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Abstract

Salt marshes provide various ecosystem functiodssarvices including flooding protection, wildlife
habitats, and carbon storage. These functionsemites could, however, be strongly impacted by
anthropogenic activities such as livestock grazirgcommon practice in the Wadden Sea salt malstated
in North of Germany. To assess the impact of ggamim soil parameters, a total number of eight cmiés ¢:
18 cm; L: 50 cm) were collected in areas with aitthout livestock grazing, and scanned using a Cdetpu
Tomography (CT) to characterize soil parameterkidiog soil macroporosity, sediment density, antepo
connectivity. Subsequently, sub-samples were tédwedetermination of soil moisture content (%) dndk
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density (g crif). To account for the impact of grazing on soilidage after tidal inundations, water table
relative to soil surface was monitored during tteméling events. Our results demonstrated that graat
marsh has higher top-soil bulk density, and loweacraporosity and pore connectivity, than ungrazedsm
due to soil compaction by livestock grazing. Moreg\grazed marsh has slower water drainage andniigat
keep the soil waterlogged for a longer period wietiwhich has implications on lowering decompositiate
due to lower soil redox. This study provides eviethat grazing alters physical soil parametesalhmarsh.
Consequently, grazing needs to be accounted fonwhaluating how land use impacts ecosystem seraiod

functions including carbon sequestration.

Keywords

Grazing, salt marsh; soil ecosystem services; Wadaa; computed tomography; soil macroporosity
1. Introduction

Coastal salt marshes make up the transition zotweeka the land and the sea, and over the last decad
this ecosystem has increasingly been recognizeitsfealuable ecosystem services, in particulaegards to
its ability to sequester “blue carbon” and thusigiaite global climate change (Eid et al., 2017; Geelaal.,
2011, Keshta et al., 2020; Kirwan and Megonigall2Mueller et al., 2019b; Spalding et al., 20H)wever,
salt marshes are highly impacted by humans, fomelathrough livestock grazing by sheep or cattleaer
the world (Bakker et al., 2020; Di Bella et al. 120 Yang et al., 2017). In some areas such as #ddéh Sea
in northwestern Europe, livestock grazing has g limadition and can be traced back as far as thezkrage
“4900-800 BC” (Lotze et al., 2005). Livestock gmagialters the salt marsh ecosystem and its ecosyste
services (Davidson et al., 2017; Mueller et al1 201t has direct effects in terms of defoliatioegducing the
height of the vegetation (Bakker et al., 2020; Kigtal., 1996), which can lead to reduced ratesediment
deposition (Neuhaus et al., 1999). Yet, the eftédivestock grazing on the marshes ability to captand

accrete sediment is less clear (Elschot et al.32Rblte et al., 2013b).

Livestock grazing leads to soil compaction throtrgimpling, which increases soil bulk density (Nolte

et al., 2013b). This soil compaction has signiftdarpact on its physicochemical properties suctoagring
the hydraulic conductivity, and thereby the marsdtabty to drain the water that is occasionallydtiing the
salt marshes (Harvey and Nuttle, 1995). This redulrainage increases waterlogging and decreades soi
aeration, which in turn lowers the redox potentiathe soil, and affects the exchange and turnofreutrients,
organic matter and gasses in the soil (Keshta, ;2dLéller et al., 2017; Schrama et al., 2013). Thenectivity
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of macropores play a crucial role for the drainafysalt marshes (Harvey and Nuttle, 1995), yet efffiect of
livestock grazing on the soil macropores and tbeimectivity has not been quantified.

The three-dimensional structure of the soil inahgdihe percentage of macropores and their
connectivity can be assessed in detail using Coaapliomography (CT) scanning. This technology target
broad range of key parameters relevant for sodiree including soil density (Petrovic et al., 19&8fpin-size
distribution (Homberg et al., 2009; Munkholm et 2012; Taina et al., 2008), macropore structunes a
porosity (Anderson et al., 1990; Homberg et all2@®Rozenbaum et al., 2012), and micromorphologyrd et
al., 2008). Several CT-devices including medical{Cuo et al., 2010; Mooney et al., 2012), micro-CT
(Homberg et al., 2012) and synchrotron-CT (Khaalet2012; Rozenbaum et al., 2012; Zong et al.52@duld
be used to analyze these parameters. Water patloaaying nutrients through the soil pores (micnd a
macropores) enhance the understanding of hydrabsidsurface in salt marsh (Hu et al., 2018) Aathas
greater impact on ecosystem service and functidithin salt marsh research, the application of ETather
new, but was recently applied for porosity meas@msiand pore network characterizations to compaitgral
and restored salt marshes (Dale et al., 2019; $penal., 2017; Van Putte et al., 2019), as weHomt and

rhizome visualization (Davey et al., 2011; Sperataal., 2017; Wigand et al., 2016).

