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• First study on DOC dynamics in shallow
organic soils with peat-sand mixtures.

• DOC concentrations in soil solution and
losses were high compared to natural
bogs.

• Peat-sand mixing did not reduce DOC
concentrations compared to pure peat.

• DOC concentrations showed delayed
response to temperatures and water
levels.

• Peat-sand mixing altered DOM cycling
and thus the seasonal dynamics.
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Peatlands are a major source of dissolved organic carbon (DOC) for aquatic ecosystems. Naturally high DOC con-
centrations in peatlands may be increased further by drainage. For agricultural purposes, peat has frequently
been mixed with sand, but the effect of this measure on the release and cycling of DOC has rarely been investi-
gated. This study examined the effects of (i)mixing peatwith sand and (ii)water table depth (WTD)onDOC con-
centrations at three grassland sites on shallow organic soils. The soil solution was sampled bi-weekly for two
years with suction plates at 15, 30 and 60 cm depth. Selected samples were analysed for dissolved organic nitro-
gen (DON), δ13CDOM and δ15NDOM.
Average DOC concentrations were surprisingly high, ranging from 161 to 192 mg l−1. There was no significant im-
pact of soil organic carbon (SOC) content orWTDonmeanDOCconcentrations. At all sites, DOC concentrationswere
highest at the boundary between the SOC-rich horizon and the mineral subsoil. In contrast to the mean concentra-
tions, the temporal patterns of DOC concentrations, their drivers and the properties of dissolved organic matter
(DOM) differed between peat-sandmixtures and peat. DOC concentrations responded to changes in environmental
conditions, but only after a lag period of a fewweeks. At the sites with a peat-sandmixture, temperature and there-
fore probably biological activity determined the DOC concentrations. At the peat site, the contribution of vegetation-
derivedDOMwas higher. The highest concentrations occurred during long, cool periods ofwaterlogging, suggesting
a stronger physicochemical-based DOCmobilisation. Overall, these results indicate thatmixing peat with sand does
not improve water quality and may result in DOC losses of around 200 kg DOC ha−1 a−1.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Natural peatland offer a number of important ecosystem services
such as carbon sequestration and nutrient retention (Bonn et al.,
2014). In natural peatlands, the export of dissolved organic carbon
(DOC) may be an important part of the total carbon budget
(Dinsmore et al., 2010) and changes in DOC export may shift the car-
bon balance from a sink to a source or vice versa. Drainage for agri-
culture turns peatlands from a carbon sink into a carbon source due
to high carbon dioxide (CO2) emissions (Maljanen et al., 2010;
Tiemeyer et al., 2016) and usually causes nutrient losses (Holden,
2005). Furthermore, drainage usually increases DOC concentrations
and losses (Evans et al., 2016). High DOC concentrations can impact
the water quality of downstream aquatic systems by changing trace
metal transport, light transmittance as well as energy and nutrient
supply (Evans et al., 2005).

In the last few decades, numerous studies have been conducted to
understand the cycling of dissolved organic matter (DOM) in
peatlands. DOC concentrations have been found to be controlled by
the C content of the peat (Kalbitz et al., 2002), by oxygen availability
or, as a proxy for oxygen availability, by water table depth (WTD)
(Frank et al., 2014) and by the degradation status of the peat (Zak
and Gelbrecht, 2007). Like DOC concentrations, DOM quality in
peatlands has been found to be altered by WTD (Wallage et al.,
2006; Höll et al., 2009; Frank et al., 2014) as well as land use history
(Kalbitz et al., 2000a; Kalbitz and Geyer, 2002). DOM released from
more heavily degraded peat tends to be more strongly microbially
degraded, as evidenced by a narrower DOC to dissolved organic ni-
trogen (DON) ratio (Kalbitz and Geyer, 2002; Frank et al., 2014)
and an enrichment of δ13C (Kalbitz et al., 2000a). Soil solution
properties such as pH value (Evans et al., 2012) and ionic strength
(Clark et al., 2011) also affect DOC solubility and concentrations.
The seasonal dynamics of DOC concentrations are frequently
governed by hydro-meteorological conditions (Dinsmore et al.,
2013), which may interact with changes in solution chemistry
(Clark et al., 2005).

In north-western Germany, widespread agricultural measures
have included covering peat soils with sand and deep-ploughing it
into the mineral subsoil (about 79,000 ha or 16% of agriculturally
used peatland) (Schulz and Waldeck, 2016) to improve the soil's
bearing capacity. Similar agricultural measures have been undertak-
en in Scandinavia (Sognnes et al., 2006) and the Netherlands (de
Bakker, 1978). Another 93,000 ha in north-western Germany alone
are SOC-rich soils, which have been developed from peat soils by
CO2 losses due to drainage, but no longer meet the definition of
peat (MU, 2016). These soils may also possess a mixed peat-sand ho-
rizon in the topsoil. An early laboratory study indicates that mixing
peat with sand might increase DOC losses (Ross and Malcolm,
1988), while it does not reduce CO2 emissions in the field (Leiber-
Sauheitl et al., 2014). Although mixing peat and sand is quite a
drastic agricultural measure, there have been no field studies so far
on the effects of these peat-sand mixtures on DOC concentrations
and DOM cycling.

