Carbon Storage in Peatlands within an
Ever-changing Environment

Soil Organic Matter Dynamics in the Context of Active
Volcanism

Susanne Claudia Mdckel

Ph.D. Thesis in Geography
November 2022

SCHOOL OF ENGINEERING AND NATURAL SCIENCES
FACULTY OF LIFE AND ENVIRONMENTAL SCIENCES

UNIVERSITY OF ICELAND







Carbon Storage in Peatl ands

Ever-changing Environmen
Soil Organic Matter Dynamics in the
Vol cani sm

Susanne Cl audia M°ckel

Di ssertation submitted in partial fu
Phil osophi ade®Poeeorn Geography

Ph. D. Commi ttee

GuHr ¥“%n G2sl ad-ttir

Egil l Erl endsson
Rattan Lal

Opponent s

Angel a Gall ego-Sal a
J-hann 7T :-rsson
Faculty of Life and Environment al S
School of Engineering and Natural S
University of I celand

Reykjavi k, November 2022



Carbon Storage in Peatlands with
Soil Organic Matter Dynamics in
i

Di ssertation submit tPehd D.eng peae tii

n Ever-c
Context

n a
he
GdaudrfapHhymen
M

i
t
[

Copyright E 2022 Susanne Claudi a °ckel
Al'l rights reserved

Faculty of Life and Environment al Sciences
School of Engineering and Natur al Sciences
University of Il celand

Sturlugata 7

102 Reykjavik

Il cel and

Tel ephone: 525 4000

Bi bliographic information:

Susanne Claudia M°ckel, 2022, Carbon Storage

Environment - Soil Organic Matter Dynamics i

thesis, Faculty of Life and Environmental Sc
or ORCI D: 0000-0001-7592-9170

ut h
SBN: 978-9935-9697-0-5



Abstract

In the wake of i ncreasing awareness of gl
restoration receive impetus by efforts to s
component of the gl obal carbon cycle as the
accumul ation in Histosols, the most common
by hydrology and vegetation characteristics
Mi ner al soi l constituents, an i mportant <cor
mi neral soils, are usually not considered i
body of evidence regarding the importance o
carbon dynamics of peatlands in volcanic re
Hi stosols in lceland. The island is one of
amongst the most dynamic of aeolian enviro
unmatched extent of volcaniclastic deserts
carbon dynamics in I|Icelandic Histosols wund
material. The research provides evidence f
characteristics, and miner al soi l constitu
Particularly interesting is the positive r
ferrihydrite and certain carbon groups as
around thick tephra deposits. This should |
effects of pressure such as by climate chan
ecosystems
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Figures

Soi l Map of I celand derived fr
son (2009) . H = Histosol, HA =
I, SV =Arenic Vitrisol, L = Lept

Andosol s, MV/ GV =.Cambic.Vitris
The map in (a) shows the | ocatio
of aeolian mineral material, i . e
e active volcanic zones. Drained
ic zones with grey l|lines. The ma
kla 3 isopachs (adapted from Lar
. 1 S50 V database of the National
oduced by Susanne.C. .M%ckel)

Soi l profiles used in Paper | ¢
nds (Torfdalsmlri, Tindar and Hi
ct, with elevation increasing so
ns analysed in Paper I are indi
es into horizons and the | ocatio

soi l profiles resemble Munsel
I mor phol ogi cal properties is av

was produced with the .R .p.a.ck.a.g.e

Soil cores used in Paper 11, sh
| ayers represent tephra deposits
t pre-Hekla 4 soil |l ayers. Soi l
4 and Hekla 3 are depicted in re¢

Darker colours reflect i ncrease
rm of either volcanic ejecta (i
l'y vegetated or barren areas. Th

vol cano Hekla in 1104 AD (Lar sce

This eruption occurred c¢c. 230 vy
rves as an approximate demarcat
st-settl ement soi l formati on. S«
sumed to be subject to greater a
rosion after the settlement (Dug
G2slad-ttir et al ., 2010) , part.i

et al ., 2021; Tinganell:i et al
package Aqgqp .((Beaudet.t.e .et l...,. .2

Sampling approach wused in Pap
ng was conducteld at wmriacd geadi a
three parallel transects from t

n.d...



Figure 3.1: Variables based on selective dis
used in pPaapnegr Fher e Apressermted/ aBe g kg
all ophane and ferrihydrite are presente
the foll owi plghlthbDedhalsdsemAlr cati on of a
non-allophanic Wnallsoplsanioc- IAM®oYSol s; O
nonallophani @ 1ABE®sd%shs @Alagnostic cri
andic soil. .prraper.tii.es.. . . . . . ...
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Data are available for the following t
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1 I ntroducti on

1. The TeRemt |l and

In order to avoid confusion or misundersta
peatwiahd be applied in this thesis There
peatl ands ampecafteegr aterial ., 2018) Gener
definition of peatlands being fan area wi
accumul ated peat |l ayer at the surfacedo (Jo
consensus about the minimum peat thickness
the minimum content of organic materi al re
Joosten et al. (2002) base their work on a
t hat the minimum peat thickness required
di scipline, ranging from 20 to 70 cm. They
organic matter (OM) based on dry mass, a
requirements as | ow as 5% and as high as 6
thresholds of organic carbon (C) content of
simpl ypeatréd &td, saoi i ser bet ween soil cl assi fi
(Soi l Survey Staff, 2014a) requires Histos
content, whereas the World Reference Base f
WRB, 2015) puts the threshold at 20% C co
Classification (Soil Classification Workin
organic soils resembling Histosols The |
Arnalds & ¢skarsson, 2009) wuses the thresho
which Arnalds (2015) refers to as Atrue pea
In lceland, the term peatland is widely us
t hough many of these areas may not ful fil t
without vegetation with at ntaheu (sadrbfya cdeo o 8 ne h
2002, Rydin & Jegl um, 2013) . Foll owing t h
Wor king Group WRB, 2015) and the I celandic
& <¢skarsson, 2009) , many of the so called
accumul ate peat centuries ago, l ong before
Hence, peat | ayers (referred to hereon as
al | but only just over 1% of soils in lcel:
wetl ands (Arnal ds, Gudmundsson, et al , 20
these wetlands used to be more organic. So
wi despread in pre-settlement subsoi l |l ayer
(Arnalds, 2015; G2slad-ttir et al., 2011; G
where the surface soils of wetlands are now
recession of Histosols in surface | ayers w
simplicity, b ewi IHaontdhs ef arh ewetelramds, where H
threshold) are found in the surface | ayers,
mi ner al soils likely took place centuries e



subsoi l |l ayers Last, I would | ike to claritf
the research presented in this thesis, do i
according to the definition presented above
where peat (or Hi st osol ) is currently being
Jeglum, 2013).

Foll owing, a brief discourse on the | and-use
and the pressures that they have been, and s
storage in Histosols in peatlands of non- v
eventually |l eads to the aim and objectives o
1. Peatl ands - Troubl esome Obstacl

Val uabl e Resources and Versati/l
Ecosyst ems

I'n many countries where mires or peatlands a
i mpact on the daily |life of peopl e, parti cul
have formed a tedious obstacle to travellers
even dangerous, and potentially deadly terra
Mer edit h, 2002; Torbergsson, 1906) , the 1 ve
resource (Joosten, 2016; Steind-rsson, 1936,
Sigurmundsson et al (2021) in southeast 1 ce
source of hay, and as winter grazing ground:
still an i mportant resource for some rural

Schulz et al., 2019).

The goods and benefits derived from peatl anc
the globe. Peatl ands can provide grazing foc
grounds as habitats for game species (Byg et
They can provide building materi al and fuel

provide timber, food for humans and |livestoc
textiles (see also Chapman et al ., 2003) . P
ecosystems, such as on fish stocks in | akes
Loui s, 2006) . More recently, interest in pe.
some countries (Byg et al ., 2020; FI int & J
i mpact on the daily Iife of people in some p
bear cultural meaning (Schulz et al., 2019)
I'n many <cultures, myt hical stories are att ac
peatl ands provide invaluable witness of the
pal aeoecol ogi cal records (e.g. Coles, 2004;



1. Peatl ands ihnh ames2®@enturi es
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. B despite their multi-functiona
ambi guous. According to Joosten (2016) a pr
has rendered them a ready target of i ncre
sealing under the pressure of growing popu
became more widely avail abl e, new technol og
for agriculture and forestry, and i n many
(Chapman et al ., 2003; Col es, 2004, FIint
densely popul ated areas in Europe, but al sc
dr aini g was ubiquitous for d" geetur yparDe «
ion densities of rural areas in lce
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share of degraded peatl ands ther
, 2016) . Bet ween the early Forties
he expense incurred by the digging
to approximately 47% of inland wet/
ure (Arnalds, Gudmundsson, et al .,

1.3.The Struggle for Peatland Protection

Despite t he ambi guous reputati on of peat |

emphasized for decades in national and int.
Coles, 2004; Ramsar, 2002; Stoneman et al .,
sl ow shift from the perceptlon of mires a
according t o agricultural needs, towar ds

( Gar Har sson, 1974, 1975; JG, 1976 ; N8t t Yar uv
line with conservation efforts occurring e
Wetl ands was held, with a handf ul of nati ol
1976, the Council of Europe | aunched the Eu
Then, I celand, as a Ramsar signatory began
conservation and restoration actions from
Magn?¥s son, 1998), |l argely driven by bird c
been of | imited extent (Arad-ttir et al ., :
average annual restonatihen yearese @01652048y
2019)

Further degradation of peatl ands for t he
Turetsky & St. Loui s, 2006) . I n many count



and draining of peatlands to facilitate comm
the recent global race to exploit mineral re
threat to many peripheral peatlands (Lassila
Rochefort & Lode, 2006; Turetsky & St. Loui s
power generation has taken and continues to
peat ceased to appear in the official stati
Il cel and, 2021a) However, the great increas
associated construction of reservoirs and c
affects, or destroys many ecosystems (Egil ss
1. 3.03mpetus for Peatland Protection and Restc
Despite the ongoing anthropogenic pressure f
awareness of the impact of different types o
instance, Al f alld oveBdvacadld bée pbefeotuhyrdrai
woul d get bwadtmnetrr amsgil ated from I celandic in
stated in the | ceBYmafrm rfeatrt hiamg amaganztiurey ag
the projections of Alexander von Humbol dt al
|l ess enthusiastic, but he worried about huma
|l and use practices such as forest <clearance
2019; Wul f, 2015). Yet, it is only rather re
has received some impetus through efforts to
al ., 2019) in the wake of increasing aware
restoration as a means to combat <climate cha
in lceland (Verkefnisstj-rn a#fgerHBHa8btl unar
to reduce emissions or sequester C introduc
unt il 2030, two are aimed at wetland protect
goal is to reach more than a tenfold increasc
years between 2019 and 2022 (see also Stj-.r.
restorati ohbpftBbeéOyear y2022.

1. £arbon Storage in Histosol s

1.4 Formation of Histosols and their Carbon ¢
Hi stosols are organic soils of peatl ands (I
climate and topography are considered to sh;
which depends on the slow decomposition and
anaerobic conditions (CIlymo, 1987; Joosten,
given that preconditions for a high groundwa
interaction with favourable topography. Ho we
at hi gh northern | atitudes where ample pre
interaction with cold temperatures form exce
Uncertainties remain about the extent of p
instance, according to a recent estimate by
3.7 N 0.% miHhildtoni K mup?2 more 1heanlindnchktmed
peatl and map PEATMAP presented only two year
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1. Soi | Organic Carbon Stabilizat:
1.5 Chrbon Stabilization in Miner al Soil s
The potential to sequester C differs consi de
review by K°9gel -Knabner and Amelung (2021)
modi fies the C storage capacity of di ffere
conditions, soi l chemical properties i ke
facilitated by reactive surfaces of mi ner al
well as other pedogenic processes. Kramer an
of soil organic C is globally retained by re
stabilization capacity differs between cl ay-
reactive, short range order (more recently
oxi des, and metal -humus compl exes, have beel
i mportance than crystalline phyllosilicates
soils (Kleber et al ., 2005; K gel -Knabner e
pointed out in a review by K°gel -Knabner et
di ffers between organic chemical components.
compounds dominate in organo-miner al associ
mi nor i mportance. As miner al weathering is
mi nerals is also observed to be highly depe
(2018) found a strong positive impact of soi
amount of C stabilized by organo-mineral ass
the protective role of some minerals such as
may be reversed (Chen et al ., 2020) . Whil e
stabilization mechanisms in mineral subsoil
dynamics in surface soils (e.g. Kramer & Cha
1.5 Carbon Storage in Andosol s

Andosol s, soils of vol canic regions, are kr
capabilities (K°gel-Knabner & Amelung, 2021;
but they contain the highest contents of C o
constituents, which form from volcanic ejec:
processes (Nanzyo et al ., 1993) . The weathe
abundant precipitation of alumi nium (AIl'), i
formation of highly active nanocrystalline
the Fe-hydroxide ferrihydrite (Bonatotzky et
Wada, 1989) As previously stated, these cl a
strong role for the C accumulation of humid
et al , 2008; Rasmussen et al ., 2018) . Henc
organo-mineral complexes facilitated by nano
in soils formed from volcanic ejecta (e. . /
Il nagaki et al ., 2020; Wad a, 1989) and ma|nl
capacities. Buri al of topsoil by fresh teph
underlying soil |l ayers (K°gel-Knabner & Amel
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is widely accepted, that the dominant pr
ner al complexation and aggregation, ar e

ch as Histosols (K°gel-Knabner & Amel un
drol ogi cal conditions and chemical char a
ctors of C dynamics in these soils (e.g.

21; Zhaojun et al ., 2011) . However, ther
iving factors behind regional differences
18). Just as with any other reference so
i order (Soil Survey Stafif, 2015) , Hi st
at share some common diagnostic criteri
aracteristics. There can be great di ffer
rent materi al (Joosten, 2016) , ranging fr
ge et al., 2006), restiad peatlands i n Ne
mi nated peatlands common to, but not res
arkson et al ., 2017, Cl ymo, 1987; Joost e
ants such as sedges and grasses, mostly f
16) . Vegetation type has a great i nfluen
oosten, 2016; Leifeld et al ., 2012; Re z e
cluding structure and hydrology, decompc
nami cs.

r instance, the chemical composition of t
rived is known to influence its sensitiuvi
OM with a simpler structure are general/l
mperature increases than recalcitrant for
a study of six peatlands in Switzerl anc
nagement ) Leifeld et al . (2012) found é
neralization rates and polysaccharide cor
the peat was an i mportant driver of decc
rough drainage or <climate change. Resear
mposition of peatlands on C storage is n
e C accumul ation rates ofSpvhaasgdnoumamapédnho
at in southern Patagonia, Loisel and Buns
d greater C accumulation rates in the bog
006) observed an opposite trend with gr e:
an bogs

ere are indications that organo-miner al

atl ands. Fe compounds have been observed
various elements in peatlands, including
portance of ferric iron (Fe(lll)) for C s
d Clarkson (2007) observed |links between
New Zeal and, as indicated by comparative
tchment waters of Fe rich peatl ands. Thi ¢
the Fe(ll1l1) to ferrous iron (Fe(ll)) i n
13) .



There is evidence that the chemical composit
stability of Fe-C compounds. ForSpmhagrwmwme,
mosses, are considered to promote OM accumul
hampering microbial activity (Freeman et al .
OM degrading rfaH,i chus ausb By enhancing th
crystalline Fe(lll) such as in ferrihydrite
(Zhao et al ., 2021) . Hence,Spghagmeuatsleandg hwh
chemical composition of the vegetation may s
but also indirectly by promoting a stabilizi
compl exes. I n a study on a subalpine Chinese
nearly one fifth of the C was FeSpmhagnmdum wi't
domi nated plots, and a stabilizing role of
interactions between Fe and C have mainly b
peatl ands remain underrepresented (Curtinric
Vegetation characteristics can also influen:
(radi al oxygen |l oss) regardless of water | ev
oxygen |l oss differs between plant species of
affect redox-reactions in the soil s, includi
mi neral ogi cal properties of the soil (Yar woc
compl exes Di fferent pl ant species will al
oxidation state of met al el ements by affect
provision of different root exudates (e.g. Y
1.5 ChArbon Storage in Histosols in lceland
cently, there is emerging research evidenc
nami cs. For exampl e, sever al studies report
position (Ratcliffe et al , 2020; Zhang et
vels derived from the volcanic material. I
kkai do, Hughes et al. (2013) detected a mo
crease in C accumulation following tephra
i f tSpfhragimoummonocotyl edon dominated plant cc
crease in decomposition rates. The decreas
eater increase in BSphagrpewmmelsataibdn srhaetde si tosnec
perienced a phase of invigorated growth du
underlying tephra | ayers. Loi sel and Bun

ut hern Patagoni an Sppehaatgtheaunml 8 at et i bbgspdaype
ansition from fens dominated by vascul ar

<—Tto< T Tt LVLOoOODQTWAOAT —aam
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hagdnoummh nat ed bogs following tephra depositi
at while hydrologic changes driven by cl i
obably also disturbed the equilibrium of
cilitated the final transition from fens t
getation succession is important, but as
OM i mpacts the peatlands soi l properties,
e hydrology of peatlands is mostly govern
pede vertical movement of wat er within

eeschouwer et al , 2008), which presumably



Wi ndborne volcanic ejecta is an important i
island experiences one of the highest rates
of c . t wenty vol canic eruptions per cent
Hoskul dsson, 2008). However, distinct depos
the only major contributor of aeolian mater
and eroded dryland soils represent another
vol canic origin. The causes and initiation
ecosystem degradation in lIceland has found
Dugmore et al., 2009; Eddud-ttir et al., 20
Streeter et al ., 2015) . Most research provi
dust sources were certainly not uncommon b
however, owing to a combination of a harsh
active volcanism and gl aci al processes, th
(e.g. Arnalds, Dagsson-Waldhauserova, et al
2020; Tinganel i et al ., 2018) . There is s
relatively resilient in the absence of ant
environment al pressure driven by climate cl
2020; Eddud-ttir et al ., 2016 ; M° c k el et al
use after the settlement |l ed to rapid | and
vegetation communities, with consequent dec
erosion prone Andosol s, |l eading to a rapid
after the settlement (e.g. Arnal ds, Dagsso
2009; <¢¢skarsson et al., 2004). Today, the r
resilience of the remaining Andosol s, har st
(Einarsson, 1984) and a globally wunparall ¢
Dagsson-Wal dhauserova, et al ., 2016) , pl ac
environments worl dwi de.

Therefore, mi ner al materi al of volcanic na
form f distinct tephra | ayers during vol c:q
windborne dust from aeolian source areas.
maj or dust sources is reflected in a wide
soil s. Farthest from the active volcanic zc
Hi stosols (> 20% C; Arnal ds, 2015; Arnal ds
WR B, 2015) occur (Figure 1.1). Only a com
comprise Histosols as surface soils, despit
the country (Arnalds, Gudmundsson, et al .,
surface soils exhibit Histosols (Arnalds, 2
(compare Il celandic Soil Classification; Arn
with >5% is considerably greater, but thes:e
mi ner al constituents than Histosols. Close:s
in surface soils of wetlands. They are esti
considerabl e share of mi ner al material, w
destabilization of the environment after th
mi ner al rich wetland soil, but more C ric
relatively mineral surface soil | ayers i W
2011; G2slad-ttir et al., 2010; M°ckel et a
C criterion of Hi st osol s often exhibit a



atotzky et al ., 2019), and average C col
) are below the northern peatland averag

I (H-BA)
[ (GA-BA)
[ (BA-HAH) g (svi1)

B (BA-HA-GA) (C-GA)

o EER MV-GV) I Lakes & Rivers

(V) gam (MV-sV) | Glaciers

Figure 1. 1: Soi l Map of |l celand derived fr
Cskarsson (2009) H = Histosol, HA = Histic
Vitrisol, = Leptosol, PV = Pumice Vitriso
Vitrisol, C = Cryosol

Besides obviously | owering the relative C ¢
remain about the impact of the inorganic aeo
effect of the dust depositions on peatlands
certainly impact C characteristics Contrary
regions (Cl ymo, 1987; Joosten, 2016) , vasc
(Steind-rsson, 1936, Slpoh6adg)n.wrmBa wyro,p hlyutesar & nrcad
Due to the volcanic nature of the aeolian de
similar to Andosols may be of importance, i
facilitated by nanocrystalline minerals and
2014, Bonatotzky et al., 2021,; Il nagaki et al

1. Research Aims and Objectives

The principal aim of this research was to i
Il celandic Histosols subject to the varying

10



volcanic eruptions and the aeolian deposit

derived from other maj or dust sources. Th

decomposition, and the associated influence

achieve the research aim, the following obj

1. To investigate the i mpact of vegetation
stability and decomposition of C in |cel
influence of mi f@mvakrasnodl.l | tbnstituents

2. To determine if distinct tephra deposit:
structur e, C decomposi(tPiacppreamdldl )anhdbiiltist
temperat ur(ePasperrsilt)i vi ty

3. To investigate interactions between andi
Hi st osol s i n pr(eP-aspeetrt llelMment subsoil s

4. To investigate interactions between andi
post-settl|l ememapesrnsdfliplae tisidigl aar |y

5. To determine if increased mineral conten
storage( Rapeaasdt.lyl )

Hi stosols from three peatlands in northwest

to aeolian deposition, were compared. Al |

from the volcanic eruptions Hekla 4 and Hel

respectivel y; Dugmore et al . ,° df99B6ephMat &j

respectivel vy, these two eruptions range al

eruptions in Iceland (Larsen & Thorarinssot

with one set at the core of one paper eact

provided in the methods sections). Various
T The peatl ands vegetation characteristics
T The Histosols C stabkblrietsypibraasteido nonatl a5b o/
25 AC

f The Histosols C &t rmuwdluegaer dmadrmetdi cbyr es
spectroscopy

T Andic soil properties based on selective
1 Decomposition€pradNdesds C/ N, 0

T Various complementary soil properties (¢
pH etc.).

Thereby, the study provides novel i nsight |

i mpacted by mineral aeolian deposition of v

11






2 Met hodol ogy

2. Research Area and Study Sites

The research area of this study is | ocat e«
district (Figure 2.1). Three sloping fen pe
the northern coast of the Skagi peninsul a,
valley to the highland frinfer soali smlofi48v 5!
m a.s. | .), is located at the northwestern

Situated farthest from centres of volcanic
source areas in the interior of the countr.y
deposition The siHrre f atdcfjal. ¢ Bh3i0g hnh aan.ds .flr.i)n,g €
to dust source areas and active volcanic zo
Aunrk¥%l uhei HIi | an area affected by severe sc¢
et al., 2016) is only about 10 km south of

Tinfen. 100-110 m a.s. | .), is |l ocated withi
15 km north of Hrafnabj©°rg, and 11 km from

13



* Sample sites
I Weather station

B vegetated land
I sandur and flog
Barren areas %

Sparsely vegetated nd

Glaciers
B Water bodies
Il Drained peatlands ? 25 50 100 150 200
X [ . km
Volcanic zones
Hekla 4 isopachs Hekla 3 isopachs

Q.1

(b)

Figure 2.1 The map in (a) shows the |l ocation
of aeolian mineral material , i e. sparsely v
zones. Drained peatlands are depicted in red
in (b)) and (c) show the Hekla 4 and Hekla 3
1977). Map source: | S50 V database of the Na
produced by Susanne C. M°ckel)

The oceanic climate of l celand is characte
(Einarsson, 1984), and is influenced greatly
ocean currents and at the frontier of war n
precipitation considerable and weather chang
island is greatly responsible for wvariation
variations in precipitation. Areas in the Sc

14



P wheredd®00n mhMorwytrh and No
ween 400 mm and 600 mm i s
ion in the research area ¢
I MO, n.d.-a), with higher amounts at
ge air temperatures are recorded at w
nd i
rec

a (
ation b
r i it

5 = =

'0‘
e
a
a

o <-

S For a summary of main climate ct
h area, see Table 2. 1.