To understand how livestock grazing affects soibp#eters in salt marshes, and how it impacts
drainage of marsh soils, we conducted CT on seésfrom two long-term (about 30 years) grazing
experiments in the Wadden Sea. The experimentspiaale in two individual marshes, each having aepla
and an ungrazed area allowing for direct compari$be three-dimensional structure of key soil partars,
such as density, macroporosity and pore connegtiwias visualized using CT scanning. Furthermoneré&sult
findings were interpreted in relation to soil dicge (i.e. travel of the water through the soil). Mypothesize
(1) grazing to increase soil density and decreaecnnectivity and macroporosity. As a conseqeeoicthe

grazing effect on soil parameters, we hypothesl@iazed marshes have slower drainage rate.

2. Material and methods

2.1. Sudy sites

The study was conducted on the mainland coaseisthleswig-Holstein Wadden Sea National Parken th

North of Germany (Fig. 1A). The area is charactatiby a long history of human interventions, sugthe
construction of ditched sedimentation fields withshwood groynes to enhance sedimentation (Muedlet.,

2019a) and high stocking density grazing (Essedindd., 2009). The establishment of the Natiorsakmn
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1985 led to a reduction of sheep grazing. To undedshow this change in management would affect the
ecosystem, long-term grazing experiments werelladta the late 1980s (Kiehl et al., 1996). Twaloése
sites, namely the Dieksanderkoog (DSK) and Sonleséti-Koog (SNK) are used in this study (Fig. 1BjthB
sites include a sheep-grazed salt marsh area, ughggparated from the ungrazed control treatmgiat deep
creek (Nolte et al., 2013b) that cannot be crossetthe animals (Fig. 1 C & D). The grazing presssre
unevenly distributed within the grazing treatmeBakker et al., 2020), as the sheep prefer to dtsedo the
seawall, where freshwater is provided. In this gtymbssible effects of abandonment of grazing ethgrazed
control treatment is studied in the top 15-25 crthefsoil (soil horizon separation as showed in Ejg
representing soil layers established after 1983téNai al., 2013b). Deeper soil layers represemptie-1985
situation, when the control treatment area was gilared.

DSK (53°80'23" N, 8°53'8" E) is situated at the mbuwof the Elbe Estuary and is characterized by a
tidal range of 3 m. Elevation above mean high (M&IT) of the studied area ranges between 0.29 nlaral
m. DSK is a very wide marsh with a distance of agjmately 2300 m between the seaward marsh edgéhand
seawall. The mean accretion rate for the past aésyeased off'Cs dated cores was found to be between 0.61
cm yr! and 1.04 cm yt (Nolte et al., 2013b). Due to this high sedimam@y, the marsh has been expanding
over the past decades. SNK (54°38’4” N, 8°50'2'i€lpcated 75 km north of the DSK. The tidal raagi¢his
site is slightly higher with 3.4 m and elevatioroaé MHT ranges between 0.41 to 0.48 m. The distance
between the seaward marsh edge and the seawpfiiex@mately 1000 m. Accretion rates are lower thain
DSK and range from 0.54 cm{to 0.89 cm yt* (Nolte et al., 2013b). After the cessation of grgzthe
vegetation community in the ungrazed control ohbsites changed from short-growiRgccinellia maritima
(SNK) or Festuca rubra (DSK) to the tall and biomass rich late successig&tymus athericus. The grazed
treatment in SNK is still dominated Buccinellia maritima, while at DSK Festuca rubra andElymus

athericus are found in the grazed treatment (Kiehl et QL2 Nolte et al., 2013a).
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Fig. 1. (A) Map of the North Sea with the study area i tWiadden Sea of Germany. (B) The Wadden Sea coast
of Schleswig-Holstein with the position of the tatudy sites Sonke-Nissen Koog (SNK) and Dieksaraisck
(DSK). Satellite photo of the SNK (C) and DSK (Dtes The core sampling positions are indicated. té/hi
symbols show ungrazed and black symbols indicateagt treatments. Landward sites are representitckEs
and seaward sites as squares. Position of threg-eael sensors in SNK is additionally indicatgddoosses.
2.2. Soil core sampling and collection

In October 2017, soil cores were collected at lsitts using sharp-edge PVC-pipes with a diameter of

18 cm and gently inserted in the marsh soil togtldef 50 cm — with gentle hammering applied asapate.
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Soil was excavated around the pipe in order tderegrthe core with slight soil disturbance and caatipn (less
than 1 cm difference was observed between soil Ias&le and outside of the core). Four soil cavese
collected from each site with two cores from thazgid and ungrazed treatments, respectively (Rg&1D).
Within each treatment, one of the two cores walectd closer to the seawall (‘landward’) and ttieeo one
was collected at a greater distance to the segwadiward’) in order to elucidate spatial differesavithin
treatments. This results in a total number of eggfiltcores, which were wrapped with plastic toverg drying
and water loss, and immediately brought to theratooy for further analysis. In this study, we usieel
accretion rate data provided in (Nolte et al., 201f8r assessing the soil depth correspondingdcstart of
grazing experiment in both DSK and SNK.