This study investigated the effect of peat-sand mixing on DOM
cycling. In a shallow peatland currently used for low-intensity sheep
grazing, sites with a peat-sand mixture were compared with a peat
site to address the following hypotheses:

• DOC concentrations will be higher at the peat site due to its higher
SOC content,

• DOC concentrations will be higher where there are deeper water
tables,

• antecedent conditions of environmental variables will be crucial for
DOC dynamics,

• properties of DOM in the peat-sand mixture will indicate a stronger
microbial degradation due to heavy physical disturbance.
2. Study site

The studywas conducted at “GrossesMoor”, a bog-fen complex cov-
ering 60 km2 near Gifhorn (Germany; 52°34′N, 10°39′E, see Fig. 1).
Long-term mean annual temperature and precipitation were 9.6 °C
and 656mm. Peatland formation started in a Pleistocene depression ap-
proximately 8000 years ago on gravelly, medium to coarse sand
(Schneekloth and Schneider, 1971). The peat thickness reached 5 to
7 m in the centre of the bog.

Industrial cutting of bog peat started in the 19th century and
changed peat layer thickness and hydrology. Nowadays, peat layer
thickness is highly variable (0 to 5 m) (Schneekloth and Schneider,
1971). Recent vegetation is dominated by extensive grassland, pine
and birch forests as well as purple moor-grass (Molinia caerulea (L.)
Moench), soft rush (Juncus effusus L.) and heather (Calluna vulgaris
(L.) Hull) in former peat harvesting areas.

The study site (Fig. 1) is part of a nature conservation areawhichwas
established in 1984 and covers about 2700 ha of the peatland. Since
then, it has been managed as low-intensity grassland without
fertilisation, and ditches have been partially closed to raise the WTD.
The study site is mulched in autumn and grazed by sheep between
one to three times per year. The sampling sites were fenced to prevent
sheep from damaging the measurement equipment, and grazing was
mimicked by cutting the vegetation while the sheep were in the field.

The study area shows a pronounced heterogeneity in peat layer
thickness, soil organic carbon (SOC) concentrations and stocks, peat dis-
turbance andWTD (Altdorff et al., 2016). The heterogeneitywas caused
by differences in peat extraction depth causing ridge-like topographic
features and by two different cultivation practices after peat extraction
(Fig. 1): While the northern part of the study site was not ploughed,
the residual peat in the southern partwasmixedwith underlying coarse
sand by ploughing (30 cm). Differences inmeanWTD aremainly caused
by the topography, which causes the SOC concentration andWTD to be
largely independent of each other.

Three sampling sites were chosen to cover major differences in SOC
and WTD. The sites Clow_dry and Clow_wet have a relatively low SOC
content compared to Chigh_wet while “dry” and “wet” refer to the
mean annual water table depth (Table 1). Greenhouse gas fluxes were
measured at directly adjacent plots (Leiber-Sauheitl et al., 2014).

In the SOC-rich layer, SOC concentrations ranged fromaround 10% at
sites with a peat-sand mixture as topsoil (Clow_dry and Clow_wet) to
around 48% at the site with a residual peat profile (Chigh_wet) (Table
1). The peat-sand mixture is loamy sand with 84% sand, 11% silt and
5% clay. Mean WTD ranged from −0.16 to −0.31 m below the surface
(Table 2). Differences in peat properties and WTD are reflected by a
higher percentage of moss cover at Chigh_wet compared to the grass-
dominated sites Clow_dry and Clow_wet.

3. Methods

3.1. Field measurements and sample collection

Air temperature (2 m), soil temperature (2, 5, 10, 20, 50 cm), global
radiation, albedo, wind speed and precipitation were measured at the
site (Fig. 1). All hydro-meteorological data were logged at 15min inter-
vals. Grass reference evapotranspiration ET0was calculated according to
Allen et al. (1998). At each sampling site,WTDwas recorded using a dip
well equipped with groundwater level loggers (Mini-Diver,
Schlumberger, Delft, Netherlands). WTD below the ground surface
was defined as negative and ponding as positive. Soil tension was re-
corded using T8 tensiometers (UMS, Munich, Germany) at 15, 30 and
60 cm depth at each site.

The soil solution was sampled bi-weekly from June 2011 to June
2013. Suction plates (borosilicate glass, 80 mm diameter, ecoTech,
Bonn, Germany) were installed at three depths (15, 30 and 60 cm) in
three replicates. The applied suction was chosen on the basis of soil



Fig. 1.Map of the study area and sampling sites (aerial image: Federal Agency for Cartography and Geodesy).

Table 2
Vegetation composition (species with a cover N3%), management and mean water table
depth (WTD) (01.06.2011–31.05.2013).
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water tensionmeasured at the start of each two-week sample collection
period.

Vegetation (green biomass) and soil samples were taken adjacent to
the sampling sites. Living roots of the herbaceous vegetation were care-
fully separated from the soil andweremainly present in the uppermost
10 cm. Soil samples were taken from each horizon.