T T O N®T O

(0]

Il i mate characteristics at
r the following time spans:
4 712015 (1 MO, n.d. - a, n.d. -
I August, the autumn trithe
rom December 1 February and
t |l ocati on i

itherm | ast f
formation abou
mpare Figure 2

the sampling S i

O T T NoD o
OS> TS O- O
(0]

3
o
>
—_
>
")

[

c
(77 N

Weat her station Hraun 8§ Skaga Bl°ndu-s
El vation (m a.s. | .) 3 8 506
Mean annual temperature (AC) 2.94 3.05
Mean summer tritherm temperature (AC) 7.9 9.
Mi mum summer tritherm temperature (AC) 6. 3 7
Ma mum summer tritherm temperature (AC) 10. 2 ‘
Me winter tritherm temperature (AC) -1.0

Me autumn tritherm temperature (AC) 3.6 3.
Me spring tritherm temperature (AC) 1.3 1
Me annual precipitation ( mm) 512 480

Me annual 1) 5.7 3.8 7.4

(0]

DO LD DX SO D

> 5 5 35 S

Boi l Sampling and Vegetation A

e

s .

ree sets of soil samples were taken from
e basis of one of the three papers presen
ed for a previous:c
ared and
el |l -defi

—+ 0

RPaper sloil samples obt
each peatland, one p
2.2). The Hekla 4 tephr

E
A

I
thicknesses of 5 c¢cm at orfdal smlri, 6 cm
anal yses (C Wi neéMR | spactoonscopy, content
ammoni um) were conducted on selected hori zo
and the horizons above and below the Hekl a
analyses were also discussed in context of
(2017) .
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Elevation (m a.s.l.)

39 108 329
| | |
Torfdalsmyri Tindar Hrafnabjérg
: — Ocm
[ [e] oi [ Slak\ansa
Hekla1 20i
PRkiat
20i
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Hekia1 40i — 20cm
36i
Oe
Hekla3
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20e Oe
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Oe
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30e Heklad 40e
50e
50e
Ssn2 — 80cm
40e
60e
50e
Saksunarvatn
— 100cm
70e
S-layer
— 120cm
[ I I
Coastal site Lowlands Highland fringe
0 km 54.6 km 78 km

Distance along a transect from the north (coastal site) to the south (highland fringe)

Figure 2. 2: Soi l profiles used in Paper I (
peatl ands (Torfdal smlri, Tindar and Hrafnab
el evation increasing southwards towards the
are indicted by red brackets. Division of pi
|l ayers is shown. Col ours of the soil profil
description of soil morphological properties
was produced with the R package Aqp (Beaudet
FoPapeyr dne soil profile was excavated at e
selection within peatlands was based on two
peatl and ecosystem, and it must contain well
Hekla 4 eruptions (Dugmore et al ., 1995; Lar
Hekla 4 tephra formed well-defined strata,
Torfdal smlri, 7 cm at Tindar, and 3 cm at Hi
< 0.5 ¢cm at Torfdalsmliri, 2 c¢cm at Tindar an
Torfdal smlri and Tindar are thicker t han i
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Elevation (m a.s.l.)
55 98 334
1 |

Torfdalsmyri Tindar Hrafnabjorg

— Ocm
0-10 0-10 0-10
10-20 10-20
20-30 20-30
H 1104
. 30-40
Poka 3 _
40.45 H 1104
iesn 40-50
— 50 cm
Hekla 4 50-60
59-64
64-69 60-72 60-70
69-79 7277 70-79
77-82
Hekla 3 79:84
84-89 84-89
Hekla 3
89-94 g
94-103 96-101
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103-108 101-111
108-113
111-116
Hekla 4 116-121
120-125 Hekla 4
125-130 124-129
129-134
-130-140
134-144
— 150 cm

\ T 1
0 km 54.5 km 71 km

Distance along a transect from the north
(coastal site) to the south (highland fringe)

re 2.3: Soil cores used in Paper 11, sho
rs represent tephra deposits within the

rs. Soils formed between the eruptions o
-Hekla 3 |l ayers are in green. Darker co
rial in the form of either volcanic ejec
tated or barren areas. The tephra deposi

Larsen & Thorarinsson, 1977) is also sho
settl ement of Il cel and, and serves as an
| ement and post-settl ement soi l format.i
med to be subject to greater aeolian derg
| ement (Dugmore et al ., 2009; G2sl ad- tf
icularly after 1100 in the study area (|
re was produced with the R package Aqp (



FoRaper 60611 samples were collected from ni
parall el transects (transects a, b, c; Fi gl
the centre of each peatland. Along each tr
one at the margin (1), one at the centre (3
the peatland. At each quadrat, vegetation v
by Braun-Bl anquet (Dombois & Ell enberg, 19
upper 30 cm (divided into three intervals:
as the surface tier in non-sphagnum domina
Staff, 2014a), and spans the main rooting
(Jackson et al ., 1996) . Al so, soils of thi
exclusively during post-settlement times (]

M | M O MmO
u M N YH(‘) M Nl YHO
ol 00 00

t SFGfFYR YINBAY

Figure 2.4: Sampling approach used in Paper
conducted at nidneatqueadamtpe t0l.2rbd,m al ong t h
the margin to the centre of each peatl and.

2. 3aboratory Anal yses

2.3.Tbtal Carbon and Nitrogen Content and Sf
Rat i o'sC,dt

Determination of total carbon ( %C) and nit
Staff, 2014b; Papers |, |1 *&pdNiR@@der sanldl odn
I DI as an indicator of degradation state an:
2011; Kr¢ger et al ., 2014) , was conducted
Due to the absence of carbonate minerals
Mankasingh & G2slad-ttir, 20219; Vilmundard:

19



to be equivalent to %C. As a proxy for decon
Holm, 1984), the molar C/N ratio was <calcul a
for the determination of decomposition of pe
this is not always the case for peatlands th
Il cel and. Previous research there (e.g. M©° c Kk ¢
al ., 2003; Horni brook et al ., 2000; Lawson

changes in the C/ N of peatl ands do not al wa
vegetation that serves as the parent materi a
understand and descrlbe decomposition proces
support of more tha one proxy is essenti al

characteristics, '1t€:s NcMRe msipceeacit rcosmepoqpsyi twiasn al ¥

2.3.Carbon Stru tur eCBalsveRd Spprectroscopy (Pape

|, 'l and | 1)
Determinati on'® fNMR st paicttruasec dpyy was chosen
(i .e. those that involve the extraction of
Knabner, 1997). Integration of the chemical
(2005), modified by Leifeld et al. (2012) .
Table 2.2 I ntegration of the chemical shift
et al . (2012) . Signal intensities for the c¢
were used to calculate the (70-75)/(52-57) r
correlate positively with decay rates As a
C (A: O/ N) ratio was calcul ated (Baldock et a
Chemical hift

region (Ap )gnment

220-160carboxyl/ carbonyl/ amide C
160-1400/C-aryl C
140-110C/ H-aryl C

110-60 y

60-45 N-J??/ iy e

45-0 al kyl C

70-75 O-alkyl C of carbohydrates

52-57 met hoxyl C of Ilignin

*90-60 polysaccharides

* The chemical shift region for polysacchari
I nformation on the share of the different

decomposition processes and to determine the
2004; Kgel - Knabner, 1997) Research on vari
the share of the different C types are a goo
al , 1997; Conte et al ., 2004, Ko gel - Knabner
the share of alkyl C increases with decompos
C decreases (Baldock et al , 1997). Conseque
be wused as a proxy for decomposition, wher



decomposition. The ratio of O- al y C of

ppm)/ (527157 ppm)) was recommended by Bonanoa
rates They observed the ratio to be positi
2.3.Carbon Mineralization as Indicator of C:

(Paper 1)

Determination of C mineraespariadonoby waeasor

as a proxy for biological soil fertility (e
of 2€Ofl ux from soil have increasingly been
dynamics in soils (e.g. Kuzyakov e n20s0s6i)o n sHe
were conducted via incubation of soils and
(5 AC, 15 AC and 25 AC), usiogptharcddthy rahe
traps (Al ef & Nannipieri, 1995; |l ser meyer,
temperature, the focus was on the effect o
environment al i mpact factors, such as emiss
2.3 Ahdic Soil Properties (Papers 11 and I 1
Data of Soil Samples of Paper 1)

Selective dissolution of Al Fe and Si wi t |
was conducted following Soill Survey Staff
The Al , Fe and Si extr actlgSiwist h na@mmanii v @
forms of Al and Fe of organic complexes (Al
oxides of Fe and Al , and nanocrystalline a
1993; Wad a, 1989) . Active Fe and pAlpAleixd r ac
associated with organic compounds. Based on
was determined (Wielrvhyd€hitdsz %P85J Feand
calculated (O 2% as diagnostic criterion of
2015). All ophane or all ophane-1like constitu
Mi zota and van Reeuwijk (1989), based on P
van Reeuwijk (1989), who recommendA)lt/g§Siuse o
bet ween 1.0 and 2.5, Al / Si ratios < 1 which
were used in this research. Phosphate reten
soi l properties (O 85 %; Il USS Working Group
1N NaF soahkwtaisonan pHhdicator ngdfO a9modr)p hveawss dred t
foll owing Bl akemore et al. (1987).

2.3 Compl ementary Soil Properties (Al Thr e

otherwise indicated)

The DBD of the soils and field water cont en
known soil vol ume. Content of OM and inorg
on ignition at 550 AC (Heiri et al., 2001)
(puHdp using a soil:water ratio of 1:10 (BI ak
Based on DBD and %wCwa€ dahsult gt ¢dgPapeesach

1 and Paipler clont ent s2)qgf nnitd) aif t&eh a(NXDO et al . ,
ammoni uf ((NMel son, 1983) were determined
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GENESYS 10S Series uv - Visible Spectropho
i ch

(Bl akemore et al ., 1987; Carter & Gregori ,
2.3.S8 atistical Data Evaluations

Differences in soil mineralizationPédpémween s
I) were evaluated by one-way ANOVA, and Tuke
Mendi bur u, 2020; Quinn & Keough, 2002) , usi
bet ween C mineralization aRdpgelwkeactee dl eit ®ed imé a
by exponenti al regression, whi ch were chos
information criteria corrected for small sam
Variations in vegetation Palpa&nna duvedrei satniaclsy sheed
non- metric mul tidi mensi onal scaling (NMDS;
Oksanen et al ., 2019; Podani , 2006) after r
cover scale (0, r, +, 1, 2, 3, 4, 5; Domboi s
(0, i, 2, 3, 5, 7, 8, 9; van der Maarel, 196

ati ons Piarp eGassd)il tacst urreef | (e'!€t &NMRb ¢ htelmé csil x s |
ons and the A: O/ N and (70175)/(52157) r.

[@ RN OB O RN
R C -SQ =
c>S o~ T

i nvestigated by robust principal compo

ction pcaCoDbDa, R package robComposition:¢

) and hierarchical clustering (R package
I n order to investigate the i mpact of wvari a
strufbpeasi(d)Iill redundancy analysis (RDA; R pa
2019) was conducted. The influence of andic
proxi es& (‘®iPM,petasnid)lllwas also investigated by
corr elPatpiernsdnd Pear sdrmapedr rnvelrat icoommsd u(ct ed i n
evaluate iif there is a relationship between
GGally, function ggpairs; Quinn & Keough, 20
were carried out using Papeér ainfdtPvdepréagagRd( | ver s |
I DL
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3 Resul ts

In following chapters, the results of the t
of the pattern of the vegetation character:i
three peatl ands i s gi ven. Then, interrela
described.

MNegetation Characteristics (Pa

having sever al cies i n common,
bet ween t he es. I n particul
two sites, while Tindar and
i, theErviegpehaartu m na a gsd sdioensi enhabt Le
e D2t. 26 yleo mmbn cofobhegragsthengfuro
formation System (EUNIS,; EEA,C&r0elX@i8iOgrta ¢
e most domi nant speci es, whil e various
mmo nBe teu lgaE mpaentar u ma mdagcrcimmi um. ulThgi vegemat
mposition at this sitbP3i468i Borenltbl awé
ssah@ss163 I celandic blackt seddagfen &b jowmg mo:
st similar DB. 3B2 Badithitne ypbet WCarhsx dge
stcelagtaar | y do mE qquits entgyum whhd ll tlest r eg nBWeatcucliani u
rma e al so common.

spe
sit

ST 3ggoo~—~"»ro0U W

DO OO0OO0OO0OTTSISTST™ 0O

3.2he Pedogenic Envi
(Papers |, L, 1

3.2.Tbtal %C, %Ash, DBD, Carbon Density, ani

On average, all sites meet the O 20% C crit
2015) . However, at Tindar and Hrafnabj©°rg,
soi l samples (0-30 c¢cm), particularly in the
Sur f ace Pagielrs)!I( |

I n surface soil s, tot al %C contents are on
Hrafnabj°rg, except for 15-30 cm depth, in

than at Hrafnabj°r @. olfhe%Q acnognetse natnsd wrietahnisn (
as follovs= 21%44a%, Tor fa &l LB iat T71-nIZRA%, an

®w = 24% at Hrafnabj°rg. The tot al mi ner al c
opposite to %C. Average DBD is rather si mil
with depth, except for a noticeable increa
foll ows: 0. 2®-6.304 18 agtm cTmor f dal sml r{, 0.1
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0
°r g, where 113 c¢cm and 17

i
ndar and Hrafnahbj
at Torfdal smlri

a
mpared to 50 cm

® = 0.2%atg Timndar and’®0= 0®. IiYalg 3HBmagd narbj °r g.
density, just as %C, is overall hi ghest at
increases with depth at all three sites.
SubsoPape() I |

I'n subsoil s, %C is overall greater at Ti nd:
particul ar, bet ween the tephra deposits of
el evated %C, with values > 40% being most c
experiences a drop in %C above Hekla 4. Abo
sites, with values < 30% frequently observe
towards values as high as 40% in the wupper
an opposite trend to %C. Overall, DBD is 1o
Hrafnabj©°rg, above which it increases sl igl
noticeable peak between the two tephra dep:
considerably greater than at t he 3dtrreeruetnwd ys
observed. This translates into overall hi ghe
devel opment of C density than %C at Tindar
revealing the greatest C densities, total C
are with 560nandblbp7hitghear at Tindar and Hr a
Torfdal smi)r.i TmMi6sl its haa result of elevated soi
Ti

co

3.2Dx2composition Proxied*CCaANd®Nati o, U

The C/ N ratio is very stable throughout t h
fluctuating between 19 and 22 At Tindar anc
and are noticeably higher bel ow Hekl a 4 t ha
values as hi ghPape)33lllar s uRrfpaecie el@dloN Irsat(i os ar
average | owest at Torfdal smlri and very al.i
ratitbsarie rather stable with depth in soil |
in soil | ayers bel Papeélekl|lmt 3T nidnaery,e dis e s e d ® @1
Hekl a 3, but slightly decreal®esflagaiumt ehero
experiencing an increasing t itk nax perdioavn He kd ac
peak between the two tephra | ayers at Torfda
site. At TindaW aredrkrasfen ab jthr gl,e pid h.

3.2.Carbon StrucitreMPySpectroscopy

The C structure€CwaldRdepecint ned o pPyapfedanidkeach
Paper iltl was measured for all soi l sampl es (
Vegetation RaplysiCsdsxruEomure was only deterr
tramgé&Ecgure 2. 4).

Generally, C structure at Torfdal smlri di f f
Tindar and Hrafnabj °Pgpermpanlt i awdealall y ,i n hseulCs
at Torfdal smlri is characterized by C group
A: O/ N ratios are relatively high, facilitate
O/ N alkyl C contents. The (70-75)/(52-57) ra

24



TorfdalRampleri pidmticul arly in comparison wit.
Paper hlowever, all sites show relatively sin
formed above and below Hekl a 4. The C stru
indicative of relatively |l ess degraded mat e
share of O/ N al kyl C at the expense of a ky
A: O/ N rati os.
I n the younger surface soils, thePapkefteden:
and similar as described forPapbsoil,t Bndt
however, the differences between the sites
|l ayers (0-5 ¢cm) is similar at all sites, wi
al kyl C, |l eading to |l ow A: O/N ratios, and
Toward deeper soil | ayampe)(d-theremiasand I%-l3
of al kyl C at the expense of O/ N al kyl carb
ratios with depth At the same time, (70-7
than alkyl C and O/ N al kyl C do not show as
of al kyl C at the relative expense of O/ N
ratios with depth is more pronounced at Tor
3.2 Ahdic Soil Properties

| Raper andic soil properties were not includ
use®apearr el avail abl e i n HRiagpuwrei I3l. 1b.e Tdhies cfui sns
context of these results in this thesis.

' Surface horizon -ju—" 1

£

E Above Hekla 4 -—

E Below Hekla 4 -je—— p—

Surface horizon - |— j— p—

?"z Above Hekla 4 j— = -

" Below Hekla 4 -ju— — p— I

bj

©  Above Hekla 4 -um——

c
o«
©
o
T

Below Hekla 4

voSurface horizon s f— — | F
:0
j— f— t

0 5 10 15 0 510152025 00 05 10 00 05 10 0 2 4 & o

Al, Fep Alp/Al, Fep/Feo Alg+1/2Fe, aIIophane ferrlhydrlte
Figure 3.1: Variables based on selective di
in Papeang . Fa&kle pr esé&h bkld gaFse lgl kmhane and f
are presented in % Vertical red Al nC.s5 resp

demarcation of allophanic aidahbophahiophAnd
0.5-1.0 Y nonallgpAh@mec2 % nadso sdoil asgyn, o sAtli ¢ cri
properties.
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Overall, andic soil properties are stronger
(Papers DI, @&md hllilin surface soils and in subs
comparatively high levels ,deIlaailoqahmaHleFdaAlco
values, several of them fulfilling the 02% d
Wor king Group WRB, 2015) . Ferrihydrite cont e
sites, with increasing values toward younge
Hrafnabj°rg. Interestingly, th tephra depos
in andic soil properties. At both Tindar and
tephra deposits of Hekl a 4 and Hekl a 3 form
decrease in andic properties, e .Allrawi alsl op

ando Ald Fal ues < 2pP/oAdri\ld11/tF@ertahatosAlare > 1 in se
which might be due § angnafmalv/earesdan mand eme otfi n
ando, Fe. g. Chil ds, 1985; Mi zota & van Reeuwij

criterion of andic soil properties P@lp@$sS Wor
IY and surfaapedil Wwbampeeseption of a few s
and Tindar showing values < 85%. Only few

threshabrdd Of. 4pH 1 USS Working Group WRB, 2015)

3. Rel ation Between Vegetation Con

and Carbon Characteristics (Pap
At first gl ance, di fferences in vegetation c
in patterns of C structure. Both sets of dat
more resemblance to each other than Torfdal
upper 0-5 c¢cm of soils at Torfdalsmliri share
Hrafnabj°rg than vegetation characteristics
|l ayers are characterized by comparatlvely hi
small share of the more recalcitrant al kyl C
30 cm) do C characteristics at Torfdal smlr.i
towards a greater share of al kyl C and high

Hrafnabj©°rg.

3. £ffect of Distinct Tephra Depos
Dynami cs

3.4.Carbon Structure around Tephra Deposits

There are sever al interesting patterns in C
(Paper s ). ahidr sltil vy, the C structure of the v
Hrafnbj°r gPamar Tlishdcarns(pi cuously similar to

much younger soil |l ayer s, i.e. 0-40 cm at Ti
clear change in C structure after the deposi
and Hrafnabj°rg (thPapgrsbipiarali scoaPlagyedriydidtl eedari
shift is characterized by a decrease in the
an increase in alkyl C, and a decrease in O
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Third, at TindaPape)h el dtarksl a 03 itnedpuhcrea a(not he
again towards | ower A: O/ N ratios facilitat
O/ N-al kyl C. At this |l owland site, the soi
form a clear subcluster.

3.4.Carbon Stability (Paper 1)

Overall, C mineralization rates increase to
and decrease with soil dept h. The | owest r
peatl and of Torfdalsmlri, but the di fferenc
mani fest in the surface horizon. The ar e
surface horizon at Tindar and HrafnabJOrg,
horizons above and below Hekl a 4. The most
bet ween Tindar and Hrafnabj°rg appears in
mineralization rates are approximately t wi
tempermttunNed 1P <at 0®1A@t 15 and 25 AC). At 1]
rates from the | ayer above Hekla 4 at Tind:
the contrary is the case.

Differences in C mineralization of soil hor
and temperatures. At Torfdalsmliri and Hrafn
the two | ayers at 5 AC, but at 15 and 25 A
|l ayers above Hekl a 4. At Tindar, C emissio
clearly greater<tbhadO0OfIyombatbodief f{er @pces ar
0. 255):45Thed@crease with timegbbLl5theeempeei
Whi l:4505 values of the surface horizon and
stages of t hde5/ex pvealiueesntaboyxe Hekl a 4 are c¢
the other | ayers, padtidulvalluey at Thimgdamswh
400 days of C mineralization.

3. Rel ationship Between Andic Soi
and Carbon Characteristics

surf aped ol las r@t her strong relatio
pl anatory data matri x) and C struc
adjfus t0e.d6 5r> =adj.udsxk)e.d Al kyl C shows a
e ARl and condaresghtAlbeE Ahtter two al so
th A: O/ N ratiosd Beerafigheadrr inegatAilvel y re
O/ N rati os, but positiyeloynttemmtO/aN ea Inkeygla.

§|_|3><

—®|c o>

<HNOO ~"»~*>s I~ —

o Al kyl C, but positively related to carbo
t large, similar relationships between mir
n sulPspeys | However, the share of the wvar
onstrained by andic soil propeOti4ds Fasjlust
29) . I n both cases, only th effecp of tt
0.001), but a share as high as 73% (sub.
ariance was described by the first di mensi
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Decompositioh€prahdaie C/eNs;s lconstrained by ar
the C struct urPeapiem dudnrlafddjcues tGead 9 ,8° & djOu 266 d

particularly as again only the effect of th
Nevertheless, a positive, pfdaaltlioopnhsahniep, bfeetrweiel
Abt ioFewith C/N ratio is indicated?®,Thteutsame
have a slight hleg®apee timpraet wasn mo signifi
bet ween andic soil properties and decomposit

3. Rel ationship Between Content of
Soi | Constituents and Absol ute
Storage

Both in suP&peere abdlililsssibebil d oPmaipneart eldd | ;sa mplee
contents of mineral soil constituents ( %Ash)

increment of soil (C density) as shown by I
PearRame) &hHd Spear manPap@e)k LkTohrer ellaactki oonfs a r
bet ween %Ash and C density despite a signif
contents (%C) may be explained by a relative
and DBD and between DBD and C density.
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4 Di scuUussi on

4. Larbon dynamics Partly Governe
Vegetation and Carbon characte

I n a very broad sense, differenPapejnbaiveget
reflected by the pattern of C struRamer. TI
| byt Paalpseorsshdl and ®falpeoisl at@idd ndlay and Hr af
more alike than compared with Torfdal smlri

and Hrafnabj°rg bear more resemblance to e
(Papey. |l EVidently, vegetation characteristic
in the peatlands of this study, similar as
et al ., 2012; Loi sel & Bunsen, 2020; Mal me |
Torfdal smlri is characterized by C groups

comparatively |l arge share of al kyl C at th
| ower C mineralization rates at this site.

|l mportantl vy, of all soi l |l ayers it is the

Paper buRapsérealt Torfalsmliri, which share mo
structure with corresponding | ayers at Tind
characteristics would imply. At all/l three p
is characterized by comparatively high cont
share of more recalcitrant al kyl C. Only in
15-30 cm) and Rapeearaldlb sdbads |G ysetrrsucg(t ure at T
more distinct. The expected shift towards r
al , 2012,; Tfaily et al., 2014), reflective
than at the other two sites. One possible e
ofSphagmausnes bet wSeih a gdermi svietde sphenol i ¢ com
frequently been observed to inhibit decomp
by suppressing microbial activity (Freeman
enhancing the formation of Fe-mineral compl
aOH. As bryophytes were not determined at s
cannot be dr awha pheerr elvielddlosvewv kb at bryophytes

Sphagmousns es, are more dominant at Tindar an
the compar@aph agdedrmovle dofphenol i ¢ compounds a
decomposition processes there I ndeed, Tor
phenolic compounds (160-140 ppm) than the

Papepd, | blut al so in Papmky. sTheoishatayerfs phe
bet ween ca. 4% and 7% in all soi l sampl es,
di fference in contents of these C compound
di fferences in C dynamics.