2.3. CT scanning

The cores were kept in the PVC pipes and scanriad asl oshiba Aquilion 64™ Computed
tomography (CT) scanner at the hospital Klinikune®en-Mitte, with an X-ray source voltage of 120&wW a
current of 600 mA. The CT scans have a resolutfdh3b1 mm in x- and y-direction and 0.5 mm resoluin
z-direction. The z-direction represents the defith@the core axes, while x and y are perpendidoléne core
axes (reconstruction interval: 0.3 mm). Images wecenstructed using Toshiba's patented helica b@am
reconstruction technique. The obtained CT data wayeessed using the Amira ZIB edition softwaresicar
2017.39 (Stalling et al., 2005; http://amira.zif).dehe PVC pipes, together with about 2 mm of theeaims,
were removed from the CT data in order to discaadgnal artefacts resulting from the coring proc@sse
scans were visualized in 3D, separating three &#yxsmponents by threshold segmentation; 1) sedir0
HU; HU: Hounsfield units; a quantitative scale fadio-density”), 2) water/root-filled pores-080 HU and
<20 HU) and 3) air-filled pores (<-980 HU). Subsenqtly, the following soil parameters were identifiend/or
calculated for each of the soil cores: air-fillewlavater/root-filled pores, pore connectivity indexd soil
macroporosity and density (estimated based on treyXattenuation of the soil) (Anderson et al., @9
2.4. Processing of CT-scan images

Image analyses allowed for quantification of keyapaeters in the soil representing depth profiles
averaging over the 234 éroore area. Pore and soil volumes were identifrelquantified using the Material
Statistics-modulevplume per slice) and used for calculation of soil macroporositylygpores > 10 mfhwere
visualized and presented). The extension of indiigores in the soil were identified applying t@ennected
Components’-module, which identifies connected pane3D. The identified pores were subsequently

parameterized with the Shape Analysis module toalize all pores, while only pores >10 rhare presented to
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reduce image overwhelming. Number of disconneptéds divided by total pore volume within eacheslic
were used as a semiquantitative proxy for soil peatnlity (degree of soil pore connectivity ‘hereaftpore
connectivity index’). In this case, soils with higonnectivity index had fewer distinct pores, hesgamost of
the pores were connected, which was representaddwy value in the connectivity index. In contrasiils with
low connectivity had more distinct pores becausepavere disconnected, which were representeddby hi
value in the connectivity index. The X-ray attenomtHU) was used as a proxy for wet soil bulk dgn3o
avoid the impact of the core margins, all the segetsoil was reduced by 3 voxels and calculatethéan
value in X-ray attenuation in every xy-oriented Sliece, followed by using the mean value determiwét the
Satistics per dice per label algorithm of the Material Statistics-module of #egmented soil. Voxels with a
value higher than 1000 (HU) were considered oustlgerd discarded from the analyses. The soil macosjip
was visualized by applying the ‘AverageValuelnNé&igrood'-module using a cube volume of about £ cm
(31 x 31 x 31 isotrophic voxel) on segmentatioradatwhich all pores were represented by the valaad soil
by the value 0. For the visualization of soil dénsine ‘Average Value In Neighborhood’-module vegplied
on the segmented soil - using a cube volume oftabeu.
2.5. Soil analyses

After CT scanning, soil cores were opened alongsitie and soil samples were taken at five
centimeters intervals using standard soil samplgsrg=53 mm, depth = 5 cm ; Eijkelkamp). The rings were
pushed into the side of the core to 7 cm depttvéidesampling the core edges. Samples were starpkhstic
bags at & and were processed within few days from samplug. samples were dried at 1050 a constant
weight and weighed to quantify soil bulk densityc(g®) and soil moisture content (%) based on weight.los
For soil particle size analyses, the soil coresevegrened by sawing the PVC tube in halves and liegesoil
core from inside. Half of the core was carefulljn@ved to enable visual inspection of stratigraplmene layers
appear in different shades of grey; one is lightet one is darker. Hence, we refer to these ast™land “dark”
layers. Distinct light and dark layers were obsdraad samples (5 g) were collected from ten ofehksorder
to test for difference in soil composition betwédayers, soil samples were collected from the darklayht
layers in the soil cores and analyzed for graie-giistribution. Particle-size measurements (McGregal.,
2009) were performed in the Particle-Size LabosatdMARUM, University of Bremen with a Beckman
Coulter Laser Diffraction Particle Size Analyzer L3320 (soil samples preparation with detailed washare

available in the supplementary material).

