this also occurred alse-in the past, especially during HTM testified by higher

= A

deposition of large-sizesediment-in—tothe lake.coarse-grained levels, A comparison with the past help
understandinghelps to understand, future projections on the area,-altheugh. However, we are aware that past

evolution cannot be taken as an-analegeusa perfect analogy, for the future due to the different forcing and

consequent response of the climate system (D’ Agostino et al-., 2019). As temperature will continue to increase

onin, the Mediterranean area, precipitation intensity would keep increasing over the Northern

ApennineApennines, We hypethesizehypothesise, that precipitation intensity increase will be more gvident in

months with cooler and moist air masses, like in Autumn asitand in Winter, when moisture availability is not -

limited. An increase in precipitation maxima in Autumn months is, already emerging (see-Fig-9);-but-gradually

endina-towards-\Winte a) mme nereastng-conditions-of-moisture Hm ORS-A nduce-a-decrease-in-freauen

i - on the Northern-Apennine,

owe-1982: M e 996: Zay and-Pan-—2018

Finally, we would like to remark that Lake Moo basin represents an ideal study area to achieve a
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reconstruction dynami

Lake-Moo-site-inthe-Northern-Apennine-was-chesenbetween high-intensity precipitation and debris flow,
for its strategic-geographical-position with-—respeet-to the dominant atmospheric flow asseciated-with-heavy

precipitation—events—In-additiontothis—the site_has—the rightand the favourable and undisturbed, geological,
geomorphological,_and, vegetation characteristics, basin-size{<2km?),—to-achieve-astrong-and-clear response

between-high-intensibvprecin on-and-deb OW agaering or-these reason 3 Moo-basinrepresents-an-ide
g

study-area-which-. We think this site deserves further investigationinvestigations and, in association with other

analogous sites along the Northern Apennine crest, could be used in the future to provide a multisite assessment,

on the relation-between-past-climatic-conditions-and-the-dynamics of past fleed—extreme precipitation events in
relation with temperature variations.

A

Data availability: Original data concerning pollen and radiometric data are available on the open data
repository of ARPAE Emilia-Romagna (https://arpaeprv.datamb.it/dataset/lake-moo)

A
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