Exponential regressions between accumul ated
and chosen C grdf@ipsdMBespeedr aromntdheati os b
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Il ar patterns as i nRlamxeut edFoby i nssaaceh ¢
oborates observations by Leifeld et al
oups, such as O/ N-al kyl C,

itive to bi odegradati on, an
ribed by Bonanomi et al . (20
ictor of decay rates, with h
The negative relati
eement with e.g. Bal dock et al . (199
anced decomposition, and hence, more rec
dar and Hrafnabj°rg is noticeably higher
igher share of |l abile C groups, and a co
h as a (e. g. Dungait et al., 2012;
high / (52-57) ratios.
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|l e the chemical composition of the C is
neralization of the Histosols in this stud
C mineralization, which are not explaine
es in the soil horizon below Hekla 4 at
yers at Tindar and Hrafnabj®°rg, despite on
stability in these soil horizons is not on
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EZvidence for the | mpact of Mine
Constituents on Carbon Dynamics

ing subchapters, evidence for
s, and for factors other than
he C in the peatlands wil/ be
ds of this study are affected
and pedogenic minerals derived
eroding and sparsely vegetated
ov a, et al ., 2016; Dugmore et al
ion and decomposition processes t e
OM in subsoils at Torfdalsmlri
compounds than at Tindar an
al so explain conspicuous f|
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mperature sensitivity of C
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.2 Effect of Tephra Deposits on Carbon Miner

rfdal smlri experienReeporl olwert € snubeoial $§ zat
ose of Tindar and Hrafnabj°rg, readily exp
al ., 2012) but C mineralization also dif
afnabj°org. For exampl e, the C emissions o
early exceed that of al | ot her subsoi l [F:



Qd5/5 values of the soil horizon above Hek
ot her | aye particularly at Tindar, n
These patt

e
rs di
er
structure ob
tu

[
s cannot be explained by diff
erved aroundPapheer Helkinat 4 wboephn

in C struc rel® sNMR ds mead terda biyn ttEep&r.p ar t
However, there are shifts in other soil pro
of instabilities in the pedogenic environt
decreases. At Hrafnabj©°rg, %C al so decreasce
to 16% after the eruption), but at Tindar 9
intriguing change in OM/C ratio at the two
at Hrafnabj°rg, it decreases from 1.64 to 1
vegetation changes cannot be drawn based ¢
availabl e about these val ues for l cel andi
(KI'ingenfuC et al , 2014, Pribyl, 2010) s h
substrate, i . e. they are an indicator of v
study on German peatlands, Kl i ngeSpghuaCgreumal
peat (2.05 N 0.09) than in vascular plant ¢
soi l horizon above Hekl a 4 aSphtirgmtuama b jb%r g
Kl'ingenfuC et al. (2014). Given tSphagrhum i
mosses at this site after the volcanic erup
such as A: O/ N ratios and (70-75)/(52-57) r
Sphagdemi ved phenolic compounds have fregq
decomposition t hrough several pat hways, S
(Freeman et al ., 2001; Zhao et al ., 2021) ,
complexes and by quenchi‘@ld. dekgwawWem,g deado m
proxies are not supportive of a decreased &k
Mor eore NMR spectra do not show an elevated
horizon. Summari zed, this confirms evidence
that C stability, and the temperature sensi
intrinsic characteristics of the OM itself,
4. 2 12mpact of Andic Soil Properties on Car b
As described, Hi stosols in lIceland often d
2019) due to the intermixture of RPampemgahic
andic soil properties were not investigat
constituents in the Histosols might facili"
ferrihydrite, |l eading to abundant precipit
physical protection of C through the forn
compl exes (e.g Kgel -Knabner & Amel ung, 2 C
al ., 2006; Takahashi, 2020). Di fferences in
then explain the observed pattern in C min:¢
the C in the subsoil horizons at Hr af nabj
physically be better protected than at Tind
Hrafnabj°rg should be I ess protected by min
4, explaining5tbhevel egatepdaQti cularly at Ti
Data on selected dissolutions of Al , Fe ai
abundances of mineral phases between the st
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irregularities in C mineralization. First,

subsoi l horizon which does not fulfile the di
+ 1h20e2% (1 USS Working Group WRB, 2015) wi
content and o awdl Ewetlhs ionfdiAlati ve of | i mited
bound Al and Fe. I'n |l ight of a recent stud)
significant decrease in the temperature ser
all ophane to soils, the very | ow allophane <c
deserves attention. At Hrafnabj°rg, all opha
Hekla 4 are comparable (> pb@ngimBe>h3Pherespm
horizon below the tephra | ayer. Generally,

Hrafnabj°rg show cl ear andipcarsg iiFse phriogpheerrt i &
Hrafnabj°rg may indicate that more C is st
(Takahashi, 2020) and possibly explains wh
corresponding horizon t Tindar Furthermore
is a function of factors other thamn2otitse mer
comparatively | ow below Hekla 4 at Hrafnabj?®°
formation of Al -humus compl exes predominant|l
Shoji & Fujiwar a, 1984) . The C/ N ratio has

OM by organo-miner al compl exes, but a recent
l ow C/ N ratio to facilitate the complexatior
serve as another explanation for the higher
which reveals a comparatively high C/ N ratio

4. 2Shifts in Carbon Structure Coincide with

Contrary to oRapebslewveatiormsarianations in C st
shaped by tephra cPapesi Ad fwieret dedecomposint i
increases with depth at the three peatl ands
Preston et al ., 1987; Tfaily et al., 2014),
forms toward deeper soil |l ayers. The share
O/ N- al kyl C, leading to increasing A: O/ N rat
At the same ti me, (70-75)/ (52-55) ratios fo
there is a shift in C structure around the H
bel ow Hekla 4 the trend of C structure indi:
(Pape). ITThis is particularly prominent at Tin
of the very ol dest soil |l ayers bel ow Hekl a 4
and rather undecomposed surface soil |l ayer s,
I

recal citrant kyl C and a high share of mo
increasing decomposition with depth toward d

been observed in previous studies (e.g. Pres
in C structure with the Hekla 4 tephra | ayer
Several interacting trajectories are concei Vv
of the oldest subsoils and the young surfac:¢
that other factors of the pedogenic environn
shaping its decomposition and stability. As
(2008) , tephra deposits may function as a p
vertical movement of water within the peat ¢
in the form of Ilitter during the years follo
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eposit at the peatl and
ss of Hekla 4 at all sites,
. ertheless, while being | ess
also coincides with some variation
4 and Hekla 3 form a clear sub-clust
are also indications of subcluster foc
r t han at Tindar, d O a subtle
the soils between t a deposits
s and there is hard any change
|

o ®

ractions Between Andic Soi
Carbon Characteristics

tephra deposits are not the onl
ct C characteristics. Aeolian inor
Dagsson-Wal dhauserova, et al ., 2
formed thereof (Bonatotzky et al

9) also play a role. The geographi
ect to major source areas of i nor
prevalence of mi ner al soi l const
Tindar and Hrafnabj©°rg, whi ch

and | ess %Caperramiell u phaer t @i Imolr &
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& van Reeuwij k, 1989) are characterized by
recal rant materi al (i.e. comparatively hi
cont e of ferrihydrite are associated wit
refl e I i
are p

e

S

o nw

i
t h
ted by high O/N al kyl contentsoand hic
sitively related to carboxyl/ carbonyl/
patt n i i
i nve i a
dat a r
r2_

i Papbapapar iint | s notPalpley dmhrd acrhger
tes surface soils only. The RDA bDbef
i x and C structRiapeerasgveapandeantadd:

9, comparréed WiPtApetrmd hddj Wistfddrence i s

g contents of mineral materi al and

e sPape)deldt hc o(nsseeeq ueelnscee of i ncreas
igin into the peatlands after t he

(Arnalds, Dagsson-Waldhauserov

. 11; Gzslad-ttir et al ., 2010)
esworth et al ., 2006 ; Vaughan et al .,
onger andic properties in surface soil
vated contents of allophane and ferrihy
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dr
The increased aeolian redistribution of mi n e
explains why a sigrifiadbt) ebfeatnd( adjswstled
decomposition p& oxhdle swa®/ N oruantdi oi,n Ut he surf ac:
Paper Theéere, a positive relationsliibpabeét ween
C/N ratios was found, while théNsame ovanimabds
i Raper whilich is mainly based oA€ pafeld sweetrtel e me r
not constrained by arfdd cQpus@sli,0.®58)erties (ad

4. 4 mpact of Mineral Aeolian Depos
Absolute Carbon Storage (Papers
While the relative C contents in this resear
for northern peatlands by Loisel et al. (201
higher values reported by Loisel et al . (201
by other studies on boreal and subarctic pe
i mplications, but as K°chy et al. (2015) e mj
DBD has a great effect on absolute C storage
soils. This is well illustrated here. Partic
of comparatively low %C in conjRapxdsarothl wit h
I' DI, especially in pPaptjsdetHbwement oilsilgay &I
changes in relative contents of mineral soi
found i n Pampfegceld shudbgsed(, IIski ¢t h correlations
and C density found to be insignificant. N a
response to increasing %Ash, but as there w

%Ash and DBD, the absolute C storage <capaci
i mpeded by increased %Ash.
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4. Refl ections on Carbon Dynamics
Peatl ands under the I nfluence
Climate and I ncreased Dust Dep

(%)

tudy intimates the importance of soil
ols in Ilceland, in addition to the
al characteristics o OM (e. g. Kayr a
Zhaojun et al ., 2011). This resembl ec
Knabner & Amelung, 2 1; Kegel - Knabne
S contrary to obser tions made el s
ization in mineral soil s, organo- mi n
ance in organic wetland soils 1ike |
d et al., 2012).
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ad to increased C | osses (Curtinriach et a
evated | evels of Fe(l 1) may in turn aff e
ssolved Fe(l| fOH, ridghklay sdagradcgirmgiuced (Trus:s
C 2021), which potentially accelerate the
y impact the formation and stability of Fe
ocesses, and which wil| l'ikely be affecte
position, are vegetation changes (Eddud: tt
nsen, 2020; Lyons et al., 2020; Norby et a
Fe could themselves alter vegetation char
own to affect the availability of nutrient
aojun et al., 2011). Some studies (e.g. Ly
haganbuumdances wil |l decline upon climate wa
d a shift towards the greater dominance of
ready dominated by wvascul ar pl ants which
hagmawsses in such vascul ar pl ant domi nat e
wards the effects of climate waSpnhianggnnunm f t
ecies on the formation of Fe-organo compl e
rmat®®dnr adi cals might be enhanced due to
hagdeum ved phenolHe rcacdmpcoad nsd supoom oxi dati on

2021) . ADHt hadpradsctgirermtdfy depends on
, on the presence of Fe containing min:
ct P ®Hob6xCBati on of DOC may be particul
urce areas of mi ner al aeolian material
a deposition, or by a steady flux of a
rary changes in vegetation Spdmamgiomimt i on,
r of wvascular plants following tephra d
but see Loisel & Bunsen, 2020), quest:i
sever al years or decades as proposed
ed by the additional effects o changes
n drylands. Increased |l evels o deposit
k d

i
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C O -SpcCco

® Q-
—h —h

l'y also |l eads to elevate pH (e. g.
ils. Such changes in pH nduced by
ner al associations (e.g. Il nagaki
) observed that wunder reducing c
o}
i
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n of OM, particularly from Fe-
i ficant negatpi yanda @a,l sdarFfieiornmibnec
of previous studies that the fo
that of Al -humus compl exes) pr
Fujiwar a, 1984). On the other
f pH O 5 (e.g. Garrido & Matus,
Hence, the importance of this I
ease with elevated pH.
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5 Concl usi ons

Whil e vegetation characteristics and the ch
for C dynamics in undrained peatlands in tFl
constituents are also of i mportance, more s
Al | peatl ands of this study contain clear/l
which are closer to sources of mi ner al ae
properties

C dynamics in peatlands that receive frequ
vol canic origin appear only partly governecd
C structure of the very youngest surface s«
other (despite differences in vegetation ch
i mpacted by mineral material) reveals decon
sites. Subsoils of peatlands which are more
indicative of more | abile and | ess degr ade
probably due to the interaction of differer
soi l mi neral content.

One explanation may be found in seemingly
content of key C groups. For instance, the
al | soil samples. While this comprises only
little difference between soil samples, it
C traj Sphagthem. ved phenolic compounds are
i nhibitor of OM decomposition through seve
detailed informatiSpmagrhomand e st,hebuctovietr iofdi c
preval @miceegawndm hose sites which comprise | es
a slightly greater share 03phpahgemustsiess .pl den
greater role for C dynamics of l cel andic p
relatively smal/l share in these vascular pl
put more emphasi Spdhrma ginguert ioe<x uirm elncel afdi ¢ p
potenti al fate under environment al pressur
This could be of particul ar i mportance in
containing mi ner al mat er Sphagdaesmi ocee patehnw
compounds inhibit decomposition is by enhan
This study finds evidence of interactions b
bear a resemblance to stabilization proces:s
positive relationship between | abile O/ N al
a stabilizing effect of these mineral const
there is evidence of a stabilizing effect ¢
to studies on allophanic podzols in New Zea
and C/N ratios, and allophane and O/ C aryl
temperate forest soils where the share of
decomposition.
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Projections of the effects of c¢climate change
cycling in lcelandic peatlands should not on
(e. g temperatur e and precipitation), hydr
characteristics into consideration, but al so
in temperature and hydrology wil!/ Il i kel y 1 mg
ways. Changes in vegetation composition and
composition of OM, with concomitant effects
also with Ilikely effects on the formation an
mineralization at 5 AC, 15 AC and 25 AC show
properties |ike allophane, ferrihydrite and
towards temperature increases than C with a
with andic soil properties This indicates t
for volcanic dryland soil s, do play a stabi
However, the stability of organo-miner al co
change as a consequence of warming and chang
the stability of Fe-bound OM may be threaten
may gain importance, particularly if soil pH
deposition

Questions arise on the potenti al effects 0
ecosystems. This study shows cl ear sh|fts i n
tephra deposits. However, while thes erupti
equilibrium shift in t he pre—settlement peat
bet ween the tephr |l ayers is indicative of
l'ittle sign of rew orked mi ner al material, a
comparatively decomposed, but high relative
pre-settlement subsoils in order to draw cor
present day peatlands in Ilceland is however
destabilizations in the pedogenic environmen
the peatl ands are | ocated in a more dynamic
due to the far greater extent of eroding d
deposition and reworking of miner al materi al
soils and vegetation today, not only in the
it is conceivable that a tephra deposit of ¢
more severe and prolonged i mbalances of C d:
years ago when ecosystems were |ikely more
magni tude.

I ncreased relative mineral contents in Ilcel a
C contents. However, this must not | ead to
capacity of the Histosols was | ikewise negat
constituents wusually go hand in hand with i/
average values observed in northern peatland
decrease as relative C contents decrease. I n
contents of mineral soil constituents and C
mi neral material may have a significant effe
Whil e on average <containing |less relative
peatl ands, |l cel andic Histosols are stildl or
explained in the introduction of this thesis
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do not (anymor e) belong to the soil type o
Gl eyic), due to an even greater impact of

study. I n many areas, where Histic and GI e
Hi stosols may be found in deeper subsoil | @
aeolian deposition in an increasingly dist.:
i mpose a shift in soil type. Future resear
deposition on Histosol s, but also on these
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1 | INTRODUCTION

11 |
peatlands—What do we know?

Egill Erlendsson? |

Carbon dynamics in volcanically influenced

Isabel Prater® | Gudrin Gisladéttir®*

Abstract

Interactions between tephra deposits from volcanic eruptions and peatland carbon
(C) dynamics are poorly understood despite the significant extent of peatlands
influenced by tephra worldwide. Tephra falls can affect peat accumulation within a
radius of at least 1,000 km. In Iceland, volcanic activity is amongst the highest in the
world and it might even increase due to pressure release on subglacial volcanoes. A
potent combination of sparse vegetation, low cohesion of Andosols, and frequent
strong winds, facilitates the regular input of mineral aeolian material from eroded
areas into peatlands in Iceland, in addition to tephra deposits. We present results of a
study on the impact of a major tephra deposit, the Hekla 4 tephra, on C dynamics in
Icelandic peatlands. We investigated three sites at differing distances from the active
volcanic zones and major erosion areas in the interior of the country. A combination
of variables was applied, including laboratory C mineralization at 5, 15 and 25 C and
C structure obtained by solid-state 23C NMR spectroscopy. Tephra deposits seem to
affect C dynamics. Differences in C mineralization can only be partially explained by
C structure. The C mineralization from soils with conspicuously similar C structure
differs by a factor of up to 2.7. Temperature sensitivity of decomposition after the
tephra deposition increases by a factor of up to 2.2. Changes in inorganic matter and
the ratio of soil organic matter to soil organic carbon by a factor of up to 1.3 and 1.4,
respectively, were also observed.

KEYWORDS

13C NMR spectroscopy, C mineralization, carbon dynamics, peatlands, tephra deposits

studies following volcanic eruptions, for example, Mount St. Helens
(USA) in 1980 (Antos & Zobel, 1985; Harris, Mack, &
Maurice, 1987), Mount Koma (Japan) in 1996 (Tsuyuzaki &
Hase, 2005), and others reviewed by Ayris and Delmelle (2012), the
immediate impact of tephra deposits is relatively well known. Field

Vast areas of peatland worldwide are located within active volcanic
regions and, hence, within tephra-receiving areas (Payne &
Blackford, 2008), for example, in Alaska and Western Canada, Kam-
chatka, Patagonia, the tropical and subtropical Andes, Japan, Indo-
nesia and Iceland (Ayris & Delmelle, 2012; Chimner &
Karberg, 2008; Hotes, Poschlod, & Takahashi, 2006; Payne &
Blackford, 2008; Yu, 2006). Based on a number of real-time, in-situ

observations following the Mount St. Helens eruption of 1980
(Antos & Zobel, 1985) revealed that a tephra cover of 150 mm was
sufficient to kill nearly all herbaceous plants while 45 mm was
enough to eliminate most bryophytes. Most research on vegetation
responses to tephra deposits has been conducted on dryland plant
communities, leaving less certainty about the impact on wetland
vegetation (Ayris & Delmelle, 2012).

654 | © 2020 John Wiley & Sons, Ltd.
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According to Ayris and Delmelle (2012) about 1% of peatland is
located within 20 km of known Holocene volcanoes, and approxi-
mately another 1% lies within 200 km. However, the impact range of
distal tephra deposits can be far greater than 200 km. Blackford,
Payne, Heggen, de la Riva Caballero, and van der Plicht (2014) found
clear evidence of a profound impact on vegetation and peat accumu-
lation imposed by tephra from the mid-Holocene eruption of the Alas-
kan Aniakchak volcano (Aniakchak Il) in a peatland located more than
1,000 km from the volcano. There, tephra layers of 3-12 mm thick-
ness were preserved. Therefore, the extent of peatlands influenced by
clearly
Blackford, 2008). Despite that, and the growing knowledge on the
role of peatlands in the global carbon (C) cycle (Leifeld &
Menichetti, 2018; Mitsch et al., 2013; Yu, Loisel, Brosseau, Beilman, &
Hunt, 2010), our understanding of the interactions between tephra

tephra fall worldwide is significant  (cf. Payne &

deposits and C dynamics in peatlands remains fragmentary, aggra-
vated by the contradictory findings of the few studies conducted so
far (Ayris & Delmelle, 2012). It has frequently been suggested that
tephra deposits may affect peat accumulation through the impact on
vegetation characteristics and hydrological conditions. Nutrient
leaching from tephra deposits favours the dominance of vascular
plants over bryophytes such as Sphagnum, and leads to increased
decomposition by enhancing microbial activity (Biester, Martinez-
Cortizas, Birkenstock, & Kilian, 2003; Broder, Blodau, Biester, &
Knorr, 2012; Damman, 1988; Tsutsuki & Kondo, 1997). In some cases,
tephra deposition has led to a shift in vegetation towards assemblages
typical not only of more nutrient rich, but also of drier ecosystems, for
example, a shift from Cyperaceae-dominated to Poaceae-dominated
vegetation assemblages (Blackford et al., 2014; Erlendsson, Edwards, &
Buckland, 2009). Other studies provide evidence of decreased decom-
position below fine-grained, semi-impermeable tephra layers, which
presumably promote anaerobic conditions (Hotes, Poschlod, Taka-
hashi, Grootjans, & Adema, 2004). In the decades after tephra deposi-
tion, C sequestration may be impeded due to vegetation destruction
or increased aerobic decomposition (Blackford et al, 2014). The
results from these studies demonstrate inconsistent evidence for the
immediate short-term impact of volcanic emissions on C dynamics,
and even less clarity on the long-term impact of tephra on C dynamics
in peatlands.

The need to decipher C dynamics in volcanically influenced
peatlands is obvious; (a) globally, considering the C storage capacity of
peatlands and the considerable extent of these ecosystems within the
range of volcanic emissions, and (b) not least more locally in Iceland.
The frequency of volcanic eruptions in Iceland has been amongst the
highest in the world during the Holocene (every 5 years on average;
Thordarson & Hoskuldsson, 2008) and might even increase with
warming climate and the consequent pressure release on subglacial
volcanoes (Sigmundsson et al., 2010). A factor aggravating the impact
of tephra deposition on peatland C dynamics in Iceland may be the
frequent aeolian redistribution of minerogenic material from sparsely
vegetated or barren areas. In particular, the human colonisation of Ice-
land c. 870 AD and concomitant introduction of livestock led to a
widespread alteration of vegetation communities and induced erosion,

and thereby, diminishing the capability of ecosystems to withstand
the conventional influences of volcanism and climate (Dugmore,
Gisladottir, Simpson, & Newton, 2009; Eddudéttir, Erlendsson,
Tinganelli, & Gisladéttir, 2016; T. Einarsson, 1961; Hallsdottir, 1987).
Desert-like areas are, to the best of our knowledge, not found else-
where close to peatlands influenced by volcanism. The potent combi-
nation of sparse vegetation cover, the nature of Andosols (cf. IUSS
Working Group WRB, 2015), the volcanic dryland soils characterized
by low cohesion (Arnalds, 2008) and frequently occurring strong
winds (M. A. Einarsson, 1984) facilitates the input of mineral aeolian
material into peatlands in Iceland. The deterioration of the Histosols
(cf. IUSS Working Group WRB, 2015) of the Icelandic peatlands, due
to the redeposition of aeolian material from eroded areas, is readily
observed, for example, a rise in bulk density and the decline of mois-
ture content and organic C (Gisladottir, Erlendsson, & Lal, 2011;
Gisladottir, Erlendsson, Lal, & Bigham, 2010; Mdckel, Erlendsson, &
Gisladéttir, 2017). This decreases their resilience towards distur-
bances (Arnalds, 2015) like those imposed by tephra deposits from
volcanic eruptions.

1.2 | The Hekla 4 eruption and its ecologic
implications

The Hekla 4 event ranks amongst the most productive of Icelands
Holocene eruptions. It generated an estimated 9 km® of tephra
(Larsen & Thorarinsson, 1977) at c. 4.25 ka BP from the volcano Hekla
(Dugmore et al., 1995) in South Iceland. Stratigraphic evidence of the
eruption is found in c. three-quarters of Iceland, but the main deposi-
tion direction was towards the north and northeast (Figure 1; Larsen &
Thorarinsson, 1977). In our study area, the tephra is relatively fine-
grained with a dominantly silicic chemical composition, but includes
intermediate portions and basaltic andesites (cf. Sverrisdottir, 2007).
The deposits towards the north and northeast contain mainly light-
coloured silicic tephra. Today, the average thickness of tephra layers
found in soils and sediments in North Iceland at a distance of
¢. 180-230 km from the source volcano is about 2—4 c¢cm (Figure 1;
Larsen & Thorarinsson, 1977), but thicknesses of 6 cm (Mdckel
et al, 2017) and even up to 8 cm (Eddudéttir et al., 2017) have been
reported. The original thickness of the freshly fallen, uncompacted
deposits may have been far greater, as much as twice as thick as that
observed in stratigraphies today (cf.
Dzurisin, & Wood, 1981).

