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Abstract

Over the last years several sophisticated methade been investigated to reconstruct the
history of the landscape. The peat layers of wdHaact as historical archives and by
analysing the preserved plant remains, so callectorfassils, conclusions about the former
local vegetation and site conditions can be dralihe study system is boreo-nemoral rich
fens, a threatened wetland type with a large flierisiodiversity. The study sites are three
wetlands in the province of Uppland, where in 18SGirainage for forestry had changed the
peat and the vegetation drastically. In 2003 tiessivere rewetted by ditch blocking. Older
vegetation data are incomplete or not availablsingithe questions, how the pre-drainage
conditions really have been and if the sites ctxddtlassified as rich fens. To answer this, the
macro fossil assemblages of nine peat cores (tpegesite) were analyzed with special
emphasis on mosses. To investigate the effectahage on the peat layer, the cores were
also analyzed for degree of peat decompositiomguisiree different methods. The results of
the decomposition analysis differed a lot among ttiree methods. The von Post method
seemed to provide the most robust data. Draindgetefould be seen when surface peat was
more decomposed than underlying layers. The magsilfanalysis resulted in a quite large
number of identified species and estimations ofrtipgoportions. Several characteristic
species (brown mosses, peat mosses, etc.) in titeopall three mires indicate with high
certainty that the sites have been rich fens in ghst. This information can support
argumentations in restoration projects. Generalriciens of macro fossil analysis, the
problem of aging, inhomogeneous decomposition angetedion patchiness and future
challenges are discussed.



Introduction

We can not travel back in time, but we can learmetad the landscape, that tells its own
history. Over the last years several sophisticatethods have been investigated using a large
variety of proxies to reconstruct the past. Fornepia tree rings, lake varves and ice cores
provided useful information for past climate redomstions (Mann 2002). When it comes to
vegetation changes during the Holocene, the tines dfe last glaciations in Europe, the peat
layers (accumulated organic material) of wetlantisaa historical archives and by analysing
their features and composition, conclusions aldwtdrmer local and regional vegetation can
be drawn (Rydin & Jeglum 2006).

For these biostratigraphic studies, fossils of gwze are analysed: from pollen grains (10-
100 um) to mammoth (several metres) — everythingighpreserved in the peat. hacro
fossil can be seen by the naked eye and ranges fromm.®©r3.0 mm (median size) to large
tree trunks (then termed ,mega fossils®). Plantasms can be fruits, seeds, leaves, cuticles,
buds, anthers, rhizomes, twigs, wood, bark but afsmrangia and megaspores from lower
plants as well as various animal remains (e.g. lwgparibatida, chironomids) are preserved
(Birks 2007).

The vegetation of a site integrates the overalddmns, like water table, nutrient status, pH
and light availability, meaning that one can infierm the macro fossil assemblage more or
less the former vegetation and thus the former ¢mmdi of the location. For that purpose
indicator species with a small optimum range argrefit help. Plantnacro fossil analysis
became, additionally to pollen (micro fossil) arsty an important tool in paleoecological
studies (Birks 2007). Kuhrgt al. (1993) used macrofossils to reconstruct past wabde and
pH for boreal peatlands and to trace their devekgal pathway from rich fen to poor fen to
bog. Other studies included macro fossil analysisvestigating the rate and nature of carbon
sequestration in peatlands (Heijmaetsal. 2008) or to reconstruct bog surface wetness as
evidence for climate change (Barkatral. 1998). Unlike pollen, macro remains allow often
identification to the species level enabling moe¢aded palaeoenvironmental reconstructions
(Mauqgoyet al. 2010). Furthermore, opposed to pollen they arellysnat transported away
from their area of origin, which means that thegyresent the local vegetation, not to mention
that some taxa are preserved as macro fossilsptmatuce no or little pollen, including
cryptogams (Birks 2007).

When interpreting the data, one must be awareeotlifierent taphonomic processes (growth
reproduction, dispersal, deposition, preservatiomplved in the formation of an assemblage,
causing it to contain plant material from vegetata different scales. Seeds and fruits can be
dispersed far away from their origin by wind, flepdtreams and animals. Some seeds are
produced abundantly, but are almost never fosdiliZzue to their chemical constituents,
different species but also different parts of mahtave different decomposition rates. In
general, above-ground parts of non-woody plantsharelly preserved as fossils — except
fruits and seeds (Grosse-Brauckmann 1972). Varioeibs decompose and mineralize
without any detectable trace, whereas seeds soe®tiemain amazingly well preserved even
under disturbed conditions. Moreover the degrgeeat decomposition determines the quality
of the fossils, and is itself a function of watewél and movement, nutrient status, pH and
vegetation. Another pitfall is the unbalanced ideatiility. Some fossils are very distinct,
while others are not. In general mosses are maigyedentified in peat than vascular plants,
which can lead to an overrepresentation of the éorf8vensson 1986).
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Peat accumulationand theforming of macro fossilshave taken place because of inhibited
decay. Oxygen poor conditions in a water-logged renwment, as well as the low
decomposability of the plant material are the nraasons for that (Rydin & Jeglum 2006). A
wetland, where peat is being accumulated by liyiegt-forming plants is called mire.
There are different types of mires and also difiergays to classify them, depending on the
wetness and aeration, pH, calcium (Ca) contenbasd saturation (Rydin & Jeglum 2006).

The water, its chemical components and movemetiienpeatland plays an essential role.
Therefore a widely accepted first separation okesis made due to the origin of water, which
“feeds” the mire, meaning that it not only providesnid conditions but also nutrients. If the
peatland is nourished by the mineral soil watdg dalled ‘tminerotrophig, if it is fed only by
precipitation we call it 6mbrotrophi¢. Other terms for minerotrophic mires aréeti”
(Swedish “karr”) or bog’ (Swedish “mosse”). As peat formation can startdgample at the
margins of a lake (terrestrialization or infillingydin & Jeglum 2006), building a fen in the
beginning, growing higher, loosing contact to maiesoil water, becoming a bog, it is clear,
that the different peat types — no matter whichsgifecation is used - are sometimes no
distinct units with sharp borders, but can merge @ach other.