2.6. Hydrology



179 To assess the effect of grazing on water drainggmge of water level relative to soil surface was
180 measured in the landward position of SNK. Heregalpressure sensors (type ‘Micro-Diver’, Eijkelkdmgre
181 deployed in three monitoring wells covering botb razed and ungrazed treatment as well as actieak
182 (Fig. 1C), which was used to record the referenatemlevels. The monitoring wells for ungrazed graked
183  were located approximately 48 m from nearest tdeék (Fig. 1C). The wells consisted of perforaR&tLC-
184  tubes surrounded by fabric to prevent clay andrsith collecting in the well. Pressure sensorsdashe wells
185  were installed below the marsh surface level (4&im0rom marsh soil surface). An additional presssensor
186  was installed close by on the mainland to recorg@ssure for compensation (type ‘Baro-Diver’ kElkamp).
187 Measurements were recorded at five minute intefimadsmitumn 2016, while data presented (Fig. 8) are
188 corresponding to two events inundating the entiaesi platform of SNK were recorded on 08.08.201b an
189 28.09.2016, respectively.

190 2.7. Satistical analyses

191 Soil samples were grouped into two categoriesstmp(0-20 cm) and bottom soil (deeper than 20 cm).
192 Over soil depth, repeated measure ANOVA was usegistdhe main effects of treatment (grazed vs azent)

193 and position (landward vs seaward) on the soil ligliksity and moisture content for the top and Inotoils

194  separately (Supplement 1). Data were found to benalty distributed with homogeneous variances aaie d

195 used for presentation are mean + SE unless otheenwited. Tukey’s post-hoc test was used to exathméeast

196  significant difference between the means. All statal analyses were performed using SAS 9.4.

197 3. Reaults

198 3.1. Visualization of soils parameters using CT scans

199 Central CT-slice of the core (Fig. 2: column 1)whd clear stratification in soil layers (dark vght

200 layers). In the SNK landward grazed core, a cleaizbn separation for all parameters (Fig. 2: coiar-5)
201  was found at 15 cm. In contrast, in SNK landwardramed core, a clear horizon separation was foti8 am,
202 demonstrating difference in soil pores, macropaypsind density between the grazed and ungrazatinests.
203 In the SNK seaward grazed core, the horizons vem®dlear, but a horizon separation was detect2d an,
204 most pronounced for density (Fig. 2: column 5)tHa SNK seaward ungrazed core, connectivity indéx. 2:
205 column 3) and density (Fig. 2: column 5) showedazon separation at 38 cm. Comparing SNK grazel an
206 ungrazed treatments in general, it is notewortlay tonnectivity index tended to be higher in thgrazed

207  treatment, and air-filled pores were almost exelelsi found in the ungrazed treatment. Moreoverfiéd



208 pores were more frequently present at seaward c@upa landward salt marsh. In the DSK landwaradega
209 core, there was a horizon separation for all pataragFig. 2: column 2-5) at 8 cm. By contrastthia DSK
210 landward ungrazed core, a clear horizon separatanfound at 13 cm, demonstrating difference betvibe
211 grazed and ungrazed treatment. In the DSK seawamtd core, a clear horizon for all soil parame(Eig. 2:
212 column 2-5) was found at 4 cm. By contrast, inb&K-seaward ungrazed core, a clear horizon separats
213 found at 12 cm. Comparing DSK grazed and ungrazadments in general, it is noteworthy that therangd
214  treatment had higher pore connectivity index androjgorosity than the grazed treatments. Moreovefillad

215  pores tended to have higher occurrence in the madreore soil profile.