Contrary to ecosystems in Iceland today, which are the artefact of

Sarna-Wojcicki, Shipley,

large-scale vegetation changes, vegetation destruction and soil erosion
after the human settlement (Dugmore et al, 2009; Eddudottir
et al., 2016), ecosystems at the time of the Hekla 4 eruption were rela-
tively stable (Eddudéttir et al., 2016; Eddudéttir, Erlendsson, &
Gisladottir, 2015). Yet, an investigation of the effects of the Hekla
4 tephra on vegetation in Northwest Iceland by Eddudéttir et al. (2017)
revealed aggravated disturbance in ecosystems close to the highlands.
Tinganelli et al. (2018) supported these findings by detecting increased
dry bulk density, magnetic susceptibility and C/N ratios in lake
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FIGURE 1 The research area is located in Northwest Iceland, Austur Hinavatnssysla district. Three peatlands were investigated along a
north—south transect from the coast (Torfdalsmyri) over the inland lowlands (Tindar) to the highland fringe (Hrafnabjérg). The sites are located
between the 2 and 6 cm isopachs of the Hekla 4 tephra deposits; isopachs are based on Larsen and Thorarinsson (1977). The coastal site
Torfdalsmyri is located farthest from the active volcanic zones and from sparsely or non-vegetated areas in the interior of the country, while the
southernmost site of Hrafnabjorg at the highland fringe is located closest to both. Sample sites of previous studies in the area (Eddudéttir,
Erlendsson, & Gisladéttir, 2017; Tinganelli, Erlendsson, Eddudéttir, & Gisladéttir, 2018) are also depicted [Colour figure can be viewed at

wileyonlinelibrary.com]

sediments close to the highlands. In contrast to the lowland ecosystems,
the more vulnerable ecosystems at the highland fringe did not recover
from the disturbances (Eddudéttir et al., 2017; Tinganelli et al., 2018).

The studies by Eddudéttir et al. (2017) and Tinganelli et al. (2018)
conform to the findings of work in Northwest Iceland by Mdckel
et al. (2017), which this study builds upon. There, evidence indicated
the importance of geographic location on soil properties in Icelandic
peatlands and pointed to changes induced by allochthonous mineral
material. Patterns in several soil variables reflected disturbance follow-
ing the Hekla 4 tephra deposition at a peatland at the highland fringe
(Hrafnabjorg) to an extent not observed in a lowland peatland (Tindar)
or a peatland close to the open sea (Torfdalsmyri; Figure 1 and Table 1).
For instance, dry bulk density (DBD) increased, soil organic matter
(SOM) and soil organic carbon (SOC) decreased and the soil morphology
changed from woody sedge peat to silty sediments.

1.3 | Study focus

This study focuses on the impact of tephra deposition on C dynamics
in peatlands to address the hypothesis that, tephra deposits alter the

C stability of Histosols. This can take place through the following
trajectories:

1. Previous studies indicate that tephra deposits of a certain
thickness may alter vegetation of peatlands (Blackford
et al., 2014; Eddudottir et al., 2017; Erlendsson et al., 2009;
Mockel et al., 2017). We expect that such vegetation changes
should be reflected in changes in C structure (measured by *3C
NMR), which, in turn, should be reflected in altered C
mineralization.

2. Tephra deposits can alter soil properties such as nutrient content,
pH and content of soil inorganic material (IOM), which can impact
C mineralization.

We apply a combination of several variables; (a) C mineralization
reflected by CO, respiration measured by laboratory incubations at
5,15 and 25 C, (b) C structure obtained by solid state *3C NMR spec-
troscopy and (c) nitrite (NO, ), nitrate (NO3 ) and ammonium (NH,")
content. The findings are also discussed in the context of data on C/N
and SOM/SOC ratio, base cation content and pH measured in water,
which are based on a previous publication (cf. Mockel et al., 2017;
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Table 1). To elucidate the impact of tephra deposition on C dynamics,
we concentrate on soil horizons adjacent to the Hekla 4 tephra layer.

2 | METHODS
2.1 | Sampling approach and research area

The research area is located in the Austur Hunavatnssysla district in
Northwest Iceland. Soil samples were collected from three peatlands

Elevation (m a.s.l.)

along a north—south transect from the coast (Torfdalsmyri; 39 m a.s.l),
via the inland lowlands (Tindar; 108 m a.s.l) to the highland fringe
(Hrafnabjorg; 329 m a.s.l; Figure 1). The three peatlands differ in their
distance from the major erosion areas in the interior of the country
and from the active volcanic zones (Figure 1). At each site, one soil pit
was dug and a pooled bulk soil sample of each horizon was collected
(Figure 2). The Hekla 4 tephra formed a well-defined stratum within
each soil profile, with tephra thicknesses of 5 cm at Torfdalsmyri,
6 cm at Tindar and 1 cm at Hrafnabjorg. Tephra deposits at Tor-
fdalsmyri and Tindar are thicker than isopachs for the area indicate

39 108 329
I I |
Torfdalsmyri Tindar Hrafnabjorg
’ — Ocm
. o
[ Oi [ Hlekla1766
Heklal 20i
Eingal
20i
Heklal — 20cm
30i
Oe
Hekla3
20i
Oe
Hekla4 — 40cm
Hekla3 Hekla3
20e
Oe
30e Hekla4
20e
40e — 60cm
30e Hekla4
50e
Ssn2 — 80cm
40e
60e
50e
FIGURE 2 Soil profiles taken from
Saksunarvatn three peatlands (Torfdalsmyri, Tindar,
— 100 cm Hrafnabjorg) along a north—south
transect, with elevation increasing
southwards towards the highlands. Soil
horizons analysed in this study are
indicated by red brackets. Soil horizon
- 120cm designations are based on the USDA soil

survey manual (USDA, 2017). Other
designations refer to tephra layers. For a
thorough description of soil morphological

| properties, see Mockel et al. (2017). The
figure was produced with the R package

Coastal site Lowlands Highland fringe Aqgp (Beaudette, Roudier, & Brown, 2020)
0 km 54.6 km 78 km and colours of the soil profiles resemble

Munsell soil colours [Colour figure can be

Distance along a transect from the north (coastal site) to the south (highland fringe)  viewed at wileyonlinelibrary.com]
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(2 and 4 cm isopachs, respectively; Figure 1), but thinner than isopachs
would suggest (4—6 cm) at Hrafnabjorg. The thin tephra layer at
Hrafnabjorg might be a result of post-eruption redistribution by wind
and probably does not reflect initial thickness. The thicknesses of the
tephra deposits were probably not lethal for most higher vegetation,
but might well have been for bryophytes (Antos & Zobel, 1985). Ana-
lyses were conducted on soil samples from the surface horizons and
those above and below the Hekla 4 tephra deposit (Figure 2).

Annual precipitation in the area is relatively low (c. 400—
500 mm yr *; IMO, n.d)) and decreases from the open sea towards the
highlands. Mean annual air temperatures range from 0.7 C at the Kolka
weather station in the highlands, to c. 3 C at the Blondu6s weather sta-
tion for lowlands and the Hraun & Skaga weather station at the coast.
Average wind speeds are highest close to the highlands (7.4 m's %) and
lowest in the lowlands sheltered from the open sea (3.8 ms 1).

2.2 | Laboratory analyses

22.1 | Soil C mineralization

We determined C mineralization by CO, respiration via long-term incuba-
tion experiments at 5, 15 and 25 C. Triplicates of the <2 mm size fraction
of each bulk sample were subsampled and rewetted to field moisture
content (cf. Mockel et al., 2017) for a time period of 400 days using
closed jars and NaOH traps (Alef & Nannipieri, 1995; Isermeyer, 1952).
Time intervals between changes of the NaOH traps were adjusted to res-
piration activity, with more frequent changes during the first weeks of
the experiment than in the later stages. To assure constant soil water con-
tent, samples were weighed regularly during the incubation (cf. Fierer,
Craine, McLauchlan, & Schimel, 2005). Respired CO,-C was calculated
and normalized to C content (cf. Mdckel et al., 2017). Qo coefficients
were determined after 7, 21, 100, 200 and 400 days of incubation.

222 | Solid state 3C NMR spectroscopy
Solid state *C NMR spectroscopy was used to determine the structure of
soil organic C, which contributes to the characteristics of SOM and decom-
position processes (Kogel-Knabner, 1997). We applied a cross-polarization
magic angle spinning technique (CPMAS) with a Bruker DSX 200 spec-
trometer (Billerica/USA) with a proton resonance frequency of 50.32 MHz
and a spinning speed of 6.8 kHz. To circumvent spin modulation during
the Hartmann-Hahn contact, a ramped *H-pulse was used during a con-
tact time of 1 ms. Pulse delays of 0.8 s were used for all samples and
between 3,601 and 12,178 scans were accumulated during each measure-
ment. A line broadening of 25 Hz was applied. The *C chemical shifts
were calibrated relative to tetramethylsilane that was equalized to 0 ppm.
Integration was based on Knicker, Totsche, Almendros, and
Gonzélez-Vila (2005), modified by Leifeld, Steffens, and Galego-
Sala (2012). The signal intensity was integrated into seven chemical
shift regions in order to determine the relative share of the different
220-160 ppm

C  compounds: (carboxyl/carbonyl/amide  C),

160—140 ppm (O/C-aryl C), 140-110 ppm (C/H-aryl C), 110-60 ppm
(O/N-alkyl C), 95-60 ppm (polysaccharides), 60—45 ppm (O/N-alkyl
C) and 45-0 ppm (alkyl C). Additionally, signal intensities for
70-75 ppm (O-alkyl C of carbohydrates) and 52-57 ppm (methoxyl C
of lignin) were determined in order to calculate the (70-75)/(52-57)
ratio, which Bonanomi et al. (2013) observed to correlate positively
with decay rates. As a proxy for decomposition, we calculated the
alkyl C to O/N-alkyl C (A:O/N) ratio, with higher ratios indicating a
more advanced decomposition (Baldock et al., 1997).

223 | NO; ,NO, andNH,"

Soil NO, , NO3 (Shand, Williams, & Coutts, 2008) and NH,"
(Nelson, 1983) were determined spectrophotometrically using a
GENESYS 10S Series UV-Visible Spectrophotometer and 2 M KCI soil
extracts (Blakemore, Searle, & Daly, 1987; Carter & Gregorich, 2008)
with an air-dried soil:liquid ratio of 1:10.

23 | Statistical evaluations

The soil mineralization data were tested for homogeneity of variances
with the Fligner-Killeen test. Differences in mean soil mineralization
between soil layers were then analysed for each temperature sepa-
rately on log transformed data (skewness of non-transformed data >1)
by one-way ANOVA, followed by the Tukey's HSD test (Quinn &
Keough, 2002). In the same way, differences between temperatures
as represented by Qi values were analysed for each soil layer sepa-
rately on non-transformed data ( 0.5 < skewness < 0.5). An alpha
level of .05 was used for all statistical tests.

The relation between C mineralization and C structure was evalu-
ated by exponential regressions between selected indicators of C struc-
ture (O/N-alkyl C, polysaccharides, A:O/N ratio and (70-75)/(52-57)
ratio) and C mineralization at 5, 15 and 25 C. Exponential regressions
were chosen based on the comparison of Akaike information criteria
corrected for small sample size (AICc; cf. Burnham & Anderson, 2004)
of three models (linear, second order polynomial, exponential).

All statistical analyses were carried out using the software R ver-
sion 3.5.2. The Tukey's HSD test was conducted using the CRAN
package Agricolae (De Mendiburu, 2020), the AICc by using the pack-
age AlCcmodavg (Mazerolle & Linden, 2019). Regression figures were
produced using the package Ggplot2 (Wickham, 2016).

3 | RESULTS
3.1 | Soil C mineralization
3.1.1 | Between-site and within-site differences

There are clear between-site differences in C mineralization, with
overall rates increasing towards the highlands and the active volcanic
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zones at all incubation temperatures (Figure 3; Supporting infor-
mation S1). The C emissions from all layers at Torfdalsmyri are
lower than at the other sites, this being especially conspicuous for
the surface horizon (p <.001; Supporting information S1; Figure 3
and Table 2). Mineralization rates from the surface horizon at
Hrafnabjorg are only slightly higher than from the surface horizon
at Tindar. The most prominent difference in mineralization
between Tindar and Hrafnabjorg is detected for the layer below
Hekla 4, with mineralization rates at Tindar being approximately
twice as high as those at Hrafnabjorg at all temperatures
(p=.012at5 C,p<.001 at 15 and 25 C; Figure 3 and Table 2). At
15 and 25 C, mineralization rates from the layer above Hekla 4 at
Tindar exceed those at Hrafnabjorg slightly. At 5 C the contrary is
the case (Table 2).

Within each site, the highest C mineralization rates occur in the
surface horizon (Figure 3; Supporting information S1). Differences
between the layers above and below Hekla 4 vary between sites and
temperatures (Table 2). At Torfdalsmyri and Hrafnabjorg, there is no
difference in emissions from the two layers at 5 C, but at 15 and
25 C emissions are moderately higher from the layers above Hekla
4. At Tindar, emissions from below Hekla 4 at 5 and 25 C are clearly
greater than from above (p < .001).
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312 | Qo coefficients

At all sites, Qo coefficients for a temperature increase from 5 to
15 C (Q1015/5) are higher and less consistent through time than for a
temperature increase from 15 to 25 C (Q1025/15; Table 3). Overall,
Q1015/5 are higher during earlier stages of the experiment than latter.
The Q1015/5 values of the surface horizon and below Hekla 4 are
similar towards the latter stages of the experiment, while Q;015/5
values above Hekla 4 are consistently higher than those of the other
layers. This is particularly pronounced at Tindar. The same pattern
does not occur for Q1025715 coefficients, which show less variability
between layers and through time than Q1015/5.

3.1.3 | '3C NMR spectroscopy

The chemical structure of soil organic C at Torfdalsmyri differs notice-
ably from that at Tindar and Hrafnabjorg (Figure 4; Supporting infor-
mation S2). At Torfdalsmyri, the proportion of alkyl C is higher in all
layers than at the other two sites and the proportions of polysaccha-
rides and O/N alkyl C of the signal range 110-60 ppm is lower. Differ-
ences between Tindar and Hrafnabjorg are minor. Generally, A:O/N

FIGURE 3 Cumulative soil C
mineralization at 5, 15 and 25 C at
the coastal site (Torfdalsmyri), the
lowland site (Tindar) and the highland
fringe site (Hrafnabjorg). Colours
depict the different horizons:

green = surface horizon, red = above
Hekla 4, yellow = below Hekla 4
[Colour figure can be viewed at
wileyonlinelibrary.com]
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TABLE 2

Relative between-site differences in C mineralization at 5, 15 and 25 C presented as the following ratios: Tindar/Torfdalsmyri,

Tindar/Hrafnabjorg, Hrafnabjorg/Torfdalsmyri as well as differences between the layers below and above Hekla 4 within each site

5C 15 C 25C
p p P
Relative difference (Tukey's Relative difference (Tukey's Relative difference (Tukey's
(ratio) HSD) (ratio) HSD) (ratio) HSD)
Tindar/Torfdalsmyri
Surface horizon/surface 38 <.001 3.8 <.001 34 <.001
horizon
Above Hekla 4/above 1.0 >.999 20 <.001 13 .002
Hekla 4
Below Hekla 4/below 27 <.001 31 <.001 2.7 <.001
Hekla 4
Tindar/Hrafnabjorg
Surface horizon/surface 0.9 .999 0.9 .996 0.9 .836
horizon
Above Hekla 4/above 0.7 274 13 169 11 .849
Hekla 4
Below Hekla 4/below 19 .012 19 <.001 20 <.001
Hekla 4
Below Hekla 4/above 18 .024 15 .001 16 <.001
Hekla 4
Above Hekla 4/below 0.7 442 16 <.001 13 .002
Hekla 4
Hrafnabjorg/Torfdalsmyri
Surface horizon/surface 42 <.001 41 <.001 37 <.001
horizon
Above Hekla 4/above 15 195 16 <.001 12 039
Hekla 4
Below Hekla 4/below 14 464 1.6 <.001 14 <.001
Hekla 4
Below Hekla 4/above
Hekla 4
Torfdalsmyri 1.0 >.999 0.8 113 0.7 <.001
Tindar 27 <.001 12 .255 15 <.001
Hrafnabjorg 1.0 >.999 08 .093 08 .047

ratios are highest at Torfdalsmyri. Within each sample site, the maxi-
mum A:O/N ratio is observed in the layer above Hekla 4. The
(70-75)/(52-57) ratio of the surface horizon at Torfdalsmyri is lower
than that at Tindar and Hrafnabjorg. The respective ratio of the layers
above and below Hekla 4 differs only slightly between sites.
Regarding differences within each site, it is most conspicuous that
differences in C structure between the layers above and below the
Hekla 4 tephra are only minor at all sites. Besides that, each site is
characterized by an overall increase in alkyl C and an overall decline in
O/N-alkyl C with depth. A steady decline in polysaccharides and
O/N-alkyl C with increased depth takes place at Torfdalsmyri in con-
trast to Tindar and Hrafnabjorg, where slightly higher values are
observed below Hekla 4 than above. The increase of alkyl C with
depth is not linear, that is, it is lower below Hekla 4 than above at all
sites (Supporting information S2). The A:O/N ratio generally increases

with depth, but while ratios are nearly equal above and below Hekla
4 at Torfdalsmyri, slightly higher ratios occur above Hekla 4 than
below at Tindar and Hrafnabjorg. The (70-75)/(52-57) ratio declines
steadily with depth at Torfdalsmyri, but less so at Tindar and
Hrafnabjorg, where somewhat lower ratios occur above Hekla 4 than
below.

314 | NOs; ,NO, andNH,"

Only the horizon above Hekla 4 at Hrafnabjorg yielded NO3; above
the detection limit (Table 4). The contents of NO, and NH," are
above the detection limit in all layers at all sites, but NH,* contents
are much greater than NO, contents and Torfdalsmyri contains the
most NH,*. At Torfdalsmyri and Tindar, NH,* and NO, contents are
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TABLE 3 Qo values after 7, 21, 100, 200 and 400 days of incubation
Q10 15/5 Qu025/15

Incubation time (days) 7 21 100 200 400 p (Tukey's HSD) 7 21 100 200 400 p (Tukey's HSD)
Torfdalsmyri
Surface horizon 7.1 25 24 22 24 <.001 1.8 1.7 1.6 1.8 1.9 <.001
Above Hekla 4 8.1 52 35 30 2.7 <.001 14 15 14 1.6 20 <.001
Below Hekla 4 9.1 4.0 2.7 22 21 .035 1.7 13 13 14 1.9 .003
Tindar
Surface horizon 31 21 17 20 24 <.001 13 12 14 16 17 <.001
Above Hekla 4 45 11.1 6.6 54 53 <.001 14 13 14 13 13 .021
Below Hekla 4 3.6 1.9 19 1.9 24 <.001 1.0 11 14 16 1.6 <.001
Hrafnabjorg
Surface horizon 42 20 19 2.0 24 <.001 14 14 i 16 17 <.001
Above Hekla 4 152 38 30 27 29 <.001 0.8 10 10 13 15 <.001
Below Hekla 4 6.6 24 1.9 19 23 .004 14 14 13 13 1.6 .002

Note: p-Values of Tukey's HSD test for Q0 values after 400 days of incubation are also presented.

greater above the tephra layer than below, whereas the opposite
holds true at Hrafnabjorg.

4 | DISCUSSION

We hypothesised that tephra deposits alter the stability of C in His-
tosols by altering vegetation composition and, hence, C structure,
and/or by altering various soil properties (e.g., nutrient content, pH,
I0M, etc.).

The results reveal no profound changes in *3C NMR spectra after
the deposition of the Hekla 4 tephra, with minor differences between
the layers below and above Hekla 4 at all sites (Figure 4; Supporting
information S2). The C structure at Torfdalsmyri differs profoundly
from the other two sites, which is reflected in lower C respiration
(Supporting information S1; Table 2). Despite an overall similarity in C
structure at Tindar and Hrafnabjorg, C mineralization differs between
subsoil layers. The C mineralization of the soil below Hekla 4 at Tindar
clearly exceeds that of the other subsoil layers. The most profound
change in C stability induced by the tephra deposition is reflected by
Q1015/5 values, which are highest above Hekla 4 at all sites (Table 3).

At Torfdalsmyri, other soil properties were not adversely affected
by the Hekla 4 tephra deposit. On the contrary, SOM and SOC
increase after the volcanic eruption, while DBD and von Post humifi-
cation decrease (Table 1). At Tindar and Hrafnabjorg, the inverse
development is observed, with the exception of SOC at Tindar, which
increase slightly despite a simultaneous decrease in SOM. Overall,
changes in soil properties at Hrafnabjorg are the clearest, indicating a
development towards a more mineral soil. Of intrigue is the change in
SOM/SOC, which increases greatly at Hrafnabjorg, but decreases at
Tindar. Content of NH," and NO,
higher in the soils formed after the eruption, whereas the opposite is

at Tindar and Torfdalsmyri is

observed at Hrafnabjorg (Table 4). Likewise, a decrease in CEC is seen

at Hrafnabjorg after the eruption, but less so at Tindar and Tor-
fdalsmyri (Table 1).

4.1 | Impact of the Hekla 4 tephra on C structure

Our hypothesis that tephra deposits affected C structure is not
supported by the *C NMR spectra (Figure 4; Supporting information
S2). The absence of profound changes in C structure does not neces-
sarily suggest that the peatlands were not experiencing vegetation
changes of some kind in the years after the eruption (cf. Mockel
et al., 2017). Besides vegetation characteristics, the stage of decom-
position impacts C structure (Leifeld et al., 2012). It is also conspicu-
ous, that despite considerable differences in present vegetation
characteristics between sites (Torfdalsmyri is dominated by
Eriophorum angustifolium, Hrafnabjérg by Carex rostrata and Tindar is
co-dominated by several vascular plants, including Carex nigra and var-
ious flowering plants and dwarf shrubs; Mdckel, Erlendsson and
Gisladéttir, unpublished data), the *C NMR spectra of the surface
horizons at Tindar and Hrafnabjorg are very similar. Some changes in
SOM and SOC properties certainly take place around the Hekla
4 tephra deposits, the most prominent being a change in SOM/SOC
ratios (Table 1; cf. Mockel et al., 2017). At Tindar, the ratio decreases
from 1.64 to a very low ratio of 1.18, facilitated by a drop in SOM at
the same time as SOC increases. At Hrafnabjorg, the post-eruption
SOMY/SOC ratio is high (2.00), greater than the pre-eruption value of
1.45. A vegetational interpretation of our SOM/SOC ratios lacks sci-
entific information on this variable in the Icelandic peatland environ-
ment, but research on German peatlands (Klingenful, RoRkopf,
Walter, Heller, & Zeitz, 2014) and various other soil types
(Pribyl, 2010) indicates that the SOM/SOC ratio is, amongst others, a
function of substrate and, hence, vegetation characteristics and stage
of decomposition. In the study by KlingenfuR et al. (2014), Sphagnum

an
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FIGURE 4 The *3C NMR spectra for the
surface horizon and the soil horizons above and
below Hekla 4 at the coastal site (Torfdalsmyri),

AIO-A  (70-75)/(52-57)

the lowland site (Tindar) and the highland fringe Surface horizon 0.71 1.91 o
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peat showed higher SOM/SOC ratios than peat substrate derived
from vascular plants (2.05 + 0.09 vs. 1.73 + 0.09, respectively).