3.2. Laboratory measurements

Solution samples were immediately analysed for pH and electrical
conductivity (EC) (WTW,Weilheim, Germany). Theywere then filtered
using 0.45 μmPESmembrane filters (Pall Life Science, PortWashington,
NY, USA) and stored (at 4 °C) until analysis. If it was not possible to con-
duct the analyses within three days, the samples were frozen at−18 °C.

DOCwasmeasured in each sample in at least three replicates using a
DimaTOC 2000 (DIMATEC, Essen, Germany). DOC was calculated as the
difference between total carbon (combustion at 850 °C) and total inor-
ganic carbon (combustion at 165 °C after acidification).

Soil and vegetation samples were oven dried (40 °C), sieved and
ground. Soil total organic carbon (TOC) and total nitrogen (Nt) contents
were measured on a LECO TrueMac CN (LECO Corporation, St. Joseph,
Michigan, USA).

Solution samples from the sites Clow_wet and Chigh_wet on twelve
dates covering a broad range of hydrological conditions and tempera-
tures were chosen for further analyses (29/08/2011, 12/09/2011, 26/
09/2011, 12/03/2012, 26/03/2012, 13/04/2012, 14/08/2012, 27/08/
2012, 10/09/2012, 25/09/2012, 08/10/2012, 22/10/2012) (Fig. S1).
Table 1
Soil properties of the sampling sites (Leiber-Sauheitl et al., 2014, amended). Soil type ac-
cording to IUSSWorking GroupWRB (2007), SOC= soil organic carbon, Nt = total nitro-
gen, C:N ratio = SOC:Nt ratio, BD= bulk density, f = porosity, n.d. = not determined.

Depth
(cm)

SOC
(%)

Nt

(%)
C:N
ratio

pH BD
(g cm−3)

f
(−)

SOC stock
(kg m2)

Clow_dry: histic gleysol
0–30 11.3 0.42 27 4.5 1.06 0.59 36
N 30 0.6 0.02 24 4.7 1.65 0.37 n.d.

Clow_wet: histic gleysol
0–32 9.3 0.39 24 4.5 0.97 0.59 29
N 32 0.4 0.02 21 4.7 1.91 0.31 n.d.

Chigh_wet: histic gleysol
0–30 47.9 1.73 28 3.8 0.29 0.88 41
30–34 12.9 0.44 29 4.3 1.00 n.d. 5
N 34 2.7 0.12 23 4.6 1.75 n.d. n.d.
Dissolved organic nitrogen (DON) was determined from these se-
lected samples as the difference between total dissolved nitrogen
(TDN) and mineral nitrogen (nitrate and ammonium). TDN was mea-
sured by reduced pressure chemiluminescence detection (TN-100,
Mitsubishi, Kagawa, Japan). Nitrate and ammonium were determined
by ion chromatography (850 Professional ion chromatograph,
Metrohm, Filderstedt, Germany).

DOM stable carbon and nitrogen isotope compositions were deter-
mined for these selected solution samples. The solution samples were
freeze-dried and the remaining dry matter was used for analysis. Since
nitrate concentrations were negligible (b0.9 mg l−1), they did not bias
(contaminate) δ15N isotope measurements. Samples were smoothly
homogenised with a spatula prior to analysis. Soil and vegetation sam-
ples were freeze-dried and milled prior to analysis. About 250 mg of
the sample powder was weighed into tin capsules to provide about
100 μg of carbon. For nitrogen isotope analyses in a separate run, sam-
ples were weighed into tin capsules to provide about 60 μg of nitrogen.
Sampleswere combusted at 1080 °C using an elemental analyser (Ther-
mo Scientific Flash 2000) interfaced in-line with an isotope ratio mass
spectrometer (Thermo Scientific Delta V Advantage). The carbon or ni-
trogen contents of each sample were determined by peak integration
Sampling
site

Species Management Mean WTD
(m)

Clow_dry

Poa pratensis L. 2011: 3 cuts,
one mulching
2012: two cuts

0.31 ± 0.13
Agrostis stolonifera L.
Poa trivialis L.
Holcus mollis L.
Ranunculus repens L.
Agrostis capillaris L.

Clow_wet
Carex leporina L. 2011: 3 cuts,

one mulching
2012: two cuts

0.19 ± 0.14
Ranunculus repens L.
Agrostis stolonifera L.

Chigh_wet

Carex nigra (L.) Reichard 2011: one cut, one 0.16 ± 0.15
Aulacomnium palustre (Hedw.)
Schwägr.

mulching
2012: two cuts

Sphagnum fallax H. Klinggr.
Drepanocladus fluitans
Molinia caerulea (L.) Moench
Sphagnum cuspidatum Ehrh. ex Hoffm.
Festuca ovina L.
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of m/z 44, 45 and 46, and calibrated against elemental standards
analysed in the same run. Isotope ratios are expressed as δ-values in
per mil (‰), where δ = (Rsample / Rstandard − 1) ∗ 1000, with Rsample

and Rstandard as isotope ratios (13C/12C or 15N/14N) of samples and stan-
dards, respectively, and reported against Vienna Pee Dee Belemnite
(VPDB) (δ13C) and air (δ15N). Besides calibration standards, additional
laboratory standard materials were inserted between field samples to
monitor the mass spectrometer performance between single autoruns.
The overall precision of replicate analyses of samples was b0.1‰ for
δ13C and δ15N.