The study system in this thesis is boreo-nemichl fens, which are characterized by high
pH-values (6-8) and high mineral concentrations, &g Mg). The term “rich” does not refer
to high nutrient contents, but to high pH, high erad concentration and often high species
richness. The latter explains them to be of higarest in biodiversity conservation issues. In
general these biotopes are even nutrient poor avst of all phosphorus limited, since the
calcium binds the phosphorus and makes it unavailédr plant growth (Koerselman &
Verboeven 1995). Further division took place dupkioand Ca-content wittnoderatelyrich
fens having a pH 6-7 and lower Ca-concentration30(81g/) andextremelyrich fens having

a pH >6.8 and higher Ca-concentrations (30-100)ngjtrs and Gunnarsson 2002).

The floristic biodiversity on rich fens is exceptarwith many specialized and threatened
species (Rydin & Jeglum 2006). Therefarslicator speciesare used to classify a wetland as
a moderately or extremely rich fen (Sundberg 20@B8neath several vascular plants a
number of bryophytes (brown mosses, peat mossesjharacteristic of rich fens and often
well preserved as macro fossils in peat.

Peat mossegSphagnunspp.) are largely dominant in ombrotrophic bogs, dnme species
can even occur in minerotrophic wetlands. Thatitisee when they prefer high pH (e.§.
warnstorfii, S. tereswhole section Subsecunda) or when some hummoc&smimeral rich
environment have grown so high that they lost thretact with the groundwater and are thus
ombrotrophic “islands” (Rydin & Jeglum 2006).

Brown mossesare not a taxonomic entity, but rather an ecolagicoup growing in rich fens
(Rydin & Jeglum 2006). Historically these were gpecof the Amblystegiaceae and
Calliergonaceae families (e.§corpidiumspp.,Calliergonella cuspidataWarnstorfiaspp.),
but nowadays also species from other families aotofed into the ecological group (e.g.
Cinclidium stygium (Rydin & Jeglum 2006). For simplicity in this wothe term “brown
moss” refers to any moss species found in the pleatt,is noSphagnumLiverworts are in
this topic out of discussion, because they arelygpeeserved as macrofossils (Kuhry,
pers.comm.) A certain assemblage of charactersgtgcies found preserved in the peat can
indicate a mire to be or have been a rich fen.
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During the last two centuries many rich fens in 8ere weredrained for agriculture or
forestry (Vasanderet al. 2003). The lowered water table changes the chgmitd
accelerates decomposition, which results in a nooréess drastic vegetation change (for
example invasion of dominant species; Malsbal2008). Being biodiversity hot spots in the
landscape, rich fens are interesting fromoaservationpoint of view and are now on the list
of threatened habitats in Sweden. This work is elded in a larger study that evaluates
differentrestoration measures of drained rich fens for effective futpplication (cf. Malson
et al.2010).

Before drainage took place, the three peatlandgruobiservation are thought to have been
moderatelyrich fens (“Ultunaviken”, “Styggkarret”’) and in sa of “Severmossen” an
extremelyrich fen. But older vegetation data, especiallyrfrthe period before drainage, are
only sparse and not available at all for Severmuss$hkat raises the question, how the pre-
drainage conditions really have been and if thessitould be classified as rich fens.
Therefore, | used the peat layer as a historicdliae by analysing the macro fossil material
and examining their value for inferring former cdrmhs in this work. | also discuss general
usefulness and restrictions of macro fossil anslyddrainage always causes severe
disturbance of the peat layer: the organic matéeabmes aerated and decomposes faster. To
investigate the effect of drainage in that senke, geat is also analysed for its degree of
decomposition.

Materials and Methods
Site Description

Peat cores were taken from three sites in the pecevof Uppland (boreo-nemoral vegetation
zone), east central Sweden: two adjacent moderatdlyfens (Styggkarret and Ultunaviken,
25km north-east of Uppsala, 59°57°N 17°18 E) anel eéxtremely rich fen (Severmossen, 90
km north of Uppsala, 60°26"N 17°57 Eig.1). According to historical maps the sites were
used for haymaking during the nineteenth century dnathed during the 1950s for forestry
(but not planted with treedPeat depthsrange from almost 1 m at Severmossen and 1-2 m at
Styggkarret, and up to 3 m at Ultunaviken (Markaadgsirsionen 2007).

At Styggkarret, several characteristic vasculangslgsuch
as Eriophorum latifolium and Pedicularis sceptrum-
Swgkaji':;:m”* carolinum) and brown mosses (such &Scorpidium
sk scorpioides, S. cossoniand Campylium stellatuin of

= X moderately rich fens were found before drainageh \Bi
scorpioidesbeing dominant in large parts indicating very
wet conditions (von Krusenstjerna 1945; Malsen al.
2010). In 2002, around 50 years after drainage, the
vegetation was mainly built ofSphagnum spp. and
Polytrichum spp. in the bottom layer, with only few
occurring rich fen vegetationBetula pubescenshad
colonized the site, growing rather dense and ¢all {2 m).

Fig. 1. Location of the study sites,
from where the peat cores were taken.
(Sundberg pers. comm.)



Clear-cut Wooded There is a lack of knowledge about the pre-
drainage vegetation at Severmossen. In 2002 the
site was dominated by graminoids (suctMasinia
caerulea and Schoenus ferrugineus the field
layer) andPinus sylvestrimndBetula pubescens

the shrub and tree layer (6 m), although with some
patches with orchids such &pipactis palustris
and Ophrys insectiferaand bryophytes such &
cossonii, Campyliadelphus elodeand Preissia
guadratg indicating (former) rich fen conditions
(Mélsonet al.2010).