4.2 | Relation between C structure and C
mineralization

We proposed alterations in C mineralization facilitated by changes
in C structure induced by the Hekla 4 tephra. As discussed, there
were only minor changes in C structure and only minor differences
between the '°C NMR spectra from Tindar and Hrafnabjorg
(Figure 4; Supporting information S2). To explore if, and to what
extent, C mineralization is modified by C structure, exponential
regressions between cumulative CO,-C (Mg Kgcarbon ) @and chosen

Chemical shift (ppm)

C groups and ratios were conducted (Figure 5). Of course, the num-
ber of samples investigated is not sufficient to draw strong conclu-
sions from inferential statistics. Yet, correlations between variables
can still serve as a guide to detect major influences on C dynamics
and to discover trends and patterns that the investigated variables
can otherwise not explain. The regressions indicate that overall,
O/N-alkyl C, polysaccharides and the (70-75)/(52-57) ratio are pos-
itively related to C mineralization, while the A:O/N ratio shows neg-
ative correlation (Figure 5). These findings accord with previous
research. Leifeld et al. (2012) found a clear relation between C min-
eralization and content of polysaccharides and O/N-alkyl C in His-
tosols and Preston et al. (1987) reported that polysaccharides are
especially sensitive to biodegradation. Bonanomi et al. (2013) found
the (70-75)/(52-57) ratio to be a good predictor of decay rates,
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TABLE 4 NO, ,NO; and NH,*
contents at the coastal site

Mean® SD Mean? SD Mean? SD (Torfdalsmyri), the lowlands (Tindar) and
the highland fringe (Hrafnabjorg)

Nitrite [mg Kgsoi ] Nitrate [mg Kgsoi ] Ammonium [mg Kgsoi 1]

Torfdalsmyri

Surface horizon 0.059 0.028 <LOD 55.066 2.332
Above Hekla 4 0.107 0.065 <LOD 78.616 1512
Below Hekla 4 0.055 0.014 <LOD 50.017 1.645
Tindar

Surface horizon 0.267 0.008 <LOD 44.307 0.885
Above Hekla 4 0.509 0.067 <LOD 40.525 0.386
Below Hekla 4 0.106 0.008 <LOD 29.339 0.450
Hrafnabjorg

Surface horizon 0.333 0.032 <LOD 47.942 0.785
Above Hekla 4 0.100 0.018 0.950 0.094 23.193 0.058
Below Hekla 4 0.238 0.020 <LOD 45.291 0.329
LOD 0.004 0538 0214

2Mean of three replicates.
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FIGURE 5 Exponential regression graphs showing cumulative CO,-C (Mg kgcarmon 1) €Mitted at 5, 15 and 25 C after 400 days of incubation
at the coastal site (Torfdalsmyri), the lowland site (Tindar) and the highland fringe (Hrafnabjérg) as a function of O/N-alkyl C (110-60 ppm),
polysaccharides (95-60 ppm), A:O/N and (70-75)/(52-57) ratio. Colours represent the different sample sites (red = Hrafnabjorg (HRAFN),
green = Torfdalsmyri (TDM), blue = Tindar (TIN)) and shapes represent different soil horizons (square = surface horizon, circle = above Hekla

4, triangle = below Hekla 4) [Colour figure can be viewed at wileyonlinelibrary.com]
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with higher rates expected from soils with a higher (70-75)/(52-57)
ratio.

The conspicuous similarity of the *3C NMR spectra of the surface
horizons at Tindar and Hrafnabjorg is reflected in only minor differ-
ences in C mineralization (Supporting information S1; Table 2). At
those sites, the abundance of O-alkyl C, in particular polysaccharides,
and a rather low alkyl C content, are mirrored in a low A:O/N ratio
and a high (70-75)/(52-57) ratio (Figure 4; Supporting information
S2), indicating high-quality, easily decomposable C (Leifeld
etal., 2012; Preston et al., 1987). At Torfdalsmyri, the NMR spectrum
of the surface horizon indicates C of lower quality, which is expected
to be less easily decomposed. The A:O/N ratio is considerably higher,
reflected also in less abundant polysaccharides. Indeed, C mineraliza-
tion of the surface horizon at Torfdalsmyri with rather low quality C, a
high proportion of hydrophobic, and hence recalcitrant alkyl C
(Dungait, Hopkins, Gregory, & Whitmore, 2012; Preston et al., 1989)
is considerably lower than mineralization from Tindar and Hrafnabjorg
(Figure 3 and Table 2; Supporting information S1). The (70-75)/
(52-57) ratio of the surface horizon at Torfdalsmyri is lower than at
the other two sites and therefore predicts the low mineralization
there (cf. Bonanomi et al., 2013).

The chemical composition of the litter parent material and the soil
organic C evidently plays a role in C stability and C mineralization, but
cannot solely account for the observed variations. Despite rather
strong coefficients of determination (Figure 5), there are irregularities
in C mineralization which cannot be attributed to the chemical com-
position of the C (cf. Baldock et al., 1997; Bonanomi et al., 2013;
Leifeld et al., 2012). In contradiction to the similarities in C structure
(Figure 4; Supporting information S2), mineralization rates in the layer
below Hekla 4 at Tindar far exceed those of all other subsoil layers at
Tindar and Hrafnabjorg (Supporting information S1; Table 2). This
indicates that the stability of C in these subsoil layers is impacted by
other soil properties than C structure alone.

4.3 | Relation between soil properties other than C
structure and C mineralization

We proposed that tephra deposits would not only alter the C struc-
ture, but also other soil properties and, by that, modify C mineraliza-
tion. A conspicuous property of Icelandic Histosols is that they often
develop andic soil properties due to comparatively high IOM in form
of volcanic deposits and aeolian material from eroded Andosols. As it
is widely accepted that the association of SOM with mineral particles
influences its stability (Kogel-Knabner et al., 2008; Mikutta, Kleber,
Torn, & Jahn, 2006; Thornley & Cannell, 2001), changes in IOM con-
tent might influence the stability of the C in Histosols. In soils with
andic properties, two processes are mainly responsible for mineral
protection of SOM: the bonding of SOM with allophane clay, and
bonding with metal ions such as AI** and Fe®' (Arnalds, 2015;
Mankasingh & Gisladéttir, 2019). Hence, it could be expected that
SOM in the subsoil layers at Hrafnabjorg, with its higher IOM
(Table 1), should be physically better protected than SOM at Tindar.

The lower C mineralization rates at Hrafnabjorg below Hekla 4 than at
Tindar support this assumption, but C mineralization rates above
Hekla 4 oppose this argument. The layer above Hekla 4 at
Hrafnabjorg contains the least SOC (16%) and the most IOM (67%).
Despite that, C mineralization at 15 and 25 C is even a little higher
than below Hekla 4 at Hrafnabjorg (Supporting information S1;
Table 2).

Of course, the bonding of SOM to minerals is a function of vari-
ous factors and is not fully understood (Hassink, Whitmore, &
Kubat, 1997; Kopittke et al., 2020; Mayer & Xing, 2001; Varadachari,
Mondal, Dulal, & Ghosh, 1994). Certainly, pH plays a role in facilitating
or hampering the formation of organo-mineral complexes. For
instance, the formation of aluminium-humus complexes, an important
mechanism of soil organic C stabilization in non-allophanic soils with
andic properties (Baumler & Zech, 1994; Bonatotzky, Ottner,
Erlendsson, & Gisladottir, 2019; Matus et al., 2008; Matus, Amigo, &
Kristiansen, 2006; Takahashi & Dahlgren, 2016), predominantly occurs
at pH <5 (Adams, Hawke, Nilsson, & Powell, 2000; Shoji &
Fujiwara, 1984). Generally, bonding of SOM to clay particles has been
observed to correlate negatively with pH (Hassink et al., 1997; May-
er & Xing, 2001; Varadachari et al., 1994). The relatively high pH of
5.1 above Hekla 4 at Hrafnabjorg and below Hekla 4 at Tindar
(Table 1) might therefore limit stabilization of SOM by organo-mineral
complexes. Of course, pH has likely varied since the formation of the
soils. Past soil acidity might either have enhanced or inhibited the for-
mation of organo-mineral complexes in a way not reflected by
current pH.

The C/N ratio might also influence the formation of organo-
mineral complexes. A recent study by Kopittke et al. (2020) indicates
that binding of organic matter to formerly organic free minerals is
facilitated by a low C/N ratio. This might provide some explanation
for the high C mineralization rates below Hekla 4 at Tindar, with a
C/N ratio of 24, higher than the other subsoil layers at Hrafnabjérg
and Tindar (Table 1).

Finally, intermixing of mineral material with organic material of
Histosols might even have a destabilizing effect on SOC by affecting
their macro- and microstructure, hydraulic properties and availability
2016; Strack, Kellner, &
Waddington, 2005; Walczak, Rovdan, & Witkowska-Walczak, 2002).
The supply of cations by weathering of tephra and aeolian material of

of nutrients (Rezanezhad et al,

volcanic origin (cf. Jakobsson, Jénasson, & Sigurdsson, 2008; Mdckel
et al,, 2017) might enhance C mineralization (cf. Curtin, Campbell, &
Jalil, 1998; Xu & Qi, 2001). The impact of different N levels on C turn-
over is debated. For instance, Ramirez, Craine, and Fierer (2010)
observed an ubiquitous decrease in soil respiration following N addi-
tions in form of NH,* and NO3 . Currey et al. (2010) observed a
decline in C mineralization of more recalcitrant C compounds, but an
increase for more labile C compounds. In summary, the comparatively
high cation content at Tindar (Table 1), in interaction with rather low
NH,* content below Hekla 4 (Table 4), might contribute to the
increased C mineralization in that layer. Meanwhile, the layer above
Hekla 4 at Hrafnabjorg was the only layer that revealed a NOz con-
tent above detection limit, possibly explaining the only marginally
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greater C mineralization than below Hekla 4 despite lower NH," con-
tent. Also, the mere occurrence of NO3 in that layer might indicate
increased aeration of the soil after the tephra deposition (cf. Rydin &
Jeglum, 2013).

4.4 | Impact of the tephra deposit on temperature
sensitivity of C mineralization

The greatest impact of the Hekla 4 tephra can be seen in the tempera-
ture sensitivity of the SOM. The response of SOM decomposition to
temperature changes has widely been observed to depend on SOM
chemistry, with more labile SOM being less sensitive to temperature
changes than recalcitrant forms (Conant et al., 2011). Mikan, Schimel,
and Doyle (2002), for instance, observed an inverse relation between
Q1o respiration coefficients and SOM quality of thawed arctic tundra
soils, indicating that the decomposition of SOM or, more specifically,
SOC, with a more complex structure is more sensitive to temperature
than SOC with a simpler structure and, according to the commonly used
definition, higher quality (Bosatta & Agren, 1999; Fierer et al., 2005;
Mikan et al., 2002).

Our results challenge the proposed inverse relation between tem-
perature dependance of C mineralization and SOM quality. Long-term
Q1015/5 values exhibit an inconsistent pattern with depth (Table 3) and
changes in SOM quality. Long-term Q;025/15 values indicate a positive
relationship between temperature dependance of C mineralization and
SOM quality, but Q1025/15 values of the surface horizon are in the
majority of the layers higher than or equal to the subsoil layers. In addi-
tion, only Q1025/15 values indicate a slightly greater temperature sensi-
tivity at Torfdalsmyri than the other two peatlands, despite its overall
more complex C structure. Possibly, the true temperature sensitivity of
the SOM is blurred by the influence of the aeolian mineral deposits in
the Histosols. The temperature dependence of mineralization increases
after deposition of the Hekla 4 tephra, as indicated by consistently
higher Q,015/5 values above Hekla 4 than below (Table 3). The absence
of the same pattern in Q;025/15 might be explained by adaptation of
the microbial communities to lower temperatures at these latitudes
(cf. Frey, Lee, Melillo, & Six, 2013; Mikan et al., 2002; von Lutzow &
Kogel-Knabner, 2009). Also, higher sensitivity of decomposition to tem-
perature changes within the lower temperature range has also been
observed elsewhere (Kirschbaum, 1995; Lloyd & Taylor, 1994).

5 | CONCLUSIONS

This study demonstrates that tephra deposits are an important factor
influencing C dynamics in peatlands within the vicinity of active volca-
noes. Even though the low number of samples does not allow for
strong conclusions built upon inferential statistics, hypotheses can be
drawn from the ecological interpretation of the results of this study.

« Deposition of tephra has the potential to impact C dynamics,
depending on various site-specific factors. This impact is not

necessarily reflected in absolute C mineralization rates or C structure
of soils after several thousand years since the eruption, but other soil
properties indicate that the ecosystems and pedogenic processes
were affected by the eruption. In this study, such changes are partic-
ularly prominent at the peatlands closer to the highlands and the
active volcanic zones, that is, at Tindar and Hrafnabjorg. We
observed, for instance, a decrease in SOM by a factor of 1.2 at
Tindar and 1.5 at Hrafnabjorg. The SOM/SOC ratio decreased at
Tindar and increased at Hrafnabjorg, both by a factor of 1.4.

= Moreover, input of mineral material impacts the temperature depen-
dence of C mineralization more than the recalcitrance of the organic
material itself. We observe a positive relationship between the tem-
perature dependence of C mineralization and SOM quality, contrary
to the findings of numerous previous studies. The Q105/15 values of
the soils at Torfdalsmyri are either equal to, or lower than, at Tindar
and Hrafnabjorg (up to two times lower), despite their relatively high
content of recalcitrant C compounds. Also, we consistently observe
greatest Q;05/15 values in the layers above the Hekla 4 tephra
deposit, up to 2.2 times as high as below Hekla 4, despite negligible
differences in C structure. This is important as the frequency of
extreme weather events and the number of hot and dry summer
days is likely to increase in the future.

« Considering the degraded state of Icelandic soils and vegetation
today, not only in the highlands, but also in widespread lowland
areas, it is likely that a tephra deposit of similar thickness as Hekla
4 would have a greater impact on C dynamics today than it did
over 4,000 years ago when ecosystems were presumably more
resilient to volcanic eruptions of such magnitude.
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« Andic soil properties impact the
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Andic Soil Properties and Tephra Layers Hamper C Turnover
in Icelandic Peatlands
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Abstract Due to frequent volcanic activity and erosion of dryland soils, magnified by land use after h
settlement (ca. 870 CE), peatlands in Iceland receive regular additions of mineral eolian deposits. Their
may develop not only histic but also andic characteristics. Yet, mineral eolian deposition as an environm
determinant of peatlands in Iceland is still poorly understood, not least with regard to the peatlands carb
stores. This study advances our understanding of the impact of tephra deposition on Histosols by elucid
interactions between C characteristics and andic soil properties. We compare Histosols from three Icela
peatlands of different degrees of exposure to eolian deposition by evaluating data sets of their C structu
derived by**C NMR spectroscopy, andic soil properties based on selective extractions of Al, Fe, and Si,

and decomposition proxies C/N°C, and '°N. By applying multivariate statistical methods, we are able to
present several important patterns. Soil organic matter of Histosols with andic properties is less decomg
than that of Histosols without notable andic properties. Andic soil properties seem to impact their C stru
by facilitating the formation of organo-mineral complexes, which particularly hamper the decomposition
chemically more labile C groups. Tephra layers appear to hamper microbial activity in deeper soil layers
preventing input of fresh organic matter. The interaction of andic and histic soil properties and the protec
role of major tephra deposits may enable an unusual potential for long-term C stabilization in a natural ¢
environment.

Plain Language SummaryPeatlands belong to the greatest terrestrial carbon stores worldwide
Their organic soils possess exceptional capacities for long-term carbon storage. Peatlands in Iceland ar
as they receive comparatively great amounts of windborne mineral material from volcanic eruptions or s
vegetated and eroded drylands. These mineral additions of volcanic origin to the otherwise organic subs
of the peatlands shape their soil characteristics and set them apart from similar soils in neighboring cou
On the one hand, they bear characteristics typical for organic soils in Nordic peatlands, on the other har
possess characteristics of mineral soils of volcanic regions. Little is known about the impact of interactic
between these characteristics on the peatlands carbon stores. This study increases our knowledge on ¢
storage of peatlands in volcanic regions. We compare soils from three peatlands in northwest Iceland ar
light on interactions between their mineral and organic constituents, with a particular focus on soil organ
carbon. We find strong indications that decomposition processes are slower in soils with stronger charac
of mineral volcanic soils. In undisturbed (anaerobic) peatlands, this seems to impact long-term carbon s
positively, but in disturbed (aerobic) peatlands, it might pose a threat of accelerated carbon emissions.

1. Introduction
1.1. Role of Peatlands in the Global C Cycle

Most estimates of total soil organic carbon (SOC) in the world range between 1,400 and 1,600 Pg wi
upper 1 m of soil only (Batje4996 2016 Schlesinger1977). Hence, SOC amounts to at least twice the amc
of carbon (C) in the atmosphere (Lehmann & KleB84,5. Its distribution is far from even, but SOC increas
toward the high latitudes (e.g., Batj2616. Peatlands, wetlands with organic soils (Histosols), possess a-di
portionate ability to store C. Despite covering only about 3% of terrestrial surface, they store a great part
worldwide. Yu et al. 2010 estimate that peatlands accumulated approximately 612 Pg of C during the Hol
while the bulk of this C (ca. 547 Pg) is stored in boreal and subarctic peatlands. The great C storage
of peatlands and its implications for the global C cycle is of growing research interest (e.g., Lois2Détal
Nichols & Peteet2019 Page et al2011; Yu et al.,2010, not least its fate under increasing land use pressure
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climate change. Our study augments the existing pool of research by focusing on relatively poorly inve
peatlands in Iceland, which are representative of peatlands of volcanic regions.

1.2. The Icelandic Wetland Soil Environment

The surface cover of Histosols, the organic soils of peatlands, is about 1,09@rkaids,2004), surprisingly
small for Iceland considering the high latitude (between ca. 63°N and 66°N), high precipitation, and tf
extent of wetlands in the country which is estimated to be 7.86q@ttosson et al2016 to 9.000 km (Ar-
nalds et al.2016, around 7.8%—-9% of the island. Hence, only about 12%-14% of wetlands in Iceland de
peatlands, while it is estimated that peatlands comprise at least one third of global wetlands (Pag26b®t a
Located in an active volcanic environment, the soils of the Icelandic wetlands comprise a wide range of
and organic content (Arnald®)04 Bonatotzky et al.2019 Mockel et al. 2017) and exhibit a mixture of histic,
andic, and vitric properties (Bonatotzky et @019. What properties dominate depends mainly on locatior
the wetlands with respect to the major eolian source areas. Only about 1.2% of the surface soil cover ir
meets the 20% C criterion of Histosols required by the Icelandic soil classification system (ARDfdsAr-
nalds & Oskarssor2009 and that of the WRB (IUSS Working Group WRE)15. The soils that do fulfill the
20% criterion for Histosols rarely reach the average of 46% C (e.g., Arnalds29H4 Bonatotzky et al2019
Mockel et al.,2017) reported for northern peatlands by Loisel et201¢). The subsurface distribution of His
tosols is certainly greater than 1.2%. More C rich subsoil layers are frequently found below more mineral
soil layers of wetlands in Iceland (Arnal@915 Gisladottir et al.201Q 2011 Méckel et al.,2017). This indk
cates a once greater distribution of peatlands, owing to more stable conditions for soil formation before tl
of anthropogenic influence ca. 870 CE. So called Histic Andosols comprise approximately 5.5% of surfa
in Iceland, which contain between 12% and 20% C (Arna3). While the andic dominance of these soi
places them in the major soil group of Andosols as defined by the Icelandic classification system (2084ld:
Arnalds & Oskarssor2009, they do bear strong histic properties, for example, only partly decomposed
organic material, high C content, and low bulk densities (Arn2@} 2015. The precise turning point betwee
the formation of Histosols and more mineral soil layers within soils of wetlands varies geographically. Gel
it is associated with increased eolian material being deposited into the wetlands from eroded drylands, fe
by a potent combination of vegetation destruction, livestock grazing, deteriorating climatic conditions; a
canic activity (Dugmore et aR009 Gisladéttir et al.201Q 2011).

1.3. The Influence of Andic Properties on C in Peatlands

Mineral soils of volcanic regions, Andosols, also possess great potential to store C (Kdgel-Knak
Amelung, 2021, Takahashi & Dahlgreri2016 Wada,1985, which is related to the mineral constituents
these soils. The main parent material is volcanic ejecta, which exerts an unusually strong impact on sc
ing processes (Nanzyo et d@1993. The weathering of this material leads to abundant precipitation of Al,
and Si and to the preferential formation of short-range ordered (SRO) minerals like allophane and, (to
extent) imogolite, the formation of Fe-hydroxides (i.e., ferrihydrite), as well as the development of Al/Fe-I
complexes (Bonatotzky et aRP21 Shoji et al., 1993 Wada,1989. The effect of SRO minerals, ferrihydrite
and other active forms of Al and Fe on C accumulation has been under investigation for several decade
Fe are known to stimulate C accumulation by forming bonds with humus resulting in Al/Fe-humus comr
and organo-mineral complexes facilitated by SRO minerals and ferrihydrite (Asano & R@ghiBonatotzky
et al.,2021; Inagaki et al.2020 Wada,1989. In very organic soils, soil organic matter (SOM) is recognizec
hinder allophane formation (Nanzyo et 4093 Wada,1989 due to the preferential complexation of Al with-ht
mus and the consequent unavailability of Al for allophane formation (Dahlgren1&38. Nanzyo et al.1993.
Rendering phosphorus unavailable for plants is another consequence of the high content of active A
(Nanzyo et al.1993 through the formation of Al/Fe-phosphate compounds.

Soils of Icelandic peatlands are arguably important terrestrial C stores, not least in light of comparative
bulk densities, even within the most organic ones (e.g., Arna@® Bonatotzky et al.2019 Gisladéttir

et al.,201% Loisel et al. 2014 Mdockel et al.2017). Despite rarely reaching relative C contents of other nol
ern peatlands of nonvolcanic regions, their carbon stocks are in line with or even higher than global ¢
of 1,125 t hd in peatlands reported by Joosten et201@. According to Oskarsson et aQ04), C stocks of
Histosols in Iceland are on average 1,975% hanhile C stocks of the more mineral Histic Andosols compr
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891thal . Yet, research on the interactions between histic and andic soil properties and their impact on-C
ics is still in its infancy. Several studies have detected increased decomposition of SOM adjacent to teph
(Broder et al.2012 Mathijssen et al2019. Tephra layers are also regularly observed to induce changes-in®
tation characteristics of peatlands (e.g., Blackford e2@14 Eddudottir et al.2017 Payne & Blackford2008,
which, in turn, may impact the chemical composition and stability of their SOC (Kdgel-KnabagrLeifeld
etal.,2012). Questions remain if the mineralogical environment of soils of peatlands in volcanic regions in
the stability of their SOC. This might, for instance, occur by the formation of organo-mineral complexe
erwise not found in organic soils, and by impacting the chemical composition of the SOC (Takahashi &
gren,2016. The simultaneous occurrence of active volcanism and peatlands is not as rare as this sparse
implies (Payne & Blackford2008. Besides Iceland, it may be found in regions as diverse as the tropice
subtropical Andes, Japan, Indonesia, New Zealand, Alaska, Western Canada, Kamchatka, and Patagor
et al., 2006 Buytaert et al.2007 Chimner & Karberg2008 Hotes et al.2006 Payne & Blackford2008 Rat
cliffe et al.,202Q Yu, 2006. In order to understand C cycling in the peatlands of these regions, and associ
cycle—climate feedbacks, it is necessary to disentangle the interplay between andic and histic soil propet
is, the interactions between mineral constituents typical for andic soils and the chemical characteristics
of histic soils. Buytaert et al2007) found a strong indication that Al-humus complexes in organic soils inE:
dor play a role in C accumulation. But the majority of studies on C dynamics of volcanically affected pe:
does not encompass an investigation of andic properties (e.g., Chimner & Katf@&dribljan et al.,2016
Ratcliffe et al.,2020. Questions on the potential interaction between andic soil properties and the chi
composition of C in Histosols as derived, for example'¥@ynuclear magnetic resonance (NMR) spectrosce
have only rarely been addressed (Matus eRall4. A recent study by Mockel et aR@21) provides evidence
for the impact of major tephra layers on C mineralization of Icelandic Histosols and its temperature ser
without inducing a major shift it*C NMR spectra. This indicates that the stability of SOC of Histosols in
canic regions is governed not only by the chemical structure of the SOC and hydrology (e.g., Kégel-Kng
Amelung,2021) but also by other factors of the soil environment, not least soil mineral constituents and
deposits.

1.4. Research Aim and Objectives

It is essential to disentangle interactions between histic and andic soil properties to understand C st
peatlands of volcanic regions. The immense potential of intact peatlands to act as a net C sink (@8tha
Yu et al.,2010 goes hand in hand with the threat of disturbed peatlands being a net source of atmosg
(Leifeld et al.,2019. This is exemplified by the emission trends of greenhouse gases in Iceland, where-ne
sions between 1990 and 2018 are estimated to be highest from the land use, land use change, and fore
(LULUCF). Most of this emission is ascribed to the drainage of organic wetland soils (The Environment £
of Iceland,2020. The aim of this study was to advance understanding of the impact of tephra deposition
development in peatlands with a focus on interactions between histic and andic properties and their in
SOC characteristics and SOC storage. To achieve this aim, the study was based on the following object

1. To determine if increased mineral content of peatlands leads to decreased C storage capacity. Ther
evaluate by Spearman rank correlation if there is a relation between relative contents of C (%C), min
terial (%Ash), dry bulk density (DBD), and C density.