3.3. Soil hydrological modelling

Due to instrument failures, there were gaps in the tensiometer
data (approximately 11%). Furthermore, measurement fluctuations
of a few hPa that are typical for tensiometers hampered the interpre-
tation of low gradients (b1 hPa cm−1) that occurred at wetter condi-
tions for around 50% of the time. A soil hydrological model (Hydrus
1D) was set up to obtain continuous and consistent time series of
soil water tension at the measurement depths. As a first step, soil
hydraulic parameters of the van Genuchten-Mualem model (van
Genuchten, 1980) were derived from laboratory evaporation exper-
iments (Dettmann et al., 2014). In a second step, root water uptake
parameters of the Feddes function (Feddes et al., 1978) and hydrau-
lic conductivity parameters of the van Genuchten-Mualem model
were calibrated on the entire range of in situ measured field soil
water tension data (ranging from 0 to appr. 140 hPa). Precipitation,
potential evapotranspiration and measured WTDs were prescribed.
Achieved RMSE were fairly low (6.5 to 9.7 hPa). Absolute values of
modelled water fluxes could not be validated and might be less
reliable. This paper therefore relies on the modelled fluxes only as
a relative measure.

3.4. Statistical modelling

Due to frost or low soil moisture, water samples could not always be
taken from all suction plates. Asmissing DOC concentrations of one suc-
tion platemay bias the average DOC concentrations on these dates, gaps
(n=47) were filled by linear regression between the concentrations of
the replicate suction plates. The same method was applied for missing
pH values.

We applied linearmixed effects (LME) and generalized least squares
(GLS) models from the nlme (Linear and Nonlinear Mixed Effects
Models) package (Pinheiro et al., 2013) in R (R Core Team, 2013) in
order to: 1) identify differences in DOC concentrations between sam-
pling sites and depths and 2) analyse the influence of environmental
variables on the time series of DOC concentrations individually for
each site and depth.

Model buildingwas based on the procedure given in with Zuur et al.
(2009). First, an LME model was set up to test the differences of DOC
concentrations between the sites, including all depths. Second, separate
LME models for each site were built to evaluate the depth-dependency
of DOC concentrations. LME models were used to account for the “ran-
dom effects” induced by the three replicate suction plates. Appropriate
variance structures were tested and added if they improved the
model. A first-order autocorrelation structure (corAR1)was then tested
and added if it improved the model. To test model improvement, the
Akaike information criterion (AIC) was used and compared using an
analysis of variance (ANOVA) after re-fitting the model with the
“maximum likelihood method”. An example of one such model is
given in Eq. (1).

lme
�
DOC � sampling site; random ¼ 1

��suction plate;weights
¼ varPowerðform ¼ � 1jsampling site

�
; correlation

¼ corAR1 0:6; form ¼� datejsuction plateð ÞÞ ð1Þ
This full model was tested against a “zero” model (Eq. (2)) to test
whether the fixed effect (sampling site or depth) had a significant
impact on DOC concentrations. For the “zero” model, the fixed effect
was substituted by 1, indicating the mean of all data:

lme
�
DOC � 1; random ¼ 1jsuction plate;weights

¼ varPower form ¼� 1jsampling siteð Þ; correlation
¼ corAR1 0:6; form ¼� datejsuction plateð ÞÞ ð2Þ

Several models indicated a significant impact of the fixed effects, as
shown by significant differences in the model AIC. Thus, for all models
a Tukey post-hoc test implemented for generalized linear models in R
was applied (Hothorn et al., 2008) to evaluate the sites or depths that
differed significantly from one other.

As a first step in the analysis of the effect of environmental variables
on DOC concentrations, a cross-correlation with a lag time of up to
140 dayswas performed. The values of the three suction plates were av-
eraged (DOCmean) for this analysis. Environmental variables included
soil temperatures, pH values, modelled water fluxes, modelled water-
filled pore space (WFPS) and WTD. Cross-correlation was used to find
an optimal set of explanatory variables for further model building and
to account for antecedent conditions and a possible delayed response
in DOC concentrations. This was conducted separately for each site
and depth.

Model building started with full GLS models containing all explana-
tory variables and plausible interactions. A variance structure and a
first-order autocorrelation structure (corAR1) were then tested and
added if they improved the model. Again, the AIC of the models was
compared by an ANOVA. The structure of an example of a full model is
given by Eq. (3) (WTD = water table depth, ST = soil temperature,
FLUX = water flow direction, WFPS = modelled water-filled pore
space, pH = pH value):

gls
�
DOCmean � WTDþ STþ FLUXþWFPSþ pHþWTD : ST;

weights ¼ varPower form ¼� WTDð Þ;
correlation ¼ corAR1 0:6; form ¼� dateð ÞÞ ð3Þ

Potential explanatory variables were dropped when the AIC of a
reduced model was not significantly higher than the AIC of the full
model (p N 0.05).