400HU 1000HU
ColorBar

Landward

Depth [cm]

Sonke-Nissen Koog (SNK)

Seaward

Depth [cm]

Landward
Depth [cm]

Dieksanderkook (DSK)

Seaward
Depth [cm]
Depth [cm]

-4

Column: 1 2 3 4 5 Column: 1 2 3 4 5

Grazed marsh Ungrazed marsh

216

217 Fig. 2. Three-dimensional (3D) visualization of key sar@meters obtained from CT scan images processed

218  with AMIRA software. The following parameters werigualized: column 1: 2D central CT slice of saile, 2:

9



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

pores air-filled (green) and water- and/or rodedl (blue), 3: pore connectivity index (same cotmmnected
pores, different colors: disconnected pores peesastumn), 4: macroporosity where dense red cokama
higher porosity (0% for blue/transparent and 50%éad), and 5: soil density where dense red cokeaum
higher sediment density (400 HU for blue/transpeagi 1000 HU for red). Horizontal punctuated aoiitls
lines represent the depth corresponding to theat@razing experiment in the grazed and ungramstment,

respectively.

3.2. Water/root-filled pores

In SNK, the depth profiles for water/root-filled igs differed between grazed and ungrazed treatments
showing a higher volume of water/root-filled poneshe ungrazed treatment (Fig. 3 A). High poreawat
volume was characteristic for the topsoil. Watetnoore volume was particularly high in the top séithe
ungrazed treatment. At greater depth (below 20 tm)profiles were overlapping and representingsthation
in the past, when both treatments were equallyegtaZhere were no pronounced differences betwesen th
landward and seaward positions in pore volume. $#Dwater/root pore volume was higher in the top00em.
In the seaward position, a high volume was detegtaen to 15 cm in the ungrazed treatment, wheregs h
volume was detected down to 5 cm in the grazednexat. In the landward position, no pronouncededéhce
in water/root-filled pore volume was found betweke grazed and ungrazed treatments. However, itvgher
in the topsoil of DSK than in SNK, and at depthg<n) the water/root-filled pore volume was lowemiSK

than in SNK.

10
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Fig. 3. Depth profiles of water/root-filled pores volumer(r) derived from CT-scans. Horizontal punctuated
and solid lines represent the depth correspondirlyet start of grazing experiment in the grazedwargtazed

treatment, respectively.

3.3. Air-filled pores

In SNK, the depth profiles for air-filled pores uate differed between the grazed and ungrazed tezatm
(Fig. 4). Air-filled pores were almost exclusivedyesent in the ungrazed treatment, where air-fileces were
detected down to 15 cm, coinciding with the timeswlgrazing was terminated in the ungrazed treatrhetie
grazed treatment, a small amount of air-filled gosas observed in the top 4 cm, it was, howeveajlenthan
in the ungrazed treatment. No marked differencésden the landward and seaward positions were found
air-filled pores. In DSK, air-filled pores were @pged in both the grazed and ungrazed treatmenteker, in

the grazed treatment air-filled pores were regiddo the top-5 cm, whereas air-filled pores werstl down to
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15 cm in the ungrazed treatment. No clear diffeesrizetween the landward and seaward positions were

detected for air-filled pores at DSK.
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Fig. 4. Depth profiles of air-filled pores volume (nyderived from CT-scans. Horizontal punctuated swicti
lines represent the depth corresponding to theat@razing experiment in the grazed and ungramstment,

respectively.
3.4. Pore connectivity index as a proxy for pore permeability

Pore permeability is semi-quantitatively measuned i@presented as connectivity index (Fig. 5) istgtine
number of individual pores relative to the totatgpgolume. Here, low values represent high corvigctvith
a well-connected network of soil pores. In SNK, timgrazed treatment showed a higher connectiaty (1
values) in the top 35 cm of the cores than gramstrhent. In contrast, below 35 cm, connectivitgiezed and

ungrazed treatments was similar. In DSK, the depdffiles for pore connectivity differed between tirazed
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261 and ungrazed treatments in the top 20 cm of thesceinowing higher pore connectivity in the ungratedh
262 grazed treatments. In contrast, below 20 cm, cdivitycindex of grazed and ungrazed treatments sualar.

A Soil connectivity index Landward B Soil connectivity index Seaward
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w
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w
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400 -

100 -

[
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=]
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Core depth (mm)

w
=3
=]

400 -

263 500 - 500

264 Fig. 5. Depth profiles of connectivity index used as axgrfor pore permeability derived from CT-scans.
265 Horizontal punctuated and solid lines representtyh corresponding to the start of grazing expeni in the

266  grazed and ungrazed treatment, respectively.

267 3.5. Soil macroporosity

268 In SNK, the depth profiles for macroporosity difdrbetween the grazed and ungrazed treatments
269 showing a higher macroporosity in the topsoil (B@pcm) of the ungrazed treatment (Fig. 6). At gredepth
270 (below 20 cm), the profiles for grazed and ungrazeatments were more similar representing thesin

271 prior to 1985, where both treatment areas werelgwgazed. There were no pronounced differencesdst

272  the landward and seaward positions in macropordsitp SK, higher soil macroporosity was observethim
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273

274

275

276

277

278

279

280

281

282

283

284

top soil only (10-15 cm soil depth) in both landd/@nd seaward position, while bottom soil (deepant20
cm) showed very low soil macroporosity (lower tfa%). In DSK landward, no marked differences betwe
soil macroporosity in grazed and ungrazed marshieitee DSK seaward ungrazed marsh has higher soil

macroporosity than grazed marsh noticeable inadhel® cm only.