2. To determine the development of the structure of SOC throughout profiles of Histosols from three Ic
peatlands through time and under varying impact by tephra deposition. The peatlands vary in proxi
source areas of eolian material. We apply robust principal component analysis (PCA) and cluster .
of 3C NMR spectra, with a particular focus on potential variations around two tephra deposits, Hekle
Hekla 3.

3. To evaluate the development of andic properties in Histosols from three Icelandic peatlands throu
and under varying impact by tephra deposition. We apply a variety of variables, including Al and Fe
Fe-humus complexes, allophane and ferrihydrite content based on selective extractions of Al, Fe, anc
ammonium oxalate and sodium pyrophosphate, and P-retention. The multivariate data are statisticall
ated by robust PCA and cluster analysis.

4. To evaluate if there is a relationship between (a) C structure and andic properties and (b) a set of v
that we refer to here as decomposition proxies (stable isotope r&@ioand °N, C/N ratio) and andic soil
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Figure 1. (a) The map shows the research area in Austur Hinavatnssysla, northwest Iceland, the location of the three peatland sites Torfdalsmyri, Tindar, &
Hrafnabjorg and the weather stations. The maps in (b) and (c) show the location of the research area in Iceland and Hekla 4 and Hekla 3 isopachs (adaptet
Larsen & Thorarinssori,977). (d) Soil cores from each peatland showing depth intervals used during sampling. White layers represent tephra deposits within
column. Blue layers reflect pre-Hekla 4 soil layers. Soils formed between the eruptions of Hekla 4 and Hekla 3 are depicted in red and post-Hekla 3 layers il
Darker colors reflect increased influence of eolian material in the form of either volcanic ejecta (i.e., tephra) or eolian material from sparsely vegetated or be
The tephra deposit from an eruption of the volcano Hekla in 1104 CE (G. Larsen & Thorari83spis also shown. This eruption occurred ca. 230 years after
the settlement of Iceland and serves as an approximate demarcation line between prehistorical and historical soil formation. Soil layers formed after Hekla :
assumed to be subject to greater eolian deposition due to increased soil erosion after the settlement (Dug20@@ isladottir et al.201Q 2011), particularly
after 1100 in the study area (Bates et2021; Tinganelli et al.2018.

properties. We apply redundancy analysis (RDA) to evaluate if variations in C structure may be ex
by variations in andic soil properties, and if variations in andic soil properties are reflected by variat
decomposition proxies.

2. Methods
2.1. Research Area and Sampling Approach

The research area is in Austur Hinavatnssysla in northwest Iceland (Egyu8»il samples were collecte!
from three peatlands along a north-south transect from the coast (Torfdalsmyri), via the lowlands (Tinda
highland fringe (Hrafnabjérg). The peatlands differ in their distance from the major source areas of eolia
rial (sparsely vegetated areas in the interior of the country and the active volcanic zones). At each peat
soil profile was excavated (Figulel). Exact site selection within peatlands was based on two criteria: it st
be located in the middle of the peatland ecosystem, and it must contain well preserved tephra depo
the Hekla 3 and Hekla 4 eruptions (described in the next subchapter). The following sampling locatiol
chosen: N66°03.276 W020°22.651 at Torfdalsmyri, N65°34.732 W020°07.359 at Tindar, and N65°2
W019°59.573 at Hrafnabjorg. Pooled bulk soil samples were collected at 10 cm intervals down to a ¢
20 cm below the Hekla 4 tephra layer (Figicg. Above and below the Hekla 3 and Hekla 4 tephra layers,
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sampling interval was reduced to 2 x 5 cm (see Bonatotzky @049 2021). All soil samples were subsequer
ly stored at 4°C.

Weather observations are available from the following weather stations: Hraun & Skaga (1956-2015)

dalsmyri, Blonduds (1949-2001) for Tindar and Blénduds, and Kolka (1994-2015) for Hrafnabjorg (&g
IMO, n.d.-a, n.d.-b). Mean annual temperatures range from 0.7°C in the highlands to about 3°C in the

and unsheltered coastal areas. Average summer tritherm (June—August) temperatures are 7.8°C and 7
highlands and unsheltered coastal areas, and 9.1°C at more sheltered sites in the lowlands. The annug
tion of about 400-500 mm yehiis comparatively low, but generally slightly greater in areas close to the se
the highlands. Average wind speeds range between 3.8 and #.4witls greatest wind speeds at the highlal
and lowest in sheltered lowlands.

2.2. Two Late Holocene Volcanic Eruptions: Hekla 4 and Hekla 3

The volcanic eruptions of Hekla 4 (ca. 4.35 ka BP; Dugmore @985 and Hekla 3 (ca. 3.06 ka BP; Dugmc
et al., 1995 are among the most voluminous silicic Holocene eruptions in Iceland, with an estimatec
12 kn? of tephra ejected, respectively (G. Larsen & Thorarinsk®77). While the volcano Hekla is located

South Iceland, the tephra of the two eruptions was spread over great parts of Iceland, mainly toward

and northeast as indicated by stratigraphic evidence (Fighsd1c). The average thickness of the compac
tephra deposits in the research area of this study is about 2—6 cm (G. Larsen & Thorak®&3dor both

tephra layers, but Hekla 4 tephra deposits may even be thicker (Eddudoéttip@13l.,The thicknesses of th
tephra deposits were probably not necessarily lethal for the vascular plants of the peatland, but might t
so for bryophytes (e.g., Antos & Zob&B86. Also, they might at least have put pressure on some vascular
and induced a shift in dominant species (Hotes e2@0§). Initial thicknesses might have been greater and v
probably later altered by redistribution by wind and water (Eddudéttir 020 Mdockel et al. 2021 and com

paction. Despite several studies (Eddudottir e28l1,7, Mockel et al.,2017 Tinganelli et al. 2018 providing

paleoenvironmental evidence of relatively stable ecosystems with a fair resilience toward tephra depos
the onset of anthropogenic influence in northwest Iceland, some signs of adverse impact by tephra
reported by the same studies. In particular, ecosystems in the climatically harsh highland environment w
more sensitive toward vegetation and soil deterioration induced by large tephra deposits.

2.3. Laboratory Analyses
2.3.1. Solid-State'3C NMR Spectroscopy

Solid-state'®*C NMR spectroscopy was used to determine the chemical composition or structure of St
impacts the characteristics of SOM and decomposition processes (Kogel-Ki&@TerA cross-polarization
magic angle spinning technique (CPMAS) with a Bruker DSX 200 spectrometer (Billerica/lUSA) was ¢
with a proton resonance frequency of 50.32 MHz and a spinning speed of 6.8 kHz. To circumvent spin
tion during the Hartmann—Hahn contact, a ramipegulse was used during a contact time of 1 ms. Pulse d:
of 0.8 s were used for all samples and between 2,736 and 11,325 scans were accumulated per meas
line broadening of 25 Hz was applied. THE chemical shifts were calibrated relative to tetramethylsilane
was equalized to 0 ppm.

Integration was based on Knicker et 20Q5. The signal intensity was integrated into six chemical shift reg
in order to determine the relative share of the different C compounds: 220-160 ppm (carboxyl/carbon'
C), 160-140 ppm (O/C-aryl C), 140-110 ppm (C/H-aryl C), 110-60 ppm (O/N-alkyl C), 60—-45 ppm (O/N
C), and 45-0 ppm (alkyl C). Additionally, signal intensities for 70-75 ppm (O-alkyl C of carbohydrate
52-57 ppm (methoxyl C of lignin) were determined in order to calculate the so called (70-75)/(52-5"
Bonanomi et al.Z013 observed this ratio to correlate positively with decay rates, which is ascribed to th
tively higher content of the labile O-alkyl C of carbohydrates than the more recalcitrant methoxyl C of li
(70-75)/(52-57) ratios increase. As a proxy for decomposition, we calculated the alkyl C to O/N-alkyl C (
ratio. Higher ratios indicate a more advanced decomposition, which is characterized by relatively greate
of recalcitrant alkyl C than the more labile O/N-alkyl C (Baldock etl&97).
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2.3.2. DBD, SOM, %C and %N, and Stable Isotope Ratio$’C and 5N

The DBD was determined by mass loss after drying of a known soil volume; SOM and %Ash were mea
loss on ignition at 550°C (Heiri et a20J). Determination of total carbon (%C) and nitrogen (%N) by dry-c
bustion (Soil Survey Staff014k) and of the stable isotope ratiodSC and N was conducted by the Corne
Isotope Laboratory in the USA. Due to the absence of carbonate minerals in Icelandic soils, SOC is e
to %C (Bonatotzky et al2021, Mankasingh & GisladottiR019 Vilmundardéttir et al.2014. Natural 13C
and *N in Histosols provide information on the degradation and the hydrology of peatlands (e.g.,
et al.,201% Andersson et al2012 Drollinger et al.,2019 Kriiger et al.2014). An increase of 3C and 5N
with depth indicates aerobic decomposition of SOM and a higher state of degradation. Stable or deti@e
and stable N values indicate anaerobic decomposition. Based on DBD and %C, C density kg cal
culated for each sampling interval. C stocks (t hevere calculated for three time intervals at each site: Hel
to present, Hekla 4 to Hekla 3, and before Hekla 4. Note that basal ages of soil layers formed before H
not known.

2.3.3. Phosphate Retention and pH in DiHO and NaF

Phosphate retention as a diagnostic criterion of andic soil properties ( 85%; IUSS Working Grou2 5B
was measured by spectrophotometrical absorbance at 466 nm after color reaction with nitric vanac
date acid reagent (Blakemore et d987. The pH in 1 N NaF solution (gi) was determined following
Blakemore et al.{987) and Soil Survey StafP014). While pH_,.is not a diagnostic criterion of andic prop:
ties (Childs 1985 IUSS Working Group WRB2015), it is routinely used as an indicator of amorphous mate
common in soils of volcanic regions. High abundance of amorphous material resulfgin®# Soil acidity
( ) was measured in deionized water (D, using a soil:water ratio of 1:10 (Blakemore et¥987 Ray
ment & Lyons,2011). This unusually small ratio is mainly used for organic soils such as Histosols.

2.3.4. Selective Dissolution of Al, Fe, and Si

Extraction of Al, Fe, and Si with ammonium oxalate (0.2 M, pH 3.0) was carried out with a SampleTek-n
ical vacuum extractor as described in Soil Survey Se&ff4h method 4G2). The Al, Fe, and Si thus extrac
(Al, Fe, Si) is indicative of the active forms of Al and Fe of organic complexes and of noncrystalline h
oxides of Fe and Al, allophane, and amorphous aluminosilicates (Nanzyd 608l Wada,1989. The sum of
Al + 1/2Fe was calculated, which is a diagnostic criterion of andic soil properties ( 2%; IUSS Working (
WRB, 2015. Ferrihydrite was estimated as %ferrihydrite = %Feo x 1.7 (CHil@8Y. Sodium pyrophosphat
was used to extract the part of active Fe and M (N%), which is associated with organic compounds (
Fe-humus complexes; Soil Survey Stafil4h method 4G3). Allophane or allophane-like constituents wer:
timated by the equation proposed by Mizota and van ReeUll@89, based on Parfitt and Wilsoh985. While
Mizota and van Reeuwijkl@89 recommend to use only Al/Si ratios (derived from_ (AAl p)/Sin) between 1.C
and 2.5 for the calculation of allophane, we also use Al/Si ratios <1, which may occur in allophane (F
Kimble, 1989.

2.4. Statistical Evaluations

Spearman rank correlations were determined in order to evaluate if there is a relation between %C, %#
and C density (R package GGally, function ggpairs; Quinn & Ked®@p®, Schloerke2021).

In order to disentangle the development of the C structure through time, the data set of@&IBIR chem

ical shift regions and the A:O/N and (70-75)/(52-57) ratio was investigated by robust PCA and hier
clustering. Robust PCA was chosen due to several multivariate outliers (R package robCompositions,
outCoDa; de Sousa et &02Q Filzmoser & Hron2008 Filzmoser et al.2018. The robust PCA was condeic
ed by the function pcaCoDa from the R package robCompositions (Filzmose260812018. This function
opens compositional data such as those derived GnNMR by isometric logratio transformation (ilr) ar
back-transforms the loadings and scores into centered logratio (clr) space to facilitate graphical illustre
interpretation of the results.

The clustering tendency of the ilr transformé@ NMR data set (see van den Boogaart & Tolosana-Bx
do, 2013 van den Boogaart et ap20 was investigated by the Hopkins statistic and a dissimilarity matri
packages factoextra and clustertend; Kassambaid, Kassambara & Mundg02Q YiLan & RuTong,2015.
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The clustering approach was chosen based on comparison of internal measures and stability measure
archical,k-means, and pam clustering (see KassamBat). The optimal number of clusters was determin
by comparison of the elbow, silhouette, and gap statistic method and by assessing the goodness of
clustering approaches by silhouette width plots (R packages factoextra and NbClust; Charradlet &las
sambara2017 Kassambara & Mund2020. Consequently, hierarchical clustering with two clusters was c
ducted using Ward’s minimum variance method and Manhattan distance, which is less sensitive to outli
Euclidean distance (R package factoextra, function eclust; Kassa@®arg,

Similarly, robust PCA and cluster analysis were conducted in order to evaluate the variability of andicso
erties. Compositional variables based on selective extractions were used, and arcsine transformed P-re
external variable (see Kyn lova et a2016.

In order to investigate the impact of variations in andic soil properties on variations in C structure, RDA (F
age vegan; Oksanen et @019 was conducted. P-retention ang All/2Fe were omitted due to low loadings o
these variables in the robust PCA. The matrices of response variables and explanatory variables were tra
to the ilr space for performance of RDA and the results back transformed to the clr space for ease of inter|
(R package compositions; van den Boogaart & Tolosana-Delgad8,van den Boogaart et a2020.

The impact of andic properties and C structure on decomposition proxies {&N,>N) was also investigated
by RDA. The explanatory data matrices (andic soil properties and C structure) were transformed to the i
while the response variable matrix (decomposition proxies) was normalized prior to performance of RC
statistical analyses were carried out using the software R, version 4.0.2.

3. Results
3.1. Hekla 3 and Hekla 4 Tephra Deposits

The Hekla 3 and Hekla 4 tephra formed well-defined strata (Fibdrewith Hekla 4 tephra thicknesses ¢
9 cm at Torfdalsmyri, 7 cm at Tindar, and 3 cm at Hrafnabjorg, and Hekla 3 tephra thicknesses of <0.t
Torfdalsmyri, 2 cm at Tindar, and 2 cm at Hrafnabjorg. Hekla 4 deposits at Torfdalsmyri and Tindar are -
than isopachs would indicate (2 and 4 cm, respectively; Figu®. Larsen & Thorarinssod977), but thinner
than isopachs would suggest at Hrafnabjorg (4—6 cm). Hekla 3 tephra layers are all thinner than isopact
area indicate (2 cm at Torfdalsmyri, between 2 and 4 cm at Tindar and Hrafnabjérg). Where tephra dept
thinner than expected, this might be a result of posteruption redistribution by wind rather than reflecting
thicknesses.

3.2. Variation in C Structure Derived by Robust PCA and Cluster Analysis

Changes in C structure are discernible around the Hekla 4 tephra deposits ZFigur@orfdalsmyri, these
changes are subtle and characterized by an initial increase of the A:O/N ratio toward younger soil layer:
tated by an increase in alkyl C, and a decrease in O/N-alkyl C. This trend is reversed in the upper 30 cn
A:O/N ratios decrease again. At Tindar and Hrafnabjorg, the changes are more pronounced and chari
by a decrease in the (70-75)/(52-57) ratio, an increase in alkyl C, and a decrease in O/N-alkyl C (110—¢
These changes are supported by the robust PCA (Rguand the cluster analysis (FiguBe). The C structure
at Tindar and Hrafnabjorg is similar, but they both differ from Torfdalsmyri with the exception of samples
the depths 0-10, 10-20, and 69—79 cm. Cluster 1 (green) is composed of all samples from Tindar and Hre
and depths 0-10, 10-20, and 69-79 cm from Torfdalsmyri, whereas cluster 2 (red) is exclusively compost
remaining samples from Torfdalsmyri (for goodness of clustering, compare silhouette width plot irBBjgure

There are several noteworthy subclusters (Fi@aye which are reflected by the robust PCA (FigGe}: at
Tindar, all soil layers between Hekla 4 and Hekla 3 (84-113 cm) form one obvious subcluster. Clearly, th
shift in C structure after the eruption of Hekla 4. At Hrafnabjorg, the layers formed between Hekla 4 and
3(91-121 cm) do not form as clear a subcluster, but the subcluster also includes several soil layers forn
Hekla 3. Nevertheless, a shift in C structure after the eruption of Hekla 4 is discernible. At Hrafnabjorg ai
dar, the soil layers below Hekla 4 reveal a similar C structure as upper soil layers, that is, the upper 0—
Tindar and 0-10 cm at Hrafnabjorg.
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Figure 2. (a—c)*3C nuclear magnetic resonance (NMR) spectra of the three peatlands, including A:O/N and (70-75)/
(52-57) ratios. Soil layers formed before Hekla 4 are colored in blue, soils formed between Hekla 4 and Hekla 3 are
in red, and soils formed after Hekla 3 in green. Darker colors reflect increased influence of eolian material in the forrn
either volcanic ejecta (i.e., tephra) or eolian material from sparsely vegetated or barren areas. Soil layers formed afte
1104 (see Figurid) are assumed to be subject to greater eolian deposition due to increased soil erosion after the sett
(Dugmore et al.2009 Gisladottir et al.201Q 2011). Stacked bar charts in (d) show the relative share of the chemical sh
regions.
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Figure 3. (a) Biplot of the robust principal component analysis o¥8eNMR data. Observations of different sample sites are depicted by shapes and colors

(Torfdalsmyri [TDM]: green triangle, Tindar [TIN]: orange square, and Hrafnabjorg [HRAFN]: blue circle). (b) Silhouette width plot for hierarchical clustering.
Average silhouette width = 0.5 (red broken line); Dunn index = 0.298. (c) Dendrogram based on hierarchical clustering, using Manhattan distance and Ward
(see Kassambara017 and number of clusteks= 2.

3.3. Total %C and %N, C/N, SOM DBD, C Density, and C Stocks

Total %C and %N content at Tindar and Hrafnabjorg is highest between tephra layers, apart from one
each site (Figurd). This is accompanied by high SOM levels at Tindar, but comparatively lower SOM |
at Hrafnabjorg. At Torfdalsmyri, the same variables conspicuously decrease between tephra layers. Thi
overall low until shortly after Hekla 3 at Tindar and Hrafnabjorg but experiences a peak between tephra

at Torfdalsmyri. The C/N ratio is very stable throughout the soil profi
nabjorg it increases with depth and is noticeably higher below Hekla
Torfdalsmyri. However, soil accumulation at Tindar and Hrafnabjorg

le at Torfdalsmyri, but at Tindar anc
4 than above. C density is overall h
since the Hekla 4 tephra depositior
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Figure 4. Results of complementary soil properties used in this study at Torfdalsmyri (a), Tindar (b), and Hrafnabjorg (c). Dry bulk density (DBD) is presente
g cm?, soil organic matter (SOM), C, and N are in %, C/N as molar ra#®,and >N are presented in %o, and C density in kg nincluded are also total C stocks
(thal, blue numbers) for the following time spans: Hekla 3 to present, Hekla 4 to Hekla 3, and before Hekla 4. Note that basal ages of soil layers formed be
4 are not known. Vertical red lines represent the following threshold: C 20% as diagnostic criterion of Histosols. Shaded gray bars indicate the tephra depo
3 and Hekla 4.

and 121 cm, respectively, compared to only 50 cm at Torfdalsmyri. Consequently, total C stocks that acc
ed since the Hekla 4 eruption are with 560 and 557t hespectively, notably higher at these two sites that
Torfdalsmyri (361 t hd).

Spearman rank correlation between %C, %Ash, DBD, and C density @iguizates a statistically significan
inverse relation between %C and DBD=(0.52, p<0.001) and %C and %Ash£ 0.65, p<0.001). Albeit,
there is a significant positive relation between DBD and C dens#y0(7, p < 0.001). The slight positive rela
tion between %Ash and C density proved statistically insignifican®)(16,p = 0.3).

3.4. Variation in Andic Soil Properties Determined by Robust PCA and Cluster Analysis

The andic soil properties (Figuggdraw a more diffuse pattern than the C structure. Yet, some changes tha
to be related to the occurrence of the tephra layers can be discerned at Tindar and Hrafnabjorg. There, th
comparatively allophanic, accompanied by Iovg/Alo ratios and high Aland A| + 1/2Fe, values, which fre
quently fulfill the 2% diagnostic threshold of andic soil properties (IUSS Working Group VZRB5. Between
the Hekla 3 and Hekla 4 tephra deposits, the opposite is true. Whilerpkely exceeds the 9.4 threshold, it i
particularly low between tephra layers at Tindar and Hrafnabjorg. Contents &&frend ferrihydrite are most
pronounced at Hrafnabjorg, with highest abundances recorded above the Hekla 3 tephra deposit.

This pattern is supported by the robust PCA (Figi@eand the cluster analysis (Figufe). Some grouping ac
cording to peatlands is discernible, but there is also considerable overlap between sites. Within-site varii
lowest at Torfdalsmyri. For some samples, the allocation to clusters is diffuse (compare silhouette widtr
Figure7h). Cluster 1 (green) contains samples from all three sites, whereas cluster 2 (red) contains samg
Tindar and Hrafnabjorg only. There is a clear demarcation of the soil layers formed between Hekla 4 and
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Figure 5. Matrix of scatterplots and Spearman rank correlation coefficiehtn@ probability valuep) between %C, %Ash,
DBD, and C density.

at Tindar and Hrafnabjorg. Soils between 84 and 108 cm depth at Tindar and 91 and 121 cm depth at Hre
form a clear subcluster each.

3.5. Impact of Andic Soil Properties on Variations in C Structure by RDA

A moderate share of the variation of C structure is constrained by andic soil properties (unatijuétéd,

adjusted?=0.29), and about 95% of the constrained variation is contained within the first two dimensions
RDA (Figure8g). Only the effect of the first dimension (73% of constrained variation) proved statistically s
icant = 0.001). The contents of @IAID, Alp/AIO, and FgFeO seem to be positively related to alkyl C and tl
A:OIN ratio, while their impact on other C groups is little or negativg.ﬁg and allophane seem strongly ne:
atively correlated with alkyl C and A:O/N ratio. Content og Bepositively related to O/N-alkyl C (110-60 ppm
and (70-75)/(52-57) ratio. Allophane ang @& positively related to carboxyl/carbonyl/amide C and H/C-ary

3.6. Impact of C Structure on Decomposition Proxies (C/N,*3C, 15N) by RDA

A moderate share of the variation of the decomposition proxies &Bl,and N is constrained by C structure
(unadjusted? = 0.54, adjusted? = 0.45), and nearly 98% of the constrained variance is contained within the
two dimensions of the RDA (Figuh), both proving significanty(= 0.001). The C/N ratio appears positivel
related to the (70-75)/(52-57) ratio and O/N-alkyl C (110-60 ppm), but negatively to carboxyl/carbonyl/
C, A:O/N, and alkyl C. On the other hand, carboxyl/carbonyl/amide C, A:O/N, and alkyl C are positively r
to N, but negatively to*3C. The C groups of C/H-aryl C and O/C-aryl C, in turn, are positively relatéddo
and negatively to**N.

3.7. Impact of Andic Soil Properties on Decomposition Proxies by RDA

The direct impact of andic soil properties on the decomposition proxies €@y,and N proved marginal
(unadjusted? = 0.15, adjusted? = 0.01) and not significanip(,,,= 0.553).
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Figure 6. Variables based on selective dissolution analyses, apg phd P-retention at the coastal peatland Torfdalsmyri (a), the lowland Tindar (b), and the hi
fringe Hrafnabjorg (c). %Iand Fg, are presented as gkg ; Al + 1/2Fe, allophane, ferrihydrite, and P-retention are presented in %. Vertical red lines represer

following thresholds:

,%VAIU = 0.5 as demarcation of allophanic and nonallophanic Andosols (0.1 to <0.5 allophanic Andosols; 0.5-1.0 nonallophanic Andc

Al + 1/2Fe 2% as diagnostic criterion of andic soil properties, P-retention 85% as diagnostic criterion for andic soil properties, an@.ghhdicating high
abundance of amorphous material. Shaded gray bars indicate the tephra deposits Hekla 3 and Hekla 4.