4. Results

4.1. Hydro-meteorological conditions

Mean air temperatures and precipitation sums during the periods
01/07/2011 to 30/06/2012 and 01/07/2012 to 31/06/2013 were 9.4
and 8.1 °C and 675 and 738 mm respectively. Annual grass reference
evapotranspiration sums (ET0) were 600 and 518 mm for the first and
second period respectively. Thus, seepage to groundwater was estimat-
ed to be 75 and 220 mm.

During the study period, the driest site (Clow_dry) had a meanWTD
of −31 cm and the largest water table amplitude (WTD ranging from
−1 to −57 cm below surface in the dip well). The wetter sites
(Clow_wet and Chigh_wet) had shallower WTDs (−19 and −16 cm)
and about the same water table amplitudes (both sites: +4 to −
50 cm). WTD at the sites with peat-sandmixtures (Clow_wet, Clow_dry)
remained at−15 cm or higher for 28 and 170 days respectively in both
periods. At the peat site (Chigh_wet), this was the case for 265 days. The
sand at 60 cm sampling depth remained water saturated throughout
the entire study period at all sites.

At Clow_dry, the deeper WTD led to a slightly lower modelled WFPS
at 15 cmdepth but not at 30 cmdepth (Table 3). The proportion of dates
with upward water fluxes generally decreased in the order Clow_dry N

Clow_wet N Chigh_wet. At all sites, there was more upward flow at
shallower depths than at deeper depths (Clow_dry: 62% in 15 cm, 59%



Fig. 2. Boxplots of dissolved organic carbon (DOC) concentrations at the sampling sites
summarising all depths (15, 30 and 60 cm). Central crossbars represent the median, the
boxes the 75th and 25th percentiles and the circles extreme values; n: number of
samples. Letters indicate significant differences between the sites.
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in 30 cm and 57% in 60 cm depth, Clow_wet: 47, 45 and 42%, and
Chigh_wet: 33, 32 and 30%).

4.2. DOC concentrations and basic solution properties

Overall average DOC concentrations at Clow_dry, Clow_wet and
Chigh_wet were 191 ± 97, 161 ± 54 and 192 ± 70 mg l−1 (Fig. 2).
DOC concentrations ranged from 95 to 449 mg l−1 at Clow_dry, 59 to
230mg l−1 Clow_wet and 80 to 400mg l−1 at Chigh_wet (Fig. 2). Neither
the SOC content of the peat (Clow_wet vs. Chigh_wet) nor thewater table
position (Clow_dry vs. Clow_wet) had a statistically significant impact
(p N 0.05) on the measured DOC concentrations.

Within sites, DOC concentrations depended on sampling depth
(Fig. 3). At Clow_dry and Clow_wet, mean DOC concentrations at the
boundary between the peat-sand mixture and the sand at 30 cm
depth were significantly (p b 0.05) higher (274 and 194 mg l−1) than
in both the peat-sandmixture (156 and 139mg l−1) and the underlying
sand (130 and 145 mg l−1). Concentrations in the peat-sand mixture
and in the sand did not differ significantly. In contrast, mean DOC con-
centrations in the peat of Chigh_wet (204 mg l−1) and at the peat-sand
boundary (241 mg l−1) did not differ significantly (p b 0.05), but were
both significantly (p b 0.05) higher than in the sand (132 mg l−1).

Basic properties of the soil solution (Table 3) indicated that high EC
tended to concur with high DOC concentrations. For the peat-sand
mixed sites Clow_dry_and Clow_wet, therewas a positive relationship be-
tween DOC and EC (Fig. S2). This suggests that DOC determined EC as it
is an important solute of the soil solution. The pH values showed clear
differences between the three sites. With the exception of Clow_wet,
pH values tended to increase with depth and were quite similar in the
underlying sand at 60 cm at all sites (Table 3).

4.3. Temporal patterns and delayed response of DOC concentrations

At site Clow_dry, DOC concentrations at 30 cm depth showed the
highest variability between suction plates and with time (Fig. 4a). At
Clow_wet and Chigh_wet this was the case at 15 cm (Fig. 4b and c).
These depths corresponded to the mean annual WTD, i.e. the depth
with the strongest hydrological dynamics.

At Clow_dry and Clow_wet, the highest DOC concentrations oc-
curred in late summer (Fig. 4a and b). This pattern was clearest in
2011. The lowest DOC concentrations were commonly measured in
early summer. In contrast to the peat-sand mixture, DOC concentra-
tions at Chigh_wet at 15 cm depth were highest in spring and early
summer. The lowest DOC concentrations were measured in the au-
tumn. While at this site there were no clear seasonal dynamics at
30 cm depth, DOC concentrations tended to be higher during colder
periods.
Table 3
Basic properties of the soil solution (pH and EC: electrical conductivity) and concentrations of
organic nitrogen (DON), nitrate (NO3-N) and ammonium (NH4-N) of selected samples as well a
viation), n.d.: not determined.