A Soil macroporosity (Vol. %) ~ Landward B Soil macroporosity (Vol. %) Seaward
0 20 40 60 80 100
0+t
T —
100 1 2%
LS
2 5
@5
9
3
o
- = - Grazed
Ungrazed
C D

DSK

Core depth (mm)

400 400 A

Fig. 6. Depth profiles of soil macroporosity (Vol. %) dexd from CT-scans. Horizontal punctuated and solid
lines represent the depth corresponding to thé stgrazing experiment in the grazed and ungramsatment,

respectively.

3.6. Soil density based on X-ray attenuation

In SNK landward and seaward positions (Fig. 7A @Bjland at the top 8 cm only, the ungrazed treatmen
had a higher soil density than the grazed treatsiane SNK site receives more sediment and hasrdift

vegetation composition, however, at 10-20 cm sgjith, soil in the grazed treatment was more déraein

14



285  the ungrazed treatment which similar to results@mnéd in supplement 1 where top soil, in generahore
286  dense in grazed than ungrazed marsh. At the sed&idposition (Fig. 7D), we found the grazed treamtrito
287 have a higher soil density at depth 5-15 cm, wdiilthe landward position (Fig. 7C), differencesail density

288 between grazed and ungrazed treatments were niatusbv

A Landward B Seaward

Sediment density (Hu) Sediment density (Hu)
300 500 700 900 1100 300 500 700 900 1100

200

SNK
Core depth (mm)

—— Ungrazed

400

500

100

200

300

DSK
Core depth (mm)

400

289 500 s00 1

290 Fig. 7. Depth profiles of the soil density derived from-8dans; x-ray attenuation (HU) is used as a prory f
291 soil density. Horizontal punctuated and solid linegresent the depth corresponding to the stagtaafing

292 experiment in the grazed and ungrazed treatmesgeotively.
293 3.7. Soil physical parameters

294 Grazing had a significant effect on top soil budlndity (supplement 1, F = 196.04, P = 0.045) where
295 grazed treatments had higher soil bulk densitias tmgrazed treatments (0.92+0.09 and 0.79+0.10 %far
296 landward positions, respectively, and 0.99+0.11 @8d+0.12 g cri for seaward positions, respectively,

297 supplement 1A). The core stratigraphies showedlgleible dark and light layers (Supplement 2@jich
15



298 correspond with the layers observed in the CT iredg&@ 2. Column 1-5). For instance, at seawardegta
299  saltmarsh at SNK, light layer appear at soil deyfthO cm (column 1 at Fig. 2.) which correspondbiser soil
300 density (Fig. 2 column 5) at the same depth. Ligper has higher sand content than dark layer laeskt

301 alternations in the sediment conditions are eveined, primarily by storms bringing in and depasitilarger
302 portions of coarse grained suspended material,dbgéing normal tidal interactions. A larger propont of fine
303 sands was found in the light layers than in th&elalayers. The dark layers had a larger proportiosmaller
304  grained silts and clays. The alternation in grame-slistribution supports that the stratificatisrevent-driven.
305 Layering is found in both the grazed and ungrazadshes showing that stratification was unaffected b

306 grazing.
307 3.8. Hydrology

308 In our study, the two time events presented at&a@ye during spring tide (8 August, 2016 corresisao
309 the 8"day of lunar cycle & 28 September, 2016 correspdndhe 2% of the lunar cycle). During these two
310 events, both marsh surfaces were flooded with vaatdrhence, we are comparing them after the fl@pttiok
311 place. Water level relative to soil surface is presd in Fig. 8. On 08.08.2016 prior to tidal flowg the water
312 table was at -23 cm in the ungrazed and at -9 dimemgrazed treatment. After high tide, water midislightly
313 faster from the ungrazed treatment, falling belber$oil surface level within about 1.5 hours. Afidrours, the
314  water table had reached a relatively stable lef/el® cm in the ungrazed treatment, whereas thentable
315  was still above the soil surface in the grazeditneat. On 28.09.2016 prior to the tidal floodingg tvater table
316  was at -43 cm in both the grazed and ungrazedvezds. After high tide, water drained slightly &asfrom the
317 ungrazed treatment, falling below the soil surfiesel within 1 hour. After 6 hours, the water tahkd reached
318 a level of -17 cm in the ungrazed treatment, whetba water table remained above the soil surfateca in
319 the grazed treatment for a longer time. In genénalhydrological observations showed a higher madtainage