Restored hydrology

Still drained

Restoration Measures and Experimental Design

Fig. 2. Experimental design. One side of the 1N SPring 2003 the main ditches were blocked to
ditch was cleared of all trees while the other rewet the sites. After that the sites included a
side was left uncut. The dots mark the locatiorrewetted upstream part and a downstream part that
gf peat coring, which WaS_C:IO”e at thdehb%rd?r remained drained. To recreate the light regime of
etween upstream part with restored nydrologiyy gnan fen, shading and evapotranspirating trees
and downstream part that was still drained . .
(slightly changed from Malsoet al. 2010). and shrubs were removed in 2002 and 2003. This
took place at one side of the ditch in the rewetted

and the drained paif-ig. 2)

Peat cores

From each fen three peat cores where taken atrdhsition between “rewetted” and “still
drained” parts 30 m apart from each otfiég. 2). one in the nowadays open/deforested area,
one close to the ditch and one in the forest anekjng a total of 9 cores being analyzed. Peat
cores were taken in October 204@h a 5-cm diameter Russian peat corer reachiom fihe
surface to 1 m below ground. The material was dtamehalf sections of polyvinylchloride
pipes and wrapped with plastic for transport angtevent drying. During the first three
months the cores were stored in a freezer (-18A@gr that they were kept in a cooling
chamber at 4°C and were only taken out into roanperature when being processed.

Lab work

One part of the lab work was done during a previpitggect work (von Post humification,
moss decomposistion, rough macro fossil analysiSie the second part (colorimetry, brown
moss andphagnunidentification) was done later to gain more infation and data.

Humification/Decomposition

Decay and compaction of the peat makes it become momified. Humification can be
measured as degree of decomposition and can bssadsesing different methods. In this
work three different methods were implemented teeha backup, but also to compare the

different techniques.



) First the rather simple, but quite informativeld method fronwvon Postwas conducted,
where one squeezes a handful of peat and evaltlaesvater and the structure of the
remaining material (von Post humification scalediRy& Jeglum 2006).

II) Secondly a decomposition value was assessedhenbasis ofmoss preservation
(modified Janssens 1983 in Kuleyal. 1991). Depending on the quality of the leavesthed
length of the branches the samples got a numbeekeatl and 4 (well — badly preserved/ low
— highly decomposed).

[II) During the process of decomposition humic acidark brown in solution) and fulvic
acids (yellow to light brown in solution) are forcheHighly decomposed peat contains more
humic acids. They can be extracted from peat usS®@QH. With increasing amount of humic
acids the percentage light absorbance rises arwdthi®se values can be used to indicate the
degree of peat humification. Thlmlorimetric method was applied as a third method and
required somewhat longer and more complicated sam@paration. With some changes it
follows the protocol provided in Chambers et a01@). Samples of 2 cm?3 were taken at three
depths of each peat core, put in Petri dishesddrieLl05°C for 3 hours and ground up in an
agate pestle and mortar. 100 mg of pulverised weatdiluted in 25 ml of 8% NaOH and
placed in a hot water bath (95°C) for 1,5 hrs. Afteat the samples lost 5 ml each due to
evaporation. They were then centrifuged (10 midCG&0 rpm) and filtered (Munktell 3 filter
paper). Of this extract 6 ml were further diluteml 30 ml using deionised water. The
absorbance was measured in a spectrophotometeagpee® Il, Pharmacia Biotech) at 540
nm wavelength. The plotted values are percentagerbancy (the amount of light absorbed
relative to the initial substance).

The von Post method as well as the spectrophotgmets done at three depths (20, 50 and
90 cm), whereas the moss preservation could onlynpeemented in the samples, prepared
for macrofossil analysis, at 20 and 90 cm depth.

Pre-treatment for Macro fossil analysis

For the macro fossil analysis samples of approxetgadi cm3 where taken from the cores at
two depths: 20 and 90 cm. The samples were warmdd 60°C together with 5% aqueous
KOH solution. This is done for deflocculation (d&sping agglomerates into fine particles)
and to dissolve humic and fulvic acids. After thia material was disaggregated on a sieve
(125 um) keeping the residue in the sieve below the wau€fiace in order to prevent further
damage to the plant macro fossils (Maugebwl. 2010) The treated samples were stored in
plastic tubes in a cooling chamber (4°C) and sieagain immediately before analysis.

The analysis procedure roughly followed Kulatyal. (1991) using a dissecting microscope
with 6-50x magnification and a high-power microsedg0-600x) when necessary, e.g. for
identification of mosses.

Identification Literature

General introduction, first rough distinction and some wefetailed and nice pictures are
found in Grosse-Brauckmann (1972, 1974, 1992). Thlegw a selection ranging from
monocotyledon tissues, to brown mosses, to peasesand also cover quite a large number
of seeds. Moreover there are good plates with Ifesgids in Birks (2007) and very helpful
colour picture plates in Mauquoy & van Geel (20@f)en with a small selection of non-plant
material from the moss fauna and fungal spores.
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The determination ofmossesds difficult at times with the standard literatuidallingback &
Holmasen 1982, Nyholm 1954) because the keys regiten complete fresh plants and what
one finds is rather single detached, sometimes bae€ly preserved, leaves. However there
are good drawings in Nyholm (1954) and Hedenas3RMichaelis (2001) provides a useful
key for the identification of single brown mossvea. Further, a handout with microscope
photographs by Hedenéas helped, as well as compangith moss herbaria.

For the identification opeat mosseshe Handbook of European Sphagna (Daniels & Eddy
1985) as well as the peat moss flora published bgddrnas Vanner (2010) were used. They
provide detailed drawings and measurements of ¢aé anatomy (cross sections, pores,
chlorocysts). They were both useful since no cotepleranches or even plants where
preserved. In Grosse-Brauckmann (1974) one findselection of Sphagnumspecies
represented in microscope photographs togetheranitlugh description.

Nomenclature for mosses followed Hallingb&dekal. (2006) for bryophytes and Karlsson
(1998) for vascular plants.

Identifiability of the material had a rather largenge, so instead of counting species it was
reasonable to count macro fossil types, form groaups estimate their volume percentage.
Occasionally, plant remains allowed identificatitnthe species level, e.g. the leaf tips of
Scheuchzeria palustrer the roots ofCarex limosa.lf possible, the brown mosses where
determined to the species level. Single detachadeke of Sphagnumallowed at least an
attribution to the section (group of closer relatggmbcies), sometimes even to a species. A
selection of the identified macro fossils is preésdnnAppendix 1.