Sampling site/depth pH EC
(μS cm−1)

DOC
(mg l−1)

Clow_dry
15 cm 4.8 ± 0.3 91 ± 25 156 ± 44
30 cm 5.1 ± 0.2 144 ± 50 274 ± 115
60 cm 5.5 ± 0.2 104 ± 24 130 ± 27

Clow_wet
15 cm 5.8 ± 0.4 111 ± 28 139 ± 55
30 cm 6.1 ± 0.3 141 ± 34 194 ± 57
60 cm 6.0 ± 0.3 141 ± 26 145 ± 18

Chigh_wet
15 cm 3.8 ± 0.1 142 ± 28 204 ± 81
30 cm 4.4 ± 0.2 140 ± 14 241 ± 34
60 cm 5.6 ± 0.4 121 ± 7 132 ± 31
According to our model results, the DOC concentrations showed a
delayed response to environmental conditions at all sites. In the
peat-sand mixtures, DOC concentration increased with soil temper-
ature, with lag times of 90 to 127 days (Table S1). This was especially
the case with Clow_dry where the soil temperature at 2 cm depth de-
termined the DOC concentrations at all depths (Table 4). Additional-
ly, lag times at Clow_dry increased with depth from 90 to 117 days.
Hydrological variables, e.g. water table depth at 15 cm depth or
flow direction at 30 cm depth at Clow_dry, were also included in the
final models. For example, at Clow_dry, the highest DOC concentra-
tions at 15 cm depth were measured when high temperatures were
followed by deep water tables. Upward flow has been defined as a
positive flux, and thus a negative relationship with DOC indicates
higher concentrations under infiltration (Table 4). Therefore, the in-
teraction of high temperatures and downward fluxes led to the
highest DOC concentrations at Clow_dry at 30 cm depth and at
Clow_wet at 15 cm depth (Table 4). Only two of the final models
(Clow_dry at 60 cm depth and at Clow_wet at 30 cm depth) contained
the pH value as an explanatory variable.

At the peat site, the dependency of DOC concentration on explan-
atory variables clearly differed from the peat-sand mixture sites.
Overall, WTD was the most important explanatory variable at
Chigh_wet. In contrast to the peat-sand mixtures, shallow WTD with
dissolved organic carbon (DOC) of the complete sample set. Concentrations of dissolved
s the modelled water-filled pore space (WFPS) at all three depths (means± standard de-

DON
(mg l−1)

NO3-N
(mg l−1)

NH4-N
(mg l−1)

WFPS
(%)

n.d. n.d. n.d. 95.2 ± 2.9
n.d. n.d. n.d. 98.3 ± 2.7
n.d. n.d. n.d. 100.0 ± 0.0

6.3 ± 1.9 0.0 ± 0.0 0.2 ± 0.3 96.3 ± 3.8
7.2 ± 2.3 0.1 ± 0.2 0.4 ± 0.5 98.2 ± 3.1
5.7 ± 0.7 0.0 ± 0.0 0.4 ± 0.1 100.0 ± 0.0

4.9 ± 1.7 0.0 ± 0.0 0.1 ± 0.2 97.9 ± 3.4
6.1 ± 0.8 0.0 ± 0.0 0.1 ± 0.2 99.3 ± 1.6
3.2 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 100.0 ± 0.0



Fig. 3. Boxplots of dissolved organic carbon (DOC) concentrations at the sampling sites:
a) Clow_dry, b) Clow_wet and c) Chigh_wet per depth. Central crossbars represent the
median, the boxes the 75th and 25th percentile and the circles extreme values;
n: number of samples. Letters indicate significant differences between sampling depths.
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lag times of 19 to 38 days increased DOC concentrations at all depth.
Furthermore, there was no consistent impact of temperature on DOC
concentrations (Table 4). At 15 cm depth, high DOC concentrations
even coincided with low temperatures. Furthermore, at 60 cm
depth, there were higher DOC concentrations at lower pH values
(Table 4).
4.4. DOM properties

To evaluate possible source pools of DOM and differences in DOM
cycling between Clow_wet and Chigh_wet, the solution's DOC:DON
ratio, δ13CDOM and δ15NDOM were compared with those obtained in the
peat, the underlying sand and the vegetation (Table 5 and Fig. S3).

The C:N ratio, δ13C and δ15N values of the peat-sand mixture at
Clow_wet and the peat layer at Chigh_wet did not differ significantly
(Table 5). The underlying sand was also fairly homogenous (Table 5).
The strongest differences between the two siteswere found for the veg-
etation, especially regarding the lower δ15N values of not only the
mosses, but of the herbaceous vegetation as well at site Chigh_wet. This
coincided with wider C:N ratios in the vegetation at this site. At both
sites, the δ15N values were higher for the SOC-rich layer compared to
the subsoil and vegetation compartments.