320 rate in the ungrazed treatment compared to theedraeatment.
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322 Fig. 8. Water level relative to soil surface at the lantiyaosition of SNK during 08.08.2016 (A) and

323 28.09.2016 (B). Lines, including the creek, repnésiee water level relative to soil surface (0 cm).
324 4. Discussion

325 In our study, the use of the CT scan techniquaddtmarsh cores enabled the analyses of soil
326 parameters including soil pore permeability and nmparosity in three-dimensional way. In line witardirst
327 hypothesis, the results indicate that livestockig@in salt marshes decrease soil macroporosity &&=

328 column 4) and increase top soil density (supplerigrAs a result of less permeability representgtebs

329 connected soil pores, water drained slower ungestock grazing as expected based on our secorudhagis.
330  4.1. Application of CT-scanning in salt marshes

331 CT-scanning allows for visualization and quantifica of key soil parameters in salt marshes. The 3D
332  visualization facilitates a visual comparison diindual cores, which allow of observation of thgasal

333 variation in soil parameters. Recently, charac#&tiin and quantification of soil physical parametera non-

334  destructive approach has gained high focus froimsash researchers using CT scanning for obtaimigiy

335 image resolution (mm to pm). A major issue in ap@yCT to salt marsh, or soils in general, is thegle size
336  and the respective voxel size of the obtained GihsBesides its methodological limitations, CT imnagoffers
337 a powerful tool to improve our understanding of sextures and components in three dimensionsaliad/

338 consequently a better evaluation of soil behaunot processes (Taina et al., 2008).

339 In this study, CT clearly demonstrated a spatialati@on in soil horizons (Fig. 2) due to change in

340  grazing practices, and marked layered structukepfsoil parameters (Fig. 2 and supplement 2) td@ent
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driven deposition of material. In this study averaglues were calculated over a large cross-sedtona
covering 243 crhof soil core capturing and accounting for the redtuariation in the marsh soil. This is a clear
advantage over more destructive methods dependirtgr@ slicing and/or subsampling, which disturd sbil
structure. In this study, the non-descriptive natifrthe CT-scanning rendered an analysis of the po
connectivity (Fig. 5) showing higher connectivitylingrazed soils, and thereby a better drainage wdtich
was confirmed by a subsequent drainage study 8igh major advantage of medical-CT is the operator
independent image acquisition. In contrast to ma&rd synchrotron CT-devices, all medical-CT devees
calibrated to Hounsfield-units, which provide angipal comparability of the obtained data from vas
devices (Cnudde and Boone, 2013). However, diffssemight still occur due to differences in resoluiand
or reconstruction software. During data procesdimg most critical operation is the segmentaticoally based
on thresholding, of the various components of agerHowever, as long as similar objects of sinslae are
measured with the same device, resolution, andeapftireshold, the errors are constant and all@iv th
comparison. Another limitation for CT scanninghs partial volume effect which must be taken into account
(Cnudde and Boone, 2013), which signifies thatxeVwalue is the mean of the x-ray attenuation aker
complete voxel volume. Only a combined approachgistferenced subsamples of various size fromla soi

sample being measured with the respective CT devioaild allow to capture a soil in its entire coenty.
4.2. Effects of grazing on physical soil parameters

Grazing led to lower soil permeability, lower maarpsities, and higher top soil densities (Column 3,
4, and 5 in Fig. 2 and supplement 1A). This isststent with the outcome of previous grazing experits in
the Wadden Sea that have demonstrated a signifitgiaict of grazing on soil parameters (Elschot.e13;
Nolte et al., 2013b) and redox chemistry (Bakkealgt2020; Mueller et al., 2017). Many of thesadsts argue
that trampling leads to soil compaction, which meskiwater drainage and thus the availability ofgexyin the
soil. Soil redox potential often used as indicafienthe oxygen availability in the soil with lowgalues as an
indication for prolonged period of waterlogging (stih and Gosselink, 2007), which is a result far so
compaction and blocking the water pathway througihpores. In our study, trampling by sheep ledi¢nser
and more compacted soils (Supplement 1), whichmgas to findings from other temperate and tropica
marshes (Haines-Young and Potschin, 2010; TaneatzdgiCoomes, 2012). CT scanning in our study allbwe
for a specific focus on pore connectivity in thd,sshich facilitates the vertical flow of water dithereby
water drainage of the salt marsh. The results lgisaow that permeability (Fig. 5) and macroponp§iig. 6)

is lower with grazing, particularly, in the top fite of the soil cores. As a result of mechanidedsses that
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have been added to the soil surface, grazing ¢anthe physical and chemical nature of the saill, that may
negatively impact the ecosystems services andifurecprovided by saltmarshes including blue C gfera
(Davidson et al., 2017; Mueller et al., 2019a), bear some studies reported that the impact of ggaan blue

C storage is minimal on a broader-scale (Harveal.ef019).