Most plant macro fossil types are estimatedvakime percentages.This was done for
inorganic matter, detritus, wood, roots, epidermssdues,Sphagnumand brown mosses.
Seeds, spores an8icheuchzerideaf tips were simply counted and expressedtasl
numbers per sample. When analyzing and plotting the dadeje categories where merged.
Usually where several parts of single species oedar example the roots and “leaves” of
Equisetum- they should be treated as separate “pseudo;takech helps in interpreting the
macro fossil diagram: roots can grow into matetfet is much older and seeds could
originate from places far away. However, becausesthatigraphic resolution in our case is so
low (only 2 samples per peat core) it seemed aabépto putEquisetunroots, rhizomes and
leaves into one category. The followirabbreviations for the samples are usediV-
Ultunaviken, SK-Styggkarret,SV-SevermossenQ-open/deforested are®-ditch, F-forest;
20, 50, 90- peat depths in cm.

Results

Humification/Decomposition

Most conspicuous, on first sight, seemed the diffees in results depending on which
method was applied, where von Post and Janssemgegdhihe best agreement at least for
Severmossen and Styggkariétg 3 a, b, cResults from the spectrophotometry did not show
a pattern of either agreeing or contradicting #sults of the other methods, although all of
them indicated a quite high decomposition at Sewss@n. When taking a closer look at the
decomposition rates after von Post — the mosthielidata, which will be explained later —
there were only two cores, where the surface pdass decomposed than the underlying peat
(UV-O and UV-D, Fig. 3 9. All the other peat cores showed a similar ornewegher
decomposition at the surface.
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a) b) C)

Humification/Decomposition (von Post) Spectrophotometry Brown moss decomposition(Janssens modified)
H1-H10 / undecomposed-decomposed Values = 10 = percentage absorbance ;;ﬁ;z’ﬁz;eﬁ‘l"sﬁr;f:gﬁ::aws
3 branches + bad preserved leaves
4 only single bad preserved leaves
open ditch forest opens ditchs forests openm ditch m  forestm
2468 2468 24628 246 246 246 012340123401 234
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%0 %0 90 90 = - w | 90
SK-20 | ] ] ] ] | sk-20  SK-20 | sk-20 SK-20 ] I SK-20
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%0 . L ] 11 1] g0 90 [ 90 90 [ = | [e0
sv-20 ) ] [svo0  svao |sv20  sv-20 [ v
50 50 50 [ 50 50 | | 50
90 | 50 90 E 20— m B

Fig. 3 a, b, c. Humification/Decomposition of psab-samples in three (two) different depths fonaike cores.
(Numbers20, 50and90 = depth in cm). Each study site is representedr®ycolour and its name abbreviation
( UV = Ultunaviken,SK = StyggkarretSV = Severmossen). The column headings name thedooaithin the
sites, where the peat cores where takens open/deforested areB, = ditch, F = forest (see Fig. 2). Three
different methods were applied: Numbers on X-axis degree of decomposition with varying indicatay:
Humification-value H1-H10; b) Values x 10 = Pereaye light absorbance; c) categories based on bnoogs
preservation. In all graphs higher numbers/longergfs indicate higher degree of decomposition.

Macro Fossils — Main fractions
The results are presented in two alternative fléits. 4 and » Fig. 5shows them in a way

macro fossil results are generally shown, whilg. 4 has the advantage of providing a faster
overview of the samples’ main fractions. Both el analyzed and discussed together below.

100%
90% [ other material
80% @ brown mosses
70% O Sphagnum
60% [ Phragmites
ig:ﬁ: B Cyperaceae
30% M Carex limosa
20% M Equisetum
10% O roots (hyaline)
0% M roots (black)
B wood
detritus

Fig. 4. Macrofossils of three former rich fens. Mt are volume percentages of all macro fossil naaie a
sample. Abbreviations for study site, location apdat depth:UV-Ultunaviken, SK-Styggkéarret, SV-
SevermosserQ-open/deforested are@;ditch, F-forest;20, 50, 90- peat depths in cm (see Fig. 2).
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Fig. 5. Macro fossils of three former rich fens.lWs are volume percentages of all macro fossieratin a
sample, except total counts f@cheuchzeria palustrigaf tip, seedsBetula, Care¥ conifer periderm/needle.
Red numbers3phagnum 1 = section Subsecund&.(contorturjy 2 = section Acutifolia, 3 = section Sphagnum
(S. centralg, 4 = section Squarros&.(squarrosum, S. tepesAbbreviations for study site, location and peat
depth: UV-Ultunaviken, SK-Styggkarret,SV-Severmossen®-open/deforested areB-ditch, F-forest; 20, 50,
90 — peat depths in cm (see Fig. 2).

The macro fossil assemblages of the samples difiguée much from each othef¥i(. 4, 9.
The dissimilarity differed among sites but Seversaemss samples were quite homogeneous.
Even samples from the same site and depth (buwdrdiff locations) were not very similar to
each other (e.g. UVO-20, UV-D-20 and UV-F-20), excall samples from Severmossen at
90 cm. In Ultunaviken the peat at the forested tiooadiffered most from the other two
locations (both at 20 and 90 cm depth), mostly edusy its high wood content. In contrast, at
Styggkarret the differences between samples frofferdnt locations at the same depth
seemed to be similar both at 20 and 90 cm.