Average DOC concentrations of the samples chosen for DOM quality
analyses at 15, 30 and 60 cm at Clow_wet (139, 174, 139 mg l−1) and
Chigh_wet (196, 252, 120mg l−1) were comparable to average DOC con-
centrations of these sites (Fig. 2). DOM in the soil solution at the peat-
sand mixture site (Clow_wet) showed a narrower DOC:DON ratio com-
pared to the peat site Chigh_wet (Fig. 5). Despite choosing samples
with a broad range of climatic and hydrological conditions, the
DOC:DON ratios did not show any temporal pattern. Both the slightly
lower DOC and slightly higher DON concentrations (Table 3) of the sam-
ple subset at Clow_wet compared to Chigh_wet contributed to the
narrower DOC:DON ratios.

The isotopic signatures of DOM from the two sites were also clearly
different (Fig. 5). DOM at Clow_wet was consistently higher in δ15NDOM

by on average 1.5‰ and lower in δ13CDOM by on average 1.1‰ when
compared to DOM from the peat site Chigh_wet. Within and across the
sites, DOC:DON ratios were positively related to δ13CDOM (Fig. 5a). This
relation was clearer for the peat-sand mixture than for the peat site.
Across sites, there was also a negative relationship between DOC:DON
ratios and δ15NDOM (Fig. 5b). However, within a single site or depth
this was either not the case (Chigh_wet) or went against expectations
(i.e. Clow_wet).

The DOC:DON ratio and δ13CDOM of soil solution were comparable to
the C:N ratio and δ13C of the peat and, in the case of δ13C, to the herba-
ceous vegetation at the peat-sand mixture site Clow_wet (Table 5). The
δ15NDOM values at 30 and 60 cm depth were intermediate between
δ15N values of the peat and the vegetation. At 15 cm depth, average
δ15NDOM values were lower than all investigated pools (Table 5). At
the peat site, DOC:DON ratios and δ15NDOM values were intermediate
between the values of vegetation and peat, but δ13CDOM values were
consistently higher than all the investigated pools except herbaceous
vegetation (Table 5).

Within the profile, the DOC:DON ratios and δ13CDOM in solution
remained almost constant with depth, whereas δ15NDOM tended to
increase slightly with depth.

5. Discussion

5.1. Impact of SOC content and water table depth on DOC quantity

As DOC concentrations did not differ significantly between the sites,
the hypotheses that at thefield sitemeanDOC concentrations are deter-
mined by WTD or by the SOC content of the SOC-rich layer were
rejected. At the same site, Leiber-Sauheitl et al. (2014) found no rela-
tionship between GHG emissions and SOC content, but noted a tenden-
cy for a higher net ecosystem exchange at peat-sand mixture sites,
whichmight suggest faster C cycling. Thismay also encourage enhanced
production of DOC (Chow et al., 2006). However, the differences in SOC
stocks were less pronounced than in SOC content: while the SOC con-
tent at Chigh_wet was four times higher than at Clow_dry and Clow_wet,
the SOC stock was only 1.2 to 1.6 times higher due to a concurrence of
high bulk density and low C content (Table 1). A study by Kalbitz et al.



Fig. 4. Temporal pattern of the dissolved organic carbon (DOC) concentrations of the soil solution at three depths (15, 30 and 60 cm) and water table dynamics over the study period
(28.06.2011–26.06.2013) at the sampling sites: a) Clow_dry, b) Clow_wet and c) Chigh_wet. Horizontal dotted lines represent the soil surface. Error bars indicate the standard deviation
of the three suction plate replicates.
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(2002) showed a clear dependency of DOC concentration on the SOC
content of the remaining peat, whichmight be caused by an interaction
of land use, recent land use change and WTD. Therefore, more studies
focussing on soils at the boundary between organic and minerals soils
are needed to identify drivers for DOC concentrations beyond SOC.

At this study site, a difference of 12 cm in mean WTD (Clow_wet vs.
Clow_dry) did not cause significant differences in DOC concentration
levels (Fig. 2). This was somewhat surprising since there was a clear ef-
fect of WTD on CO2 emissions and thus microbial activity at this site
(Leiber-Sauheitl et al., 2014). In previous field studies, differences in
meanWTD of 5 to 17 cmwere sufficient to find differences in DOC con-
centrations (Strack et al., 2008; Frank et al., 2014). However, these
changes in WTD are frequently associated with a change in land use
or different topsoil properties (Höll et al., 2009; Frank et al., 2014). In
contrast, incubation experiments by Chow et al. (2006) do not establish
the impact of soil water content on DOC concentrations. Furthermore,
the lysimeter study of Schwalm and Zeitz (2015) showed that a com-
mon geographical origin determines the DOC concentration level
more greatly than WTD or management. Previous field studies finding
clear effects of WTD on DOC concentrations have focused on deep
peat soils, but in the present study heavy physical disturbance
(e.g. mixing with sand) of the shallow peat seemed to outweigh the
effects of WTD or SOC content. This is also stressed by very low DOC
concentrations in a shallow, but not ploughed peatland in the UK
(Grand-Clement et al., 2014).