4.3. Differences in physical soil parameters between landward and seaward locationsin salt marshes

Our results showed that grazing had a strongerdtmgralandward compared to seaward positions.
Grazing practices had an impact on soil compagBupplement 1) and soil horizons formation as eotin
SNK salt marshes located at landward position #rigvhere the grazed marshes showed higher sasitgieat
the upper soil profile (0-15 cm) compared with tiigrazed marshes. This pattern can be explainéaeby
grazing behavior of livestock. For cattle, behaai@tudies in salt marshes have shown a graziegsity
gradient, with a decreasing local grazing intensiityh increasing distance to the freshwater solocated close
to the seawall (Esselink et al., 2002; Nolte et2013b). A similar behavior in sheep is seen axtuse for an
observed gradient in vegetation height at SNK (Bald al., 2020). Consequently, the landward migrsiore
exposed to grazing from livestock animals, leadsghore trampling and soil compaction, and thidéscourse

of the lower macro-porosity and connectivity shaatithe landward marsh (Column 4, and 5 in Fig. 2).

4.4. Effect of grazing on salt marsh drainage

The marsh hydrology measurements demonstratedvitat drains slower in the grazed salt marsh
(Fig. 8). This observation is supported by our €&rs showing lower water/root-filled pore volumegy( 3)
and lower soil pore permeability in the grazed mdFg. 5), leading to lower drainage rates. Thifurther
explained by the observations of air-filled poreg( 4), which almost exclusively were found in thegrazed
marsh. This provides evidence that sheep grazingrkodrainage of the salt marsh and cause longedgeof
waterlogging. Our findings of higher bulk densitytop soil (Supplement 1) and lower water/roogfillpore
volume in the grazed marsh (Fig. 3) suggests thiapaction of the soil, due to trampling by the ghee
responsible for the altered hydrological conditiofisese observations are supported by previousnmas
salt marshes reporting a positive correlation betwsnil macroporosity and their ability to let wat@vel
through (Van Putte et al., 2019), and compactiosodfas a result of trampling leading to low deage rate and

higher surface runoff (Gifford and Hawkins, 1979).

4.5. Implications and outlook
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The results of our study may have implicationsdonsystem functions and services delivered by salt
marshes in general and in particular at the Wadben As we found grazing having pronounced impattsoil
physical structure and on drainage rate, our resué relevant for future management strategisalof
marshes, particularly in regard to carbon sequistravhich is one of the most important ecosyssemvices
of salt marshes (Kirwan and Megonigal, 2013; McLebdl., 2011). The low drainage rate of the gramadsh
allow the marsh soil to stay waterlogged for a Emgeriod of time. This play a significant rolemmarsh
lowering oxygen availability and redox potentidteeing the microbial community and organic mattenover
and thereby increasing their carbon sequestratipaaity. While our study supports the evidence ghating
may enhance carbon sequestration rate in grazenasah by altering the soil redox after prolongeder
logging, it is however still unclear if continuoaboveground biomass removal and lower plant prodiycas a
result of grazing will counterpart the lower cartiamover rate which is a crucial part for assessiet carbon

sequestration rates.

5. Conclusion

Salt marsh grazing by sheep decreased macropoewsitpore connectivity due to compaction
lowering the pore space, which also increasedapeoil density. Marsh hydrology was impacted gzgrg
resulting in slower water drainage after inundaiaesulting from low drainage after tidal inundatcaused by
lower pore volume and connectivity keeping the s@iterlogged for a longer period of time. Our cotnesults
demonstrated that livestock grazing in salt matsBNK and DSK had an impact on soil parametersitegib
lower pore connectivity and macroporosity. Thesezong implications have greater direct and indireqiact
on ecosystem services and functions provided lynsaish at the Wadden Sea including carbon seagtiestr

and excess nutrients removal.
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Highlights

e Investigating soil cores using minimally non-destructive X-ray CT analysis alows identification of soil
parameters in undisturbed soil zones
e Grazed salt marshes have lower soil macroporosity and higher density than ungrazed salt marshes

e Ungrazed salt marshes have higher drainage rate than grazed saltmarshes
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