Wood was almost lacking in the peat at Styggkarretvds most abundant at Severmossen,
except in the sample of SV-O-20, which also diffedreom the others because of its
remarkable brown moss fraction. Theod type could sometimes be inferred by using
conifer needles, birch seeds or characteristiadpem of both groups as indication. However,
other wood types (dwarf shrulfsalix Alnus etc.) could not be clearly identified. Birch seed
and periderm was found in the forest (and wood aioimtg) samples of Ultunaviken and
Styggkarret opposed to Severmossen, where the qmdhined much conifer remains.
Severmossen formed an exception in many ways witfeneral less brown moss occurrence,
but much wood and, at the ditch location, even nielttagmites australis remains.Brown
mossesvere most likely found at open and ditch locaticaitier than forest for all three sites
and there rather in the 20cm-samples than in them&anples (UV-O, UV-D, SK-D). At all
locations in all sitedzquisetum fluviatile occurred in the 90cm-samples, but almost never in
the 20 cm-samples. Exceptions were SV-F, UV-O, SK thereEquisetummade up only
1% of the material. Leaftips frocheuchzeria palustris were found in 2 samples (UV-0O-90
and SK-F-20). Remains of other sedges could maositybe identified further when only
epidermal tissue was available. Exceptions wergdbes ofCarex limosa, which were very
characteristic, and sometimes seedsCafex spp. could be found. These three types of
Cyperaceae macro fossils did not match each othabundance, i.e. sometimes seeds were
found, but no epidermis or roots (UV-F-90, SV-D-20) C. limosaroots were found but no
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Cyperaceae epidermis (UV-D-20, SK-0-90). The remahsC. limosawere also more
abundant in surface samples (UV-O, UV-D, SK-O, SKSV-O). Sphagnum abundance
ranged from O to 40 % (UV-D-90) and was in six sageore abundant in deeper peat.
Comparing all samples from one sifgphagnunwas best represented at the forest locations
in Severmossen and Styggkarret, and at the opemwlitoidlocation in Ultunaviken. Most of
the Sphagnummaterial originated from the section Subsecundth wome single leaves
showing high indication foiS. contortum(UV-D-20, UV-D-90, UV-0-90, SK-F-90). In
sample SK-F-90 sections Subsecunda, Acutifolia 8pdagnum $.centralg¢ made up the
peat moss volume in a ratio of 2:2:1. The surfaama@e of Severmossen’s forest location
(SV-F-20) contained only section SquarroSa g¢quarrosunand S. teres And finally, the
older peat generally contained maetritus, i.e. undeterminable amorphous material.

Macro Fossils - Brown Mosses

In Fig. 6the results for the brown mosses are presentecaandentioned before, we included
here not only the brown mosseensu strictobut also other bryophytes that were not
Sphagnume.g.Aulacomnium palustrandPolytrichum communéhe identification rate was
rather high and in total 11 different species cdogdidentified. The moss diversity ranged
from one to four species per sample. For betteplays the volume percentages were
transformed into four categories. The species Wiifjhest abundance waScorpidium
scorpioides which was present in almost all samples and makmgost of the brown moss
fraction (e.g. in SK-D-20, SK-0-90, UV-D-20), folled byPseudocalliergon trifariunfthat
always occurred together witB. scorpioides Warnstorfia exannulataW. proceraand
Scorpidium cossonii.
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Fig. 6. Macro fossils of three former rich fensplwn mosses. Values are volume percentages of allaiuesil
material per sample put in categorid¥:< 1%; 2) 2-5%; 3) 6-25%;4) > 25%. Abbreviations for study site,
location and peat depthlV-Ultunaviken, SK-Styggkarret,SV-Severmosser)-open/deforested areB-ditch,
F-forest;20, 50, 90- peat depths in cm (see Fig. 2).
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Discussion

Humification/Decomposition

When using different criteria to determine the @egof peat decomposition it comes naturally
that the results might not be all the same. Evenigh brown moss remains were found in
every sample, their abundance ranged from onlynasiagle leaves (UV-F-20) up to 70 %
(SK-D-20).

The Janssens-scale was given on the basis of theteserved mosses found in the sample.
If mosses were highly abundant, the chance ofriigavell preserved ones is of course higher
in general. Thus the numbers might be somewhatdidgloreover, different moss species

might be preserved differently, so the decompositscale depends also on the species
assemblage.

The spectrophotometry was quite complicated congptoehe other methods and provided

probabilities for small inexactness by the diffdrsteps that might sum up to a large effect on
the results. In addition to that, the field volusemples of 2 cm? where quite small and may
not represent the peat in that layer in an appatgnvay, especially when peat was very
fibrous or contained larger wood pieces. For teason the von Post method, old and simple
though, seemed to provide the most robust dataausecit integrates many peat decay
characteristics and was therefore used for fudisussion (Malteregt al. 1992).

Under undisturbed conditions one would expect ntaghly decomposed peat in deeper

layers, firstly because it is older and has hadentone to break down, and secondly has a
heavy layer of younger peat lying on top of it, @theamplifies decay. That pattern was found
at two locations in Ultunaviken: at the open sité alose to the ditch and is also supported by
the finding of more detritus (i.e. highly degrad®aterial) in older peat. Most of the other

cores had quite highly decomposed peat at thecgutéger, though, indicating a lower water

table due to drainage, by which peat was aeratedankdn down much faster under aerobic
conditions. At Ultunaviken, the forest might accate the effect of drainage due to

evapotranspiration. Also another species compasiiiooverall drier conditions due to tree

root penetration, could lead to more highly decosegb surface peat in the forest. At

Styggkarret, the surface peat at all locations gtbwa higher rate of decay, meaning that
drainage had a more severe effect on that sits. mhay be because the hydraulic conductivity
of the peat was somewhat higher and allowed a efteetive drainage of that mire.

Severmossen’s peat was in general more decompobsed the peat at Styggkarret and
Ultunaviken, which may be explained by a smalldcitaent area for Severmossen (Malson
et al. 2010). Another reason for that could be that that feeyer is only around 1 m thick

(opposed to 2-3 m at UV and SK) leading to a smaillater holding capacity. Because of
that, less water is held by the underlying peaticiwhs not affected by drainage, and can
therefore not provide humidity to the surface peddwever, then only the top surface

samples would show a high decay. A high von Posievat all locations and depths at
Severmossen point rather to a totally differentt pg@e (e.g. most of the samples contained
exceptionally much wood). At the ditch, water fluations are stronger which probably
causes the surface peat at that location be mgradied than the underlying peat. In addition
to that, vegetation patchiness can lead to misjongges of decomposition (see further down).
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Macro Fossil Analysis

The analysis of the peat resulted in a quite langaber of identified species and estimations
of their proportions. | used the modern ecologiodrances of these taxa to interpret the data
by using them as indicator species. Table 1the species are listed together with the
Ellenberg values for light, moisture, reaction adogen and their affinity to rich fens.