4. Discussion
4.1. Increased Mineral Content Does Not Hamper C Storage Capacity of Peatlands

Based upon the lower %C content of Histosols in Iceland in comparison to other Nordic peatlands
et al., 20149, it might seem obvious to conclude that the C storage capacity of peatlands in Iceland is de
due to inputs of mineral material. The results of our study refute such simple inference. Increased co
mineral eolian material may indeed lead to decreased relative C content, but soil accumulation rates an
are often also notably increased at sites where this is the case (e.g., Gislad6@i0Ed a{ckel et al. 2017).
While we detect a significant negative correlation between %Ash and %C, and DBD and %C, C dens
peatlands of this study is positively related to DBD and not significantly impacted by mineral contentSjFi
Interestingly, accumulated C stocks at Tindar and Hrafnabjérg since the eruption of Hekla 4 are greate
Torfdalsmyri despite overall higher C density at Torfdalsmyri. This is related to the greater soil accumul
Tindar and Hrafnabjorg. While about 0.5 m of soil has accumulated since the eruption of Hekla 4 at Torfc
(Figure1d), more than 1 m of soil has accumulated during the same time span at Tindar and Hrafnabjo
eral contents are overall not greater at Hrafnabjorg and Tindar. However, they are more characterized b
constituents typical for andic soils (Figufzand7). While the three pedons of this study overall define as Dy.
Histosols (IUSS Working Group WRRBQ15, several layers at Tindar and Hrafnabjorg bear andic soil prope
(Figure6; IUSS Working Group WRB2015 Soil Survey Staff2015, which is not the case at Torfdalsmy
Generally, relative C content alone seems to be a poor indicator of the C storage capacity of peatlands i
and an increase of mineral content does not necessarily impact their C storage capacity. However, the
the mineral constituents seems to play a role for C storage.
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Figure 7. (a) Biplot of the robust principal component analysis of the compositional andic data, including one external noncompositional variable (arcsine tre

P-retention). Observations

of different sample sites are depicted by shapes and colors (Torfdalsmyri [TDM]: green triangle, Tindar [TIN]: orange square, ant

Hrafnabjorg [HRAFN]: blue circle). (b) Silhouette width plot for hierarchical clustering. Average silhouette width = 0.43 (red broken line); Dunn index = 0.221

Observations with a silhou

ette width close to zero indicate proximity to neighboring clusters. (c) Dendrogram based on hierarchical clustering, using Manha

distance and Wards criterion (see Kassami2fxhy) and number of clusteks= 2.

4.2. C Characteristics Are Impacted by Tephra Layers

As relative C content alone is a poor indicator of the C storage capacity of peatlands in Iceland, we del
the development of C structure of the three peatlands through time (Ejgwi¢h a particular focus on varia
tions around tephra layers. Indeed, we detected variations that seem to be governed by the occurrence
and other eolian deposits. Two characteristics are the most conspicuous: a shift in C structure around 1
4 tephra deposit, and the formation of a subcluster of soil layers formed between Hekla 3 and Hekla 4
nabjorg and Tindar, which is characterized by relatively increased contents of recalcitrant alkyl C in conj
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with increased A:O/N ratios (Figur@s3a, and3c). These soil layers also stand out from the others with re(
to other soil properties than C structure, but total %C and %N are clearly increased4jFigure

Through the greater part of the profiles, decomposition unsurprisingly increases with depth (see Me
Holm, 1984 Tfaily et al.,2014), with more recalcitrant C forms increasing in quantities toward deeper ¢
(e.g., Leifeld et al.2012 Tfaily et al.,2014). This is indicated by a relative accumulation of alkyl C, a deplet
of O/N-alkyl C (particularly 110-60 ppm), and, hence, by increasing A:O/N ratios (Baldockl&a. Mockel
etal., 2021 Preston et al1989, and by overall decreasing (70-75)/(52-55) ratios (Bonanomi 204B, Mock
el et al.,2021). Beneath the Hekla 4 tephra deposits, this development is interrupted or even reversed)(Fi
Particularly at Hrafnabjorg and Tindar, lower A:O/N ratios, facilitated by a relative decrease of the more |
trant alkyl C and accumulation of the more labile O/N-alkyl C, resemble much younger and less decompc
layers, that is, the upper 0-10 cm at Hrafnabjérg and the upper 0-40 cm at Tindar @agund3c). Although
an initial trend of increased decomposition with depth and a reversal to decreased decomposition at gree
is consistent with findings of previous studies (e.g., Mockel e2@2]; Preston et al1987), it is conspicuous
that the reversal coincides with the Hekla 4 tephra layer. Here, other factors than stage of decomposi
contribute to the observed variations in C structure and the stability of the stored C, for example, the-ct
istics of the local vegetation serving as parent material of the Histosols. Vegetation characteristics, in 1
subject to changes induced by environmental disturbances such climate change (e.g., Leif2@ilt ahd/or
major tephra deposits following volcanic eruptions (Blackford efall4 Eddudéttir et al.2017, 2020. The
change in C structure after the Hekla 4 event might be an indicator of peatland vegetation less resilient
deposition of moderate extent as for example, observed by Hotes 28Gf. (At least, moderate changes |
vegetation composition might have been induced (Eddudéttir 20416 2017, 2020. Also, the Hekla 4 tephre
deposits serve as a stratigraphic boundary of an episode of cooling climate (Eddudét20&gaGeirsdottir
etal.,2013 D. J. Larsen et al2012.

The relative similarity of the C structure of soil layers below Hekla 4 and upper soil layers at Hrafnabj¢
Tindar might also indicate that the chemical structure of the SOC is not the sole driver of its stability (.
etal.,2015 Fontaine et al2007 Kdgel-Knabner & Kleber2011, Marschner et al2008 Miltner & Zech,1998.

Possibly, the Hekla 4 deposits served as a barrier (see De Vleeschouwet0&i8atoward the input of fresh
organic material in the years after the eruption and may still serve as a barrier toward input of dissolved
carbon from upper soil layers, thereby hampering microbial activity. During field work at Hrafnabjorg an
dar, we could observe the compacted Hekla 4 tephra deposits to serve as aquifers of limited permeability
dalsmyri, there is no obvious similarity in C structure between the topsoil and subsoil layers below Hekle
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tephra layer still seems to contribute to protective mechanisms against decomposition as reflected by su
decreased A:O/N ratios below the tephra deposit (Figure

Despite the lack of a similar shift in C structure after the Hekla 3 event, this tephra deposit also se
demarcation line at Hrafnabjorg and Tindar. The soil layers above Hekla 3 are indicative of increased
mental instability as indicated by greater variations in SOM and DBD, overall decreased SOM, %C, &
and increased DBD. This conforms to observations on lake sediments by Eddudétt2GGkigd Tinganelli
et al. Q018 and may be ascribed to increased disturbances by reworked tephra and climate cooling {e
gle, 1999 Geirsdottir et al.2013 Mayewski et al.2004).

4.3. Andic Soil Properties Indicate Stable Conditions Between Tephra Layers

At Torfdalsmyri, no distinct pattern of andic soil properties could be detected (Bijg@enerally, andic prog
erties are only weakly developed there. At Hrafnabjorg and Tindar, the differentiation of the soil layers
Hekla 4 and Hekla 3 from the other soil layers is even clearer than based on changes in SOM prope
ures7aand7c). Contrary to what might be expected from soil layers demarcated by two prominent tephsz
its, their andic properties are the least developegt Al2Fe is far below the diagnostic threshold of 2% (IU
Working Group WRB2015 Soil Survey Staff20143, allophane, Ag, and S(j contents and pti-are low. The
increased %C between the tephra deposits is an unlikely explanation in our organic soils, despite C be
to hamper allophane formation in mineral soils by complexation of Al with humus (Dahlgrer1 98| Nanzyo
et al.,,1993 Wada,1989. Yet, %C content is also relatively high in the other layers at Hrafnabjoérg and 1
often coincident with high allophane content (see Bonatotzky etCdl9. The of the soils also fails t
serve as an explanation. Allophane formation is favored by high pH and impeded by pH < 5 (Mat@9&4z
Shoji et al.,1993 Wada,1989. Indeed, the pH of the soils between tephra layers at Tindar and Hrafnat
exclusively 5. But this applies to several other soil layers with considerably higher allophane content tor
pare Figured and6).

Another interesting feature is the obvious increase in andic soil properties above Hekla 3. The increas
ihydrite content with decreasing soil depth at all sites, but particularly at Hrafnabjérg, is likely associal
enhanced input of inorganic material in a frequently disturbed environment as early as two millennia b
settlement in ca. 870 CE (Eddudéttir et 202Q Mdckel et al. 2017) and higher redox potentials in surface s
than subsoils (Chesworth et @006 Vaughan et al2009. Eventually, the ecosystems ability to return to e
librium was lost after the onset of anthropogenic influence (e.g., Dugmore28G8. Eddudottir et al.2020.

The consequent increased input of mineral material, of predominantly basaltic origin (Arnald20étglis a
likely premise for increased allophane and ferrihydrite formation (Dahlgren 988, accompanied by mor
frequent oxygenation following water saturation fluctuations, which facilitates ferrihydrite formation (Che
et al.,2006 Vaughan et al.2009. Several volcanic eruptions might also have contributed mineral mate
form of thin tephra deposits to the soils of this study after the settlement (e.g., Hekla 11041 drandeHekla
1766; G. Larsen & Thorarinssoh977 Mdckel et al.,2017 Poérarinsson1968. However, work by Mdcke
et al. 017 at the same peatlands provides evidence for increased input of mineral material predomin:
to anthropogenic influence as indicated by increased magnetic susceptibility of the soils even in the a
tephra layers.

Our findings correspond to a paleoenvironmental study on lake sediments close to our research an
dudéttir et al. 2020. There, a stable depositional environment between Hekla 4 and Hekla 3 tephra |
demonstrated, followed by a decrease in stability after the deposition of Hekla 3 tephra (see alsa ¥89/g
which also coincided with climate cooling in the Northern Hemisphere (e.g., Geirsdétti2eidl.D. J. Larser
et al., 2012 Mayewski et al.2004).

4.4. Impact of Andic Soil Properties on C Structure

It is clear that an inherent characteristic of Histosols is their great potential to accumulate and store
tated by anaerobic conditions, and enhanced by a cool climate in regions at high latitudes such as Ic¢
impact of tephra deposits and andic soil properties on C dynamics of Histosols has hitherto gained «
attention. Hence, it is interesting that there is a clear positive relationship between alkyl C and A:O/l
one hand and %AAIO, and AL on the other hand (FiguBs) in the soils of this study. This indicates enhan
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formation of metal-humus complexation with increasing decomposition (Takahashi & DaRigténby pref
erential formation of Al-humus complexes with aliphatic C groups. This is contrary to several previous !
on nonbhistic soil types. Barbera et @008, for instance, detected little interaction between poorly crystall
Al and alkyl C in soils developed on basaltic material in Italy. Instead, a preferential formation of metal-I
complexes with carboxylic functional groups is frequently suggested (e.g., Dahlgrea@2lKo6gel-Knabner
& Amelung, 2021, Kégel-Knabner & Kleber2011, Takahashi & Dahlgrer£016. Allophane and Siare posi
tively related to carboxyl/carbonyl/amide C and H/C-aryl C, supporting, a preferential accumulation of ca
C and phenolic C in the presence of allophane (see Kdgel-Knabner & Am2021)y, The positive relation of
Fe, and ferrihydrite predominantly with O/N-alkyl C of 110-60 ppm indicates a preferential complexati
active Fe with O/N-alkyl C, which is in agreement with previous studies (e.g., Miltner & 7@@8,Schoning
et al.,2009. This, in turn, would support the hypothesis that stabilization of C is related to its associatio
mineral soil components rather than its chemical recalcitrance (e.g., Kégel-Knabner & RO rwhich is
also interesting in light of previous studies at the same peatlands (see Mocke2@2Bl.There, C stability
as indicated by soil C respiration was greater at Hrafnabjorg than Tindar despite even slightly higher co
carbohydrates at Hrafnabjorg. Indeed, content of active Fe and of carbohydrates (110-60 ppm) in this
also highest throughout the pedon of Hrafnabjorg (Fig2ieel5). This clearly indicates that stability of SOC i
Histosols of volcanic regions is not only governed by the chemical structure of the SOC and hydrology t
by the mineralogical environment of the soils.

In summary, the relation between andic properties and C types indicates that alkyl and O/N-alkyl C are tt
groups in organo-mineral associations of the Histosols in this study (BgyEmilar as detected for variou:
mineral soils (Kégel-Knabner et a2008. This gives rise to questions about the fate of these organo-miner:
sociations under changing climatic conditions, which may both impact soil temperature and aeration anc
soil redox conditions (Knor2013 Vaughan et al2009. Knorr (2013, for instance, observed a positive relatic
between transport of dissolved organic carbon from riparian wetlands and dissolved ferrous?fipnviie
temperature increases are known to enhance reducing conditions in soils, that is, to accelerate the rec
ferric iron (Fé*) such as in ferrihydrite to the more solublé*H&/aughan et al2009.

4.5. Decomposition Is Affected by Andic Soil Properties Despite Insignificance of RDA

Despite the statistical insignificance of the RDA between andic soil properties and the decomposition
CIN, 3C, and N, care should be taken to conclude that andic soil properties do not impact decompc
Instead, their effect is probably indirect through its influence on C structure, as discussed abov8dfFigure

The negative relation betweefC on the one hand and A:O/N ratio and alkyl C on the other hand is in a
ment with common observations that recalcitrant forms of C, which are depléet& imecome enriched a:
decomposition proceeds (e.g., Alewell et2011). The relatively uniform*3C depth pattern at Tindar and Hra:
nabjorg, as opposed to a declining depth pattern at Torfdalsmyri, is resembled BCthR spectra, but at
Tindar and Hrafnabjorg, the C composition is indicative of slower decomposition than at Torfdalsmyri (Fic
and3g Alewell et al., 2011, Kruiger et al.2014. The positive relation betweeiN on the one hand and A:O/N
ratio and alkyl C on the other hand conforms to previous evidence of higResharacteristic of more degrade
peatlands (Drollinger et aR019. Hence, the comparatively high’N are, again, supportive of more advanc:
decomposition at Torfdalsmyri. Unexpectedly, we observed no correlation beti#esnd C/N ratios, which
is contrary to observations of previous studies (e.g., Drollinger &dl9, but supports previous evidence (
the limitations of C/N ratios as a proxy for decomposition (see Bonanomi2@H3 2019 Mdckel et al. 2017).

5. Conclusions

The aim of this study was to advance understanding of the impact of tephra deposition on soil develog
peatlands with a focus on interactions between histic and andic soil properties and their impact on C dy
Based on multivariate analysis of data sets of C characteristics, andic soil properties, and decompositior
we can draw the following conclusions:

+ Relative C contents are insufficient to (a) estimate the C storage capacity of peatlands exposed to
deposits of volcanic origin and (b) to estimate the amount of greenhouse gasses emitted from the
lands upon disturbance. This is indicated by profound differences in soil accumulation rates and C s
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peatlands of different degrees of exposition to eolian material in Iceland, accompanied by conspicuot
ences in C structure and andic soil properties.

+ Andic soil properties impact the C structure of Histosols of volcanic regions, and hence their C stor
pacity. The interaction of andic and histic soil properties leads to the formation of organo-mineral com
which particularly hamper the decomposition of chemically more labile C groups. Hence, SOM of His
of peatlands, where the formation of andic properties is facilitated by mineral deposits of volcanic orig
Tindar and Hrafnabjorg), is less decomposed (or deteriorated) than the SOM of peatlands without
andic soil properties (e.g., Torfdalsmyri).

+ Thick and compacted tephra layers have the potential to serve as protective barriers. They hamper |
activity and decomposition of SOM; in the short term by preventing the input of fresh organic mate
the years after a tephra deposition into deeper soil layers, and in the long term by serving as a barri
input of dissolved organic carbon from upper soil layers. Consequently, when protected by major tephr
subsoils in peatlands of volcanic regions may resemble younger surface soils.

+  While andic soil properties, accompanied by the protective role of major tephra deposits, appear tc
an unusual potential for long-term C stabilization in a natural peatland environment, these compa
undecomposed organic soils, which contain relatively great amounts of labile C compounds, may be
greater source of atmospheric C upon disturbance than anticipated based upon %C only.
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The visual effects of just over a millenniu
ubiquitous in the I celandic | andscape. Wh i
pristine oases of resilience in an other wi
surrounding soi l erosion. Il cel and has one
wor |l dwi de, and there is emerging evidence
influence their carbon dynamics. In this st
the settl ement of Il celand in c. 870 AD on
interaction with carbon characteristics of
soil s of Hi stosol s from three peatl ands,
deposition. We analyse datasets of the pe:
structure %S NMR isvpedctbryoscopy, andic soil |
extractions of Al , Fe, and Si, and other co
vegetation characteristics ar e to S 0me e
characteristics, the miner al pedogenic envi
a stronger relation between andic soil pr oy
observed in pre-settlement Hi stosol s. Deco
which are strongly influenced by andic pr oj
characteristics dominated by | abile carbon
of soi l organic matter and comparatively
compounds in Histosols without notable andi
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1 Introduction
1. Hidden side effects of dryland soil er osi c
Human induced vegetation destruction and it s
fatal erosion of dryland soils, are widely d
et al., 2009; Eddud-ttir et al., 2020; <¢skar
driven by climate changes and volcanic acti\
and soil dynamics before the human settl emer
al ., 2020; Eddud-ttir et al., 2016; M° c k el e
that the ecosystems were generally resilien
di sturbance in the absence of ant hropogeni c
thousand years ago |l ed to rapid |l and degrada
shifts in vegetation communities, and the c¢
Andosols (the soils of the Ilcelandic dryl and
were certainly not uncommon before the sett
climate and a dynamic | andscape shaped by a
extent increased rapidly following the sett]l
al ., 2016; Dugmore et al ., 2009) . Due to th
cover, sensitivity of the remaining Andosol s
strong winds (Einarsson, 1984) and the gl oba
(Arnal ds, Dagsson- Wal dhauserova, et al ., 201
the most active aeolian environments in the
The visual effects of just over a mill en
ubiquitous in the |l andscape, especially in
once mature ecosystems are present in an otfhf
is the occurrence of lushly vegetated peat
vegetated, or even barren, and eroding dryl a
pristine oases of resilience in an otherwise
ecosystems |ike the wetlands are also subjec
fluxes have widespread ecol ogical consequen
perturbations of hydrologic and biogeochemic
Dust fluxes are a natur al process and can
functioning, e. g. by providing nutrients to
hi ghly weathered tropical soils (Field et al
dust l oad has significantly increased with
consequences, particularly at | ocal or regio
al ., 2016; Nef f et al ., 2008) . Even in eas
considerably |l ess aeolian activity than | cel
often discernible by changes in nearby peat/l
and associated nutrients into the organic so
(l'reland et al., 2014) Yet, as pointed out
of dust redistribution are often neglected i
1.2 mpact of dust deposition on carbon cycli:i
The soils of mires are the greatest terrestr
covering less than 3% of the global terrestr
peatl ands therefore have an exceptionally a
mechani sation of agriculture the extensive d
their wi despread degradati on, and i n many
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cognition (Joosten, 2016). Especially in
nsely popul ated areas of Scandinavi a, dr
cond hdlé¢eofuthwe BOcording to a report by
o, di sturbed peatlands were respminssibdomrs,
ile only covering about a mere 0.3% of t
spite population densities of rural areas:s
21; Statistics Il celand, 2021) , the share
ropean average of nearly 44% (Joosten, 2
dmundsson, et al. (2016), approximately 4
draining for agricultural pur poses. Me ¢
rticularly common between the early 1949¢
dig the ditches was state-subsidised (Ge
rception of mires as inconvenient | and,
eds, towards ecosystems worth protecting,
76; N§ttYruverndar samt°®°k Austurl ands, 19°
ve been |l imited (Arad-ttir et al ., 2013;
erage annual restonatihen yrearese @01652048y
19) . Further mor e, destruction of peatl an
ragricultural purposes not being common
crease of hydroelectric power producti on
frastructure, adversely affect or destroy
, 2001; Magn¥%sson et al., 2001).
Overall, the disproportionate contribut
i ssions worldwide is exemplified by the e
t C emissions between 1990-2018 from the
ULUCF) are estimated to be more than dou
ctors (The Environment Agency of Il celand,
om the LULUCF sector is ascribed to the d
net C emissions from organic soils in 1G¢c
PCC, 2014, The Environment Agency of |l cel
real peatl ands not affected by volcanic
wever, new research evidences that windb
atlands i mpact their C dynamics (M°ckel
|l endsson, Prater, et al., 2021).
mpact of dryland soil erosion on peat a
ally, inorganic material is not consider
tosols (K°gel-Knabner & Amel ung, 2021,
tl ands In I celand, aeolian inorganic m;:
characteristics of these soils. First,
dborne mineral materi al of volcanic oric
ot her subarctic regions (Clymo, 1987; J
aracterized by vascul ar pl ant s (Steind-
hagnamso occur, but are not dominant. It
fluence the characteristics of the peat/|
zanezhad et al ., 2016; Rydin & Jegl um, 2
aracteristics, decomposability, density a
While the term peatland is widely wused
nd, many peatlands actually ceased to
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before the introduction of mechanised draina
only just over 1%, though 7.8% - 9% of the i
(Arnalds, Gudmundsson, et al., 2016; Ott- -sso
peat-accumul ating ecosystems. Hence, whil e H
soils in lceland, more C rich subsoil | ayer s
(Arnal ds, 2015; G2slad-ttir et al ., 2011; G
regions where surface soils of wetlands toda
Andosols (see Arnal ds, 2015, and Arnalds &
Il celandic soil classification). This is a co
after the onset of anthropogenic influence
materi al from dryland ecosystems. Therefore
mi xture of histic, andic and vitric soil pr
settings with comparatively l'ittle aeolian
zones, and far from the most extensively ero
commonly contain some andic and vitric prog
Erl endsson, & G2slad-ttir, 2021)
1.4 turnover in peatlands of volcanic regiol
There is emerging evidence that aeolian ming¢
Hi st osol s, in addition to hydrology and the
which are wusually considered the predominat
Leifeld et al ., 2012) . For instance, a posit
Fe and C accumul ation has been observed ( Ame
G2slad-ttir, 2021) . Furthermor e, Mo ckel, Er
Erl endsson and G2slad-ttir (2021) provide e
stability of the C in peatlands. The mineral
the temperature sensitivity of C mineralizat
studies in non-volcanic regions (e.g. Conan
Erl endsson, Prater, et al (2021) observe hi
dominated by Il abile C compounds than of soi
f or ms Thi s is particularly interesting in
accumul ation of l abile C compounds, andic s
Erl endsson, & G2slad-ttir, 2021, Mo ckel, Et
temperature sensitivity of Il abile C compounc
with their relative prominence within soil (
increased risk of C emissions from the same
1. Research aim
The studies of M ckel, Erl endsson, Prater,
G2zslad-ttir (2021) focus mainly on processes
on C dynamics, i.e. the impact of distinct o
is to advance understanding on the pedogeni c
in the post-settlement surface soils of 1cel
variable, inputs of aeolian mineral deposits
are at the core of this study:
T To determine variations in the vegetation
i n di ffering geographical settings and
characteristics are reflected in variatio
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T To examine the potenti al relation betwee
to evaluate i f mineral content (%Ash) ha
contentfs. (kg m

T To examine the potenti al relation betwe
decomposition

Our results will also be discussed in the c
with datasets of vegetation anal ys®i sNMRonduc
spectroscopy, andic soil properties based ¢
and sodium pyrophosphate, P-r gdFe ntainadn seaernvde t
proxies reflectindg€, d&lic ampmosA:tQ/oN r(at/iNo,) ,U a
compl ementary soil properdebesdrg. bul gHdmea s

organi c matter content .