All species, whose remains were found in the peat, grow in rich fens. There were also
somerich fen indicators, like the often abundant brown mos&=orpidium scorpioides, S.
cossoniiand Pseudocalliergon trifariumOther bryophytes indicating rich fen conditiobst
with sparse occurrence, wetanclidium stygium, Helodium blandowii, Meesia trggra and
Tomentypnum niten he mosseAulacomnium palustrandPolytrichum communat UV-F-

90 only indicate moist to wet conditions, but bdtave a rather large range of habitat
requirements, regarding wetness, pH and light.

The Ellenberg values for soil reaction (R3ble ) seem to contradict the occurrence of some
species (e.gPolytrichum commune, Warnstorfia procera, W. exdaa, Sphagnunspp,
Scheuchzeria palustris, Pinus sylvegtda less acidic and more base rich habiGghagnum
centraleis even as per Ellenbegy al. (1992) an indicator of extreme acidity. Howevéie t
low N-values of all these species point to a natrgoor habitat, which a rich fen is. Also, all
species can tolerate more or less calcium rich itond. Moreover, these are the indicator
values for the British flora, which might need afjustment for Scandinavian populations
(Sundberg, pers. comm.).

Table 1. List of species, that were found in thecrodossil assemblages, their indicator valueslifgt (L),
moisture (F), Reaction (R), Nitrogen (N) and thafinity to rich fens.

Species Indicator values  Occurrence Sources

L F R N inrich fens
Scorpidium scorpioides 8 10 6 2 * 1), 2), 6)
S. cossonii 8 8 7 2 * 1), 2), 6)
Pseudocalliergon trifarium 8 9 6 2 * 1), 2), 6)
Warnstorfia exannulata 8 9 4 2 + 1), 2), 6)
Warnstorfia procera 9 8 2 - + 1), 2), 3)
Tomentypnum nitens 7 9 7 2 * 2), 6)
Meesia triquetra 7 9 6 2 * 2),6)
Helodium blandowii 7 8 6 3 * 2),6)
Cinclidium stygium 7 9 6 2 * 2),6)
Polytrichum commune 6 7 2 2 + 6)
Aulacomnium palustre 7 8 3 2 + 6)
Sphagnum centrale 6 7 (1 * 2), 5), 3), 7); R-value does not appty t

Sweden (Sundberg pers.comm.)

Sphagnum squarrosum 6 9 4 3 + 2), 6)
Sphagnum teres 7 9 4 2 * 2),5),6),7)
Sphagnum subsecundum 8 9 4 2 + 2), 5), 6)
Sphagnum contortum 8 9 5 2 * 2),5),6),7)
Carex limosa 8 10 4 1 + 4)
Equisetum fluviatile 8 10 6 4 + 4)
Scheuchzeria palustris 9 9 3 1 + 4)
Phragmites australis 7 10 7 6 + 4)
Betula pubescens 7 7 4 4 + 4)
Pinus sylvestris 7 6 2 2 + 4)

* Rich fen indicator; +, Occurs in rich fens. 1gétnas 2003; 2) Rydet al. 1999; 3) Ellenbergt al. 1992; 4)
Hill et al 2004; 5) Mossornas Vanner 2010; 6) Idillal. 2007; 7) Sundberg 2007.
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Peat mosseswere often represented by species from the sed@iobsecunda, namely
Sphagnum subsecundwand Sphagnum contortunm UV-D, UV-O and SK-F. Both species
are characteristic for mineral rich fens (Mossoridaner 2010)Sphagnum contortuiis one

of the few peat mosses which is able to toleragh biase status (Daniels & Eddy 1985) and
prefers very wet sites (Mossornas Vanner 2010)chvins also supported by the Ellenberg
value for moisture (F-valu@ Table ).

The Sphagnumnspectrum was more various in therface sample of Styggkérret’'s forest
(SK-F-20), where three sections were representathsétunda §. subsecundum, S.
contortun), Acutifolia and Sphagnun$( centralg As mentioned above the Ellenberg values
might not reflect the species actual appearan@nieden. Following Daniels & Eddy (1985)
and Mossornas Vanner (201@), centralegrows on a range of mineral rich fens, being only
absent from both very acid and very calcareous.sitecan also grow quite dry and is very
shade-tolerant, allowing it to grow in wooded fewsijch is the habitat type of the location
nowadays.

In theforest sample of SevermossefsV-F-20)Sphagnum squarrosuandS. terefrom the
section Squarrosa were detected. Both grow on wotirgrhic locations in a wide range of
variation in trophic status, water level and sh@daniels & Eddy 1985). Opposed %o teres

S. squarrosungrows more likely in wooded and rather drier ay@dthough Hillet al. (2007)
classified them both as wet-site indicatdralfle ). Malson et al. (2008) describeds.
squarrosumas a species that invades rich fens, when they beanmer and more acid
(Hedenas & Kooijman 1996). With a lower water leuwbke nutrient supply increases afd
squarrosums known to respond positively to that (KooijmanB&ker 1995). In addition to
that, the pH range of several brown moss specigs3eorpidium scorpioidgss the same for
S. squarrosumbut as a peat moss the latter gradually lowerpthef the location further
(Clymo 1963, 1964) and inhibits the re-establishm&inbrown mosses. That can lead to
problems for vegetation recovery when restoringh riens (Malsonet al. 2008). The
establishment of this species could have takenepédter drainage, but the peat at 20 cm
depth is probably older than 100 years (discusaest)l More likelySphagnunmincreased
already before drainage due to general wetlandesgam. Peat accumulation in a fen leads
after a while naturally to more ombrotrophic coradis, colonization of peat mosses and
development of a bog (Rydin & Jeglum 2006).

Carex limosa, which was found mostly in surface samples, indsattogether with
Scheuchzeria palustris (in UV-0-90 and SK-F-20), wet sites that may latknsling water for
extensive periods (F-valuH), Table ). Both can tolerate moderately high calcium conten
and pH, but are absent in very calcium rich sigspécially valid folScheuchzeria

Other undetermined Cyperaceae tissue and seedstdanrsure be attributed to the former
described two species. The different sedge fogség do not show the same pattern in their
presence. That is because their way of becomingaaranfossil is different, though
originating from similar plants. Roots, for exampkn grow into older peat while seeds can
be transported.

Equisetum fluviatile and Phragmites australis indicate the same wetness regime as the two
sedges, but have slightly higher requirements tarients. AlthoughPhragmiteshas a wide
ecological tolerance (pH 3.6 — 7.5, Birks 2007miay be out-competed b$cheuchzeria
palustris and Carex limosaon very wet and acidic sites (Ellenberg 1988). Tbets are
reported to grow up to 100 cm deep (Birks 2007)ictwvimight lead to misinterpretation.
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However in our case we found epidermal tissue, wigiwes robust information about the
species presence at that location during the sahtiphe period, from which the surrounding
peat matrix originated. The occurrencePdiragmitesclose to the ditch at Severmossen could
be a result of a slightly higher nutrient supply foating water) or just by chance, which
often shapes patchy vegetatidiquisetumremains in older peat layers suggest a general
higher nutrient status in the earlier stages ofab#ands histories.

Historical maps from the 1860ies mark all three lavels as areas for haymaking (i.e.
open/managed), and aerial photographs from 194% sidens to be still open and without
trees. That means that ttveod remainsin the younger peat might either originate fromyve
small/young trees or dwarf shrubs, that cannot hected on an aerial photograph, or from
roots of larger trees, which invaded the site aftainage. The latter might be most likely for
the surface samples, but not for the peat in 90Even roots from large trees of the current
vegetation would not penetrate the peat deeper 48aom (Sundberg, pers.comm.). They
would die from permanent water saturation and lafckixygen. The roots and seeds of birch
in the deeper peat of Ultunaviken/forest can be nake a strong indication of local
occurrence, although the trees might not have begnlarge. The birch seeds in other deep
peat layers in contrast (SK-0-90, SV-D-90, SV-O-6fyjinated probably at the same time as
the peat matrix, but might have come from adjadergsts and reached the sites via wind
dispersal.

At Severmossenthe largewood fraction in almost all samples point to a histofywooded
conditions. The wetland could have started as deralarr or swamp forest, developing later
into a more open fen. On the other hand it mayaisibbe, that there have always been some
trees on the site, which would in that case bestflad as a wooded fen. Management in the
19" century (and earlier) led then to tree removal apedning of the site. Periderm and
needles suggest that conifers (mo8tigus sylvestrishad always played an important role on
Severmossen, as they also do nowadays. Howevdre agood fraction could not be exactly
identified, other swamp forest/ wooded fen treesg.(&Inus, Salix cannot be excluded to
have grown there in the past.

Age of peat samples

Speaking about the “past” leads us to the quedhiow, old the peat of the analyzed samples
is, i.e. when the discussed plant material origidaiWe assume that the deeper the peat, the
older it is and in doing so substitute space fareti Usually one runs radiocarbon dating for
some bulk organic samples to date the peat acty(&ehry et al. 1991). This was not done

in this study. The reason for that was that theetiperiod of interest is mainly the last
centuries (vegetation before drainage in the 1%j0Radiocarbon dating cannot provide a
resolution that is high enough to cover these chandlilssonet al. (2001) found that,
depending on peat type and depth, the differenceslibrated“C age within specific 2 cm
thick peat samples varied between 365 and 100& .year

Although the exact age of the macro fossil matasalot known, it is possible to approach
that information using th&andscape history First, the maximum age of the whole wetland
can be inferred by calculating when peat accumanatiould have started earliest. This was
after the deglaciation and when the land had rieem the sea due to isostatic uplift of the
Scandinavian earth crust. Ultunaviken and Styggkaare around 50 m a.s.l.,, while

Severmossen is about 12 m a.s.l. (Lantméateriet)128@d rose much faster in the beginning
after deglaciation (up to 10 cm/yr, Upplands FI&@10) but levelled to around 6 mm/yr at
Severmossen and 4,8 mm/yr at Styggkarret and Ulikea (Lantmateriet 1980). Assuming
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an average post-glacial rebound of 6 mm/year aei®sassen, the land under the peatland
most probably came out of the sea around 1800 RrsAg8cording to the maps in Upplands
Flora (2010) the land under Ultunaviken/Styggkaoamne out of the sea around 7000 years
ago. Doing so, one has an idea about the maximuiodpef peat accumulation, which could
only have started land-based or in very shallows@awaters. Assuming, that peat
accumulation started immediately after marine regjom the peat layers cover a time period
of 1800 yrs (SV) and 700¢rs (UV, SK) respectively. Because of longer peatuanulation
time the peat layer is also much thicker at Ultukew and Styggkéarret compared to
Severmossen (2-3 m versus 1 m). When we know ligapéat at Severmossen for example
covers 1800 years (from start of accumulationniv) with a depth of around 1 m, we can
calculate the averagaccumulation rate, which would be0,56 mm/yr. The peat depth in
Ultunaviken and Styggkarret is between 2 and 3imng an accumulation rate betwe@r8
and0,4 mml/yr.

One might be tempted to infer the age of the pe&0a50 and 90 cm from that number,
which would be for example for Severmossen 357,8821600 yrs. But it is not that simple,
because of the different degrees of decompositiincampaction at different depths. The top
layer peat is fresh and almost not compacted, whéedeeper peat is more compacted due to
longer time of decomposition, but also becauséefweight of the above lying peat (Rydin
& Jeglum 2006). In addition to that, different watevels during a wetland’s lifetime
(including the severe drainage) cause differenbdgosition rates and shrinkage of the peat
body in some layer§-ig. 7).