2 Met hods

2. IResearch area, vegetation analysis and s
Our research area is in Austur Hunavatnssl
Hi stosols are comparatively common in the
Arnalds & ¢skarsson, 2009). Soil samples we
south transect from the coast (Torfdal smlri
(Hrafnabj®©°rg) Soil forming factors differ
1) and their distance from primary source
from volcanic eruptions and mineral materi a
country). At each peatland, systematic vege
at nine qu’radahosg(Dheé&emparall el transects
peatl and (Figure 1b). Vegetation assessment
Bl anquet (Dombois & EI Il enberg, 1974) . Pl an
(2010) At each quadrat, bulk soil sampl es
the soil; see |lversen et al ., 2015), subdi
30 cm. Based upon a previous study at t he
Gzslad-ttir, 2021) , we assume the wupper 3 (
settlement of I celand in c¢c. 870 AD. For the
content, samples of a predefined volume wer
subsequently stored at 4AC wuntil further pr
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Peatland centre

* Sample sites :
L Weather stations

I Vegetated land

I sandur and flood plains

T - 9/
Barren areas . )
Sparsely vegetated land

Glaciers

I Water bodies 0 25 50 100 150 200 (b) Peatland margin

Figure 1: (a) The map shows the | ocation of

of mineral aeolian material, i.e. sparsely
database of the National Land Survey of 1 cel
approach: vegetation analysis and sodl sampl
at each peatl and, along three parallel tran

peatl and.
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Tabl e 1: Met eor ol ogi cal data for the resea

Data are available for the following ti me

1949 i 2001; Kol ka: 1994 12015 (1 MO, n.d. -
comprises the months June T August, the aut
winter trither |l asts from December i Febr
May . For [ forrnatlon about the sampling | c
weat her statl on refer to Figure 1la.

Weat her station Hraun §8 Bl°ndu:-sKol ka

El evation (m a.s. | .) 3 8 506

Mean annual tempeartur2. 94 3.05 0.64

Mean summer tritherm t7.9 9.1 7.8

Mi ni mum summer trither6. 3 7.4 6. 3

Maxi mum summer tritherl0. 2 10. 4 9.3

Mean winter tritherm t-1.0 -1.6 -4.7

Mean autumn tritherm t3.6 3.4 0.6

Mean spring tritherm tl. 3 1.7 -1.3

Mean annual precipitatbi1?2 480 352

Mean annual Wi ndspeeds5. 7 3.8 7.4

2.2 aboratory anal yses
2.2Cl1lstructuré€CbpNMRobpdcstaseopy

The structure of soil or g'®€niNMRC swastd etseromi
only soil sampbpl €Bi duroen Tlbr)aniseceach peatl an
samples from each site. A cross-polarisatio
a Bruker DSX 200 spectrometer (Billericalll

frequency of 50.32 MHz and a spinning spee:f
during the HartmannHHmhinseowasacisedd dwampedg
|l se delays of 0.8 s were used for al
|l ated per measurement. A IF€Cnehémioadlkr
were calibrated relative to tetramet
ntegration was based on Knicker et al
chemical shift regions in order to de
ounds: 2207V 160 ppm (carboxyl/carbonyl / 8
ppm (C/ H-aryl Cc), 110-45 ppm (O/ N-al ky
m (N-al kyl c), and 4570 ppm (al kyl
y | C of carbohydrates) and 52i57
o calculate the (70175)/ (52715
p
a
i

u
u
S

OS> T OO0 —

7)
ositively with decay rates. As
I kyl C (A: O/ N) rati o, wi t h h
on (Baldock et al., 1997).

|
a
g
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2.2AR8dic soil properties: Selectivenatki ssol ut

Selective dissolution of Al , Fe and Si wi t h
was conducted on sob l(coampralres Figamet ndnseant s
on nine samples from each peatland. Extracti
(0.2 M, pH 3.0), was carried out following S
Fe and Si t hu oF @Xitirsa citreddi c(ali ve of the acti\
organic complexes (Al /F-humus compl exes), na
crystalline) hydrous oxides of Fe and Al , a
amor phous or non-crystalline) aluminosilicat
1989). The+sdumaofcalcul ated as a diagnostic ¢
(O 2 %; |l USS Wor king Group WRB, 2015) . Ferril
%Fe x 1.7 (Childs, 1985) Sodium pyrophosphat
and Al pAlFewhich is associated with organic <c
Soi l Survey Staff, 2014, met hod 4G3) . Al l o]
estimated by the equation proposed by Mizot:
and Wi lson (1985). Whil e Mizota and van Reel
rati os ( déebr Adv §d bfertoveen 1.0 and 2.5 for the
use Al / Si ratios < 1 which may also occur in
Phosphate retention (P-retention) as a di
8 5 %; Il USS Working Group WRB, 201®8) asdanhe
indicator of nanocrystalline materi al (previ
foll owing Bl akemore et al. (1987) . Hi gh abun
soils of volcaningrQ €9g.idons, results in pH

2.2DBy bulk density, field wwadked decbepbsi $§0
proxies C/N and &t abiiMe Ui sotope ratios U

The dry bulk density and field water content
known soil vol ume. Content of soi l organi c
asured by loss on ignition at 550 AC (Hei
i oni sed2pwautseirng( paH soi | : water ratio of 1:10
yons, 2011). Determination of total <carbo
I Survey Staff, 2014)¢€aMNd acsf atnhei nsiti akalte
dation state and the hydrology of peat |
was conduct eddblby atloe yComne¢ hl USAt oPea e
te minerals in lIcelandic soils (Bonat
il mundard-ttir et al ., 2014), we assu
oxy for decomposition (e.g. Kuhry &
ed the molar C/ N ratio. Based on dr
fbg mach depth interval
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atistical evaluati ons

2sS4

tegories of the Braun-Blanquet cover scal e
74) were recoded according to van der Maar
Cami z et al ., 2017) . Then, nonmetric mu
met aMDS, R package wvegan; Oksanen et al ., 2
variations in vegetation characteristics be

- kO DN

a
9
n
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reflected€bMMRhehsimixc al shift regions and
ratio were investigated by robust principal
(function pcacCoDa, R package robCompositi o
2018) and hierarchical clustering (R packag
For the cluster anal yMMR , dathae weormep oiss @ metnra
transformed (van den Boogaart & Tol osana-De
The clustering tendency was investigated by
(R packages factoextra and clustertend; Ka
YiLan & RuTong, 2015). The clustering appro
on comparison of internal measures and stab
clustering (see Kassambara, k612). wabedeper
by comparison of the el bow, sil houette ani
goodness of different clustering approaches
and NbCl ust; Charrad et al ., 2014, Kassamb
variability of andic soil properties was |
clustkeridng (n order to investigate the i mp:
variations in C structure, redundancy analy
was conducted. The impact of andi'®€,pNoperti
was also investigated by RDA. Pearson corr e
there is a relation between %C, %Ash, dry ¢k
function ggpairs; Quinn & Keough, 2002; Sc
carried out wusing the software R, version /4

3 Resul ts

3. 1Megetation Characteristics

At Torfdal smlri, t he Ewea gethatriuom adnsg udio nnd aord i
Carex isigrmha most dominant, but wvarious fl o
commonBeteulgaE nmpaentar u ma mdagcrcumi um; ubt gHnadamb j
vegetation is cCQCeragX yy distmuantaceedmbpal ustr e,
ul i giaroBseutnu| armaméd so common (Table 2, Figur
Natur e I nformati on System (EUNI S; EEA, 20

characteristics at Tor f daD2s.n2l6r i Cornensoenmbd et tto
f ensVegetation at Tindar iD3.4di6Mi |IBaomr etad thwa
br own mo & rs @ 4f. eln6s3 Il cel andi c bl ac ke getdgtei- dmr
characteristics atDXHrRaIn abg sLircgl iamee bsdatntillears
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Tabl e 2: Maj or plant functional groups and t
Abbreviations of plant species used in the N
species name in grey colour Abbreviations i
respective peatlands: TDM = Torfdalsmlri, TI
When marked bold, the species are prominent
scale category filo at a minimum of four quad
species at the #itthee isspeocnileys misnoorn|(yi .eex.i st en:i
quadrat s, never reaching mo€fethbdaspeoives wasa
detected in only one quadrat, not exceeding
foll ows Kristinsson (2010) and the Panarctic
Sedges/ Rushes Grasses Deci duous woody plants
Anthoxant hgml &Nd c
CxC Carex cambMrens AO HRAFN) BN Betul d TO&#pAN, HRAFN)
CxC.Carex c@PpliN,)] aHRACN Cal amagrostTBM)neSA Sal i x (arDAMHIRAE N)
Festuca rubra ss
CxC Carex chgmTdidRAMN FR (TIN) SH Salix H{&@&DMacea
CxL Carex [(WHRAHFWNS i PP Poa pr@TleM)si s SP Salix pbhyDMERABN) a
Vaccinium(UdIDiTdilnosum
CxN Carex (AD§YJ &, HR/ VU HRAFN)
Car ex r(alrDM,I| ofrlaN
Cx R HRAF)N Forbs
CxR:/Carex I dsH\RARM B A Bartsia( BINM) na Evergreen woody plants
Bistort@TDMyi pabn Empetr un{ TnD dgTrluNm
CxS Carex ga ailis BV HRAFN) EN HRAFN)
Eriophorum @mdus Cardamine praten
EA HRAFN) CaP angust(iTDal, i &l N,
JA Juncus (alrlcN)i cus CoP Comarum (BDMISNT € Pterydophytes
Equi setuMmTp Ustre
LM Luzul a mdll Ni f IHRr GV Galium(VENMUmM EP HRAFN)
LS Luzul a (sHiRlleRN)ca PV Pinguicul #RAFINgasSsS Sel aginell aTbEN) aginoide
ThalictrmDdlpin
TA HRAFN)
VP Viola ggad8DmM§tris BRY BryophlyM, TI N, HRAFN)
Despite several common species (Table 2), 1t
shows that vegetation characteristics at the
Tindar and Hrafnabj°rg, whereas vegetation <c
a greater resemblance to each other
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Figure 2: Vegetation characteristics at th
each peatland are depicted by different <co
and blue at Hrafnabj©°rg. Species are indiceza

refer to Table 2.

3. 2Patterns of C structure derived by robus

Raw& NMR spectra (including A: O/ N and (70-7
showing the share of the six integrated che
al |l sample plots reveal a somewhat similar
dept h: in the upper 0-5 ¢cm of soil s, ther e
over al kyl C, which Il eads to |l ow A: O/N rati
I n progressively deeper soil |l ayers (5-15 |
al kyl C at the relative expense of O/N alky
ratios with depth. At the same ti me, (70-7F¢F

C and O/ N al kyl C, C groups do not show a
ubiquitous trend of a gradual increase of |
O/ N al kyl C (which |l eads to considerable o
cluster analysis), there are some notewort:t
) . The relative increase of

and Figure 4c

accompanied by increased A: O/ N ratios with
Tindar and Hrafnabj°rg (Figure 3, Figure 4c
is not very strong (compare sil houette widt
4a) supports the pattern shown in Figure 4c
Tindar and Hrafnabj°rg is more alike each o
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Figure 4 Vari at'CoNMRi ha€edtoonchueeabyghi cal
PCA. (a) Dendrogram based on hierarchical
Wards criterion (Kassambar a, 2017) and numli
Silhouette width plot for hierarchical cl us
clustering with two clusters = 0.4. (c) Birg
t € NMR data. Observations of different sanm
(Torfdal smlri [ TDM] : green triangl e, Ti nda
[ HRAFN] : bl ue circle).

3.3Fattern of andic soil properties derived
The andic soil properties (Figure 5) do not
by ttheNMR spectra (Figure 3). However, the
analysis (Figure 6a) reveal some general di
strong clustering tendency (compare sil houe
provides different results to the more si mi
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andic properties are more developed than at

mani fested by comparatively highlAkglrvalts osf a
ando Al ) vFeRd ues, several of them fulfilling ¢t
properties (I USS Working Group WRB, 2015). F
high at the two sites, parti cul ar/l Ayd nadt Hr af
Fe Beratios are > 1 in several instanges, whi

and, Remd/ or and ungegearneds t(heengt i oCrhi d fds Al 1985;
Reeuwi j k, 1989) .

Figure 5: Andic soil properties dewmmdd fron
P-retention at the coastal peatland Torfdal s
Hrafnabja@nmgy.ReAkE prescenédd 2&smlgl okpgnane, ferrirt
P-retention are presented in % Vergpindal red
= 0.5 as demarcation of allophanic and non- ¢
Andosols; 0.5-1.0 Y gdn&@lReod%ams cdiAagmsotl isg
andic soil properties, P-retention O 85% as
pHRarO 9.4 indicating high abundance of amorpt
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Figure 6: Variations in andic soil propert
PCA. (a) Dendrogram based on hierarchical
Wards criterion (Kassambara, 2017) and numt
Silhouette width plot for hierarchical cl us
clustering with four clusters = 0.43. (c) B
the compositional andic dat a, including on:
transformed P-retention). Observations of d
col ours (Torfdal smlri [ TDM] : green triang
Hrafnabj°rg [ HRAFN]: Dblue circle).

3.4C/ N, stabl el saohtho @ien dr atairo ® U compl ement a
Average dry bulk density is similar at al/|l
cm of soils, it is noticeably higher at Tin
tot al %C and %N content S hest at Tor f

i hi g
on average more %C and %N than Hrafnabj©°rg.
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sites is noticeably decreased in 5-15 c¢cm, an

cm. On average, al | sites and soil depths m
Wor king Group WRB, 2015) . However, at Tinda
fulfilled by several sampl es, particularly i
similar pattern as %C and %N except at dept
Tindar is noticeably higher than that of Hr
increased average dry bulk density of Tinda
roughly describes an opposite pattern to %
Torfdal smiri, hi gher contents of %WAsh at Tir
of soils, but slightly | ower contents of %As
While %Ash content at Torfdal smlri is on ave
same does not hold true at Tindar and Hr af n:
does increase towards upper soils layers at
comparatively high %Ash contents. Pearson co
is a strong negative rrel at Do<B ®h.e0tOnle)e, n %WPAsshh ce
does not have an=efifpddt, 006B5)C. dEmsi kgck of a
%Ash and C density goes hand in hand with a
%Ash and dr y=b0pB<6 d0e.n0sOi 1t)y a(nd bet ween dry bul

r= 0p609,0.001) .

Average st abli® (iFsiogtuorpee 7r)atairoes clompar ati ve
Torfdal smiri, while they show an increasing
Average stabl'd hAsetopempaantboselly stable with
Tindar, but show a decreasing trend with dej
|l owest at Torfdal smlri but s hoialsaro nata vTeirnadgaer
5 in all soil depths at all sites. Generally
whil e being highest in the upper 0-5 cm at a
Hrafnabj°rg Only a few soil samiplUesS rWoa kh endg
Group WRB, 2015) indicating andic soil prope
criterion of andic soil properties (1 USS Wor
despite some replicates at Torfdal smlri and
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Figure 7: Complementary soil properties use
(TI'N) and Hrafnabj°rg (HRAFN) wusing boxpl ot
%C and %N, and P-retention aré€padgNedted i
presented in &2 Orgetsii ky demskgym€DBD) is
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Figure 8: Correlation between %Ash, dry bulk
peatl ands derived by Pearson correlation. T
Pearson correlation coefficients (r) and pro

3.5%0ssible relations between various soil pt

The RDA between andic soil properties as e

dependent wvariables (Figure 9a) shows a rat

(unadj?ust@d65r> ad)us®)ed However, only the ef
t

(75% of constrained variation) was statistic
(prpa1= OprOARED. 164). Al kyl C (45-0 ppm) seems
ratipoke PAh,l and copnaegt Alhfe Alatter two al so se
positive relation with-+AJ @ sfeastm otso bFee rire ghay
related to al kyl C and A: O/ N ratios, but pos
ppm). All ooppbaneteandaSé negatively related to
carboxyl/carbonyl/amide C (22071160 ppm), o/
(140-21210 ppm).

The RDA between andic soil properties as
proxi es€,C/dW,daldi dependent variables (Figure 9
(unadif?u=s tOe.d4 9r2 =a d0j.u2s6t)e.d Again, only the effec
statisticaprbar 9ime6f Ocanit)( A positive relat
ofo SiFeal | ophane, of eicF@ihtynd rG/tNe raantdi oAli s i ndi ¢z
variables do n€t beemhboei mpati'at negative
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Figure 9 (a) Rel ation between C structur
(explanatory variables) de?’pfche6d5ya tG.p4%,¢d
Proa1= O .rRBAE, 0p164. (b) RET,atdNd( rtheestpwoenesne G/ aN,
and andic properties (explanatory var=iabl e:
0.49, &dj uGsribetd 10p.rOALE, Op 716

4 Discussion

4. I ncreased miner al deposition does not de
As M°ckel, Erl endsson and G2zslad-ttir (202
inference that comparatively high mineral
conjunction with relatively low %C content
absolute C storage capacity. This is becau
material also often | eads to increased soil
(see also Bonatotzky et al ., 2019; Gzslad-t
by M°ckel, Erl endsson and G2zslad-ttir (202
%Ash and %C, but a positive correlation b
significant relation between %Ash and C de
increased mineral contents on absolute C co
of prehistorical subsoil s, i . e. of soil s w
eroding drylands and barren areas (e.g. Ar
Dugmore et al ., 2009; G2zslad-ttir et al ., 2
effects of %Ash on %C, dry bulk density and
results were strikingly similar to M°ckel,
our dry bulk densities being considerably
detected by previous studies on Histosols
Turunen et al , 2002) . Her e, we provide fu
contents in peatlands with enhanced miner al
vol ume of soil is not induced, as miner al d
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study does not provide basal dates for the i
annual soi l and C accumul ation rates. Howeve
of miner al deposition after the settlement i
not | east as M°ckel, Erl endsson and G2sl ad-
bet ween C accumul ation of pre-settl ement s 0
evidence for an i mpact of mineral depositior
more refined C characteristics differ betwee
subchapters, potenti al i mpact factors of C ¢

A

Differences in vegetation characteristics

a very broad sense, our results show t he
atl and (Figure 2) are reflected by wvariat
i ) demonstrates that wvegetation <cha
ar and Hrafnabj©°rg, while the | atte
similar pattern is shown by the clu
ucture. This s in gener al reeme:t
n characte i ficar
t 1

i a
istics have a sig
al ., 20 ser | oo

i g
r n
2). However, a cl ose
ommo n characteristics wi t h Ti
ics imply. For instance, the wup
heir 0-5 cm counterparts at T
h h contents of l abil e O/ N-a
I C (Figure 3, Figure 4c¢) .
at Torfdal smlri become mc
l citrant C groups with dept
Tfaily et al ., 2014) , re
smliri than at the other tv
4c). This is in agreement
ad 021; Mo ckel, Er
S ha
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s racteristi cs
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rant C compounds.
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nteractions between andic soil propertie:c

Our study

S previous results that C s
by more fac
s

ts

than C structure (M°ckel, Er
character.i . Me ckel , Erl endsson and G2 ¢
properties d partly explain the observed
in peatl ands. By means of RDA, rt=hel. X%)unadf tc
structure was constrained by andic propertie

non-allophanic Histosols, withy Aloaw gf lBfeer i hy dr
ratios) were characterised by C structure in
(i.e. comparatively high alkyl C contents an
was associated with C groups indicative of
al kyl contents and high ratj weref po3d0+7v%el s
to carboxyl/ carbonyl/amide C and H/C-aryl C.



pattern described previously by M°ckel, Er
However, we detect a tronger relat
(adjPsted. 49). This p l ects incre
f i
I

nto the peatl ands a expansi c
nal ds, Dagsson- Wa al ., 2

1; G2slad-ttir et

2006; Vaughan et
of peatl ands than in subsoil

et al .,

ess %C (Fi

n ronger andic pr
o Alower od] anidbhef reqmemnft |1 O 2.
[ reased aeolian redistribution of
y M°ckel, Erl endsson and G2sl ad:-
etween andic soil properties and
e we detect ar?n¥odle.r2a6t,e Friegluartei o9r
e
i
h

OTS T~ N~
ocogo —o>»

|l ation betwé&earfdrC/iMydRFiigwer, e a
ables 'BreThegatbwéiymselt hneda

e same var
c e accumul ation of relatively u

ilitate t

4. 4Rel ation between C structure and miner al
comparison with mineral soil s

tudy indicates an i mportant effect of
sols in lceland, not unl i ke the proce
er & Amel ung, 2021, Kegel - Knabner & KI
ntrary to many observations el sewher e,
ner al soils, organo-miner al compl exat.i
ic wetland soils such as Histosols (K

Similar to M°ckel, Erl endsson and G2
the results of previous studies on st
r observations bear resemblance to mi
nce for the formation of Al/Fe-humus ¢
s (Dahlgren et al ., 1993; K°%gel -Knabne
, which Matus et al. (2014) and Takah
ws on C stabilization rocesses and th

However, our RDA (Figure 9a) does nc
compl exes and carboxyl C, but rat he
exes with al kyl C, and of Fe-humus col
bserved posigainwde arle&klydt iConi nb eotuwe esnt uAdly ,

e if this indicates a causal relati on:
mus complexes may |l ead to the relative &
| ophanic soils in volcanic regions. I n &
uador, Tonneijck et al. (2010) suggest tl
e microbial breakdown of these specific
cumul ati on. I ndeed, acidity might al so ex
ils, wboat t her pdHal sml r i is overal!l l ower t
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arbonyl /amide C in particular, bu
associated with allophane in our
ential stabilization of carboxyl
conjunction with observati ol
t on decomposition processe
, the positive relation bet\
r observeg paonsdi ttiovea |
ite, is in agreement
, for instance, decon
S to be reduced
y Sch°ning, Knicker,
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vegetation compositions. Whil e we did not
study, Figure 2 shows thaSphbarggmaughgsesarae o
domi nant at Tindar and Hrafnabj°rg, i.e. th
and Fe-humus compounds (Figure 5 and Figur
phenolic compounds (Figure 4). The potenti
Sphagmoausmses may be particularly quick i n pe
plants as in this study. Veget &pihaginm man g ¢
favour of vascular plants may also be induc
Hughes et al ., 2013; but see Loisel & Bunse
pl ant species after several years or decad
i mpeded by the additional effects of change
barren dryl ands. I ncreased incorporation of
el evated pH (e.g. Arnalds, Gudmundsson, et
examined in this study (Figure 7). Such ch:
mi neral associations (e.g. Il nagaki et al .,
observed that under reducing conditions 1in
of soil organic matter, particularly from F
found a significant negatpi yand ¢)a,l sdarFficiornmib
observations of previous studies that the f
(particularly that of Al -humus compl exes) |
2000; Shoji & Fujiwar a, 1984). On the other
5 (e.g. Garrido & Matus, 2012; Matus et al
the importance of this highly reactive mine
Hi stosols with andic soil properties wild.l o

By analysing data sets of vegetation cover
compl ement ary soi l properties derived fro
indications of sever al interesing patterns
characteristics and the chemical compositio
for C dynamics in undrained peatlands in tFl
constituents seem to be of greater i mpor
environments.

The C characteristics of the very younge
are similar despite clear differences in ve
C structure with depth differs between then

sl owly at peatl ands with notable andic pro

andic properties. A number of Spahcatgdreusmh mag b
phenolic compounds are recognized as an 1in
through several pat hways, seemingly smal.l d
may partly be responsible for differences
i nformati on aboliphagmeamd as¢cest hot study i no
domi naSicreagatum he sites with | ess decomposed

greater share of phenolics. Future studies
Sphagsnpuent i es i n | c &Slphmdmmausnpesat miaghlts @lsay a
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the C dynamics of Il cel andic peatlands than
Il imited presence within these vascul ar pl ant

Anot her explanation for the differing dec
bet ween C groups and soil mi neral s, some of
processes in mineral soils. Particularly int
al kyl € and active Fe and ferrihydrite, indi
observed in mineral 50|Is Al so, we find i nc
carboxyl/carbonyl / amide C, similar to studi e
positive relation between all ophane and C/ N
previous studies on European temperate fores
decreases with increasing decomposi sion. Pr
pressur e, such as a warming climate, on C c
not only consider interactions between c¢cl i ma
and vegetation- and C characteristics, but a

Finally, the share of inorganic contents
with decreasing distance to the most extensi
Il nevitably, relative contents of soil organi
contents increases. | mportantly however, abs
are overall not affected by increased aeol i a
bul k densities of the more mineral soil s A ¢
investigated soil s, we were not able to cal
Therefore, future studies should investigat
deposition impact C accumul ation rates per
material may in some cases have a significan
Future research should therefore not only f
Hi st osol s, but also on the relatively | ess
surface soils of Icelandic wetl ands.
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