Another approach to calculate the overall age ofpiatland could be tassumea specific
peat accumulation rate but that needs to be done with cautiousness. Slosties give a
general average accumulation rate of about 1 mifiRydin & Jeglum 2006), but those
estimates are based bag peat(Clymo 1984). It is more complicated witén peatto state a
general average accumulation rate.

o
o
.—'—'—"'-.-.

peat depth
peat depth

peat age peat age

Fig. 7. Ideal (left) and most probable (right) tedla between peat depth and age in undisturbeditomsl for
the surface peat layer (modified from Rydin & JeglR006).
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The three cores from each site oyiginal state

might also represent different

time periods. That is because

drainage lowered the water Ditching P——
table heterogeneously over the —
mire complex. Close to the After XX years v
ditch the draining effect was

highest, while  decreasing

further away from it. ig. § Restoration V

Sandburget al.2011)

Fig. 8. Variation in surface and groundwatablés at a mire at
original state, at ditching/drainage, a nundifeyears after
ditching and after restoration (modified fr@uandberget al.2011).

When the water table sinks, and the peat becomesdede it starts to decompose and
mineralize and that is followed by compaction whickans, that a specific accumulation time
can be represented by a thicker peat layer awawy fhe ditch and a thinner peat layer close
to the ditch. After rewetting the effect is upstavn with the peat close to the ditch having a
higher water table and probably lower decompositaia. At Ultunaviken and Styggkarret, a
higher Sphagnungrowth was found close to ditch after rewettingri@berg, pers. comm.).
Moreover different water tables favour differengetation types, which themselves already
decompose at different rates. These processes tagghto the phenomenon, that peat in the
same depth can be of different aeg. 9) To give a rough estimate based on the
accumulation rates | guess that the peat in 20scaraund 300-400 (SV) or 500-700 (UV,
SK) and in 90 cm ca. 1400-1800 (SV) and 2000-3Q00, SK) years old.

Assuming that the peat at the same depth has the age, it needs to be explained why the
macro fossil assemblage still differ from each oti@ch of the three peat cores per site had a
diameter of 5 cm. The samples taken for macro lfessilysis covered around 1-2 cm depth
and therefore a longer time period in the vegetati@tory (30-70 years with assumed
accumulation rate of 0,3mm/yr). Especially on rertipoor and species diverse habitats the
vegetation is not uniform over the whole area, flatther patchy (Schippers & Kropff 2001),
meaning that a 5 cm core can of course not catchvéigetation from the whole mire.
Although three cores per site were analyzed ond brigware of the, perhaps low, level of
representation the cores provide.

Fig. 9. Different decomposition, compaction andusmaalation cause different macro fossil assembladdbe
three peat cores at the same depths (same deatime time). Red dots mark samples at 20, 50 awd9fepth.
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Fig. 10. Vegetation patchiness causes different
macro fossil assemblage of the three peat cores in
same depths (same depth = same time, but
different vegetation). Red dots mark samples at 20,
50 and 90 cm depth.

In addition to that, other site factors or justmt@ shape a peatland vegetation npatchy
than homogeneous. Even if accumulation and decatigposate would be the same, it is
possible to find a different macro fossil assemélagthe same depth of the three cores of one
site(Fig. 10)

Greatrex (1983) compared the macro fossils (friseseds) in surface samples with the
contributing vegetation (local, regional) and sfatbat the macro fossil assemblage in a
single core represents only the vegetation in thmediate vicinity. E.g. a singlBetula
pubescendree in an otherwise open wetland adds quite gelamumber of achenes to the
macro fossil material, whereas the number of catki@mes and other remains (twigs, roots,
bark) could be better correlated with the actuaspnce of this species. It is thus of
importance to understand all processes involvaalant fossilization (Birks 2007), and to be
careful with interpretation of the data.

Conclusion

Despite all restrictions and problems the macraifosnalysis in combination with the
judgement of decomposition gave a much better paaddi the vegetation history of the three
sites. Several characteristic species (brown mpgead mosses, etc.) in the peat of all three
mires indicate with high certainty that the sitesrehdbeen rich fens in the past. This
information can support argumentations in restorafirojects, when it comes to the question,
why to drown a forest or other biotopes. A highesalution of the macro fossil profile would
provide even more detailed insights into the vegetahistory. Future analyses could also
include better identification of wood, seed anddepmal tissue, which might offer valuable
clues about former vegetation and site conditi@mewn mosses are definitely worth paying
extra attention to, since they are generally wedisprved and are reliable indicators. For our
guestions, macro fossil analysis provided sufficigriormation and required no high-tech
methods. In other studies, the macro fossils aenahcluded in multiproxy analyses (pollen
analysis, carbon dating, bulk density, tree rirgjsks et al. 2007, Kuhryet al. 1991) to shed
light on both local and regional vegetation develepm landscape history and climate
change. To improve our understanding of the pasthdr studies should include the
completion of macro fossil identification keys, halae recent vegetation contributes to the
macro fossil assemblage (for different regions amedland types) and the adjustment of
indicator values for regional floras. Gathering @odnecting all this information is the key to
successful paleoecological research and will makewvatual journeys to the past more
realistic.
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Appendix 1. Selection of macro fossil remains foumgeat of three former rich fens.

A. View on a sul;-sample through a stereo-zoom
microscope. Blue lines are division markings of the
Petri dish (UV-O-20)

F. Cyperaceae rhizome (SK-F-20) o G. Scorpidium scorpioide@KA-D-ZO)
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Appendix 1 (cont.) — Brown mosses

H 1. Warnstorfia procera(SK-F-90) H 2. Warnstorfia proceral00x (SK-F-90)

| 1. Meesia triquetrg(UV-D-90) | 2. Meesia triquetra40x (UV-D-90)

K. Helodium blandowiiL00x (UV-F-20) L. Polytrichum commun@JV-F-90)

23



Appendix 1 (cont.) -Sphagnunspp. (stained with gentian violet)
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0O 1. Shan ‘ 00x (SK-F-20)0 2. Sphagnunsection Subsecunda, leaf cross section
400 x (UV-D-20)
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