Besides these two aforementioned factors, pH values have been
shown to be crucial for DOC concentrations (Clark et al., 2005; Evans
et al., 2012). Higher pH values at the sites with a peat-sand mixture
might be related to more frequent periods of upward flow of less acidic
deep groundwater (average pH 5.9), but this does not explain the



Table 4
Explanatory variables for DOC concentrations determined by a GLS model. Up arrows
indicate positive relation to DOC; down arrows indicate negative relation to DOC at
significance levels of p ≤ 0.05 (⁎), p ≤ 0.01 (⁎⁎) and p ≤ 0.001 (⁎⁎⁎). ST = soil temperature;
WTD = water table depth (above surface: positive values, below surface: negative
values); WFPS = water-filled pore space; Flux = modelled water flux (upward flux:
positive values, infiltration: negative values); ST:Flux = interaction of soil temperature
and modelled water fluxes.

Depth ST WTD WFPS Flux pH ST:Flux

–––––––––––––––––––––––––– Clow_dry ––––––––––––––––––––––––––

15 cm *** **

30 cm *** ** **

60 cm *** * 

––––––––––––––––––––––––– Clow_wet  ––––––––––––––––––––––––––

15 cm *** ** ***

30 cm *** *

60 cm * **

–––––––––––––––––––––––––– Chigh_wet ––––––––––––––––––––––––––

15 cm * **

30 cm ** * ***

60 cm *** * ***
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differences between Clow_dry and Clow_wet. Surprisingly, pH values
(Table 3) did not have any obvious impact on DOC concentrations.

The distribution of DOC concentrations with depth (Fig. 3) indicated
the highest DOC concentrations at the boundary between the SOC-rich
layer and the underlying sand. This deviated from the common concept
that DOC concentrations decrease with depth due to sorption and dilu-
tion (Kaiser and Kalbitz, 2012). These observations could be explained
by a combination of different factors. DOC is likely to be produced in
the temporarily unsaturated zone. Due to the relatively coarse material
at the peat-sandmixture sites in particular, not only DOC, but larger, co-
agulated molecules as well might be transported downwards and then
be re-dissolved when the pH rises due to the inflow of groundwater.
Furthermore, the frequent alternation between upward and downward
flowmight cause (temporary, bymeans of an increased residence time)
enrichment of DOC. This effect is likely to be especially pronounced at
Clow_wet, the site with the strongest depth-dependent pattern. Finally,
Table 5
Isotopic signatures (δ13C vs. VPDB and δ15N vs. air) and carbon-to-nitrogen ratios (C/N) of the s
the isotopic signatures (δ13CDOM vs. VPDB and δ15NDOM vs. air) and the dissolved organic carbon
soil solution at three different depths from the two sample sites differing in the soil organic ca

Clow_wet

Pools C:N δ13C δ1

Herbaceous Vegetation 11 −28.6 ± 0.6 0
Mosses not present at the site
Roots 34 −29.3 ± 0.2 1
SOC-rich layera 24 −28.5 ± 0.1 2
Sand 21 −27.7 ± 0.1 0

Solution DOC:DON δ13CDOM δ1

15 cm 22 ± 2 −28.9 ± 0.2 0
30 cm 24 ± 2 −28.6 ± 0.2 0
60 cm 24 ± 2 −28.7 ± 0.1 1

a Peat-sand mixture at Clow_wet and peat layer at Chigh_wet.
mineralisation of DOC will decrease with depth due to more frequent
water saturation. However, the exact reason for this enrichment is not
entirely clear. Finally, DOC, which was leached from the SOC-rich
layer, was diluted by groundwater inflow at 60 cm depth.

Overall, mean DOC concentrations clearly exceeded 150 mg l−1 and
were between three to four times higher than concentrations in semi-
natural and re-wetted bog sites in Germany (Frank et al., 2014) and
the United Kingdom (Wallage et al., 2006) or in agriculturally used
and re-wetted fens in Germany (Kalbitz et al., 2002; Höll et al., 2009;
Tiemeyer and Kahle, 2014). However, comparably high average DOC
concentrations in soil solution were measured in a more intensively
used bog in northern Germany (Frank et al., 2014).

Applying the estimated annual seepage into the saturated zone of 75
and 220mm and the overall average DOC concentrations at 60 cm (134
and 135 mg l−1), total annual DOC losses of 100 to 297 kg ha−1 a−1

were estimated. The annual water balance controlled the interannual
variability of DOC losses, as concentrations at 60 cm depth tended not
to react to the higher precipitation during the second year of this
study. The estimated values were, on average, slightly lower than the
DOC export values given by the IPCC (2014) and Evans et al. (2016)
for drained peatlands. Depending on the site and the year, DOC losses
add around 2 to 8% to the net ecosystem exchange measured at the
three sites (Leiber-Sauheitl et al., 2014). This percentage was similar
to a grassland on fen peat (Hendriks et al., 2007), but low compared
to semi-natural peatlands in the UK (Dinsmore et al., 2010), where
DOC fluxes dominate the overall C balance.

5.2. Peat disturbance effects on the temporal dynamics of DOC concentration

Previous studies in peatlands have frequently found clear seasonal
and temperature-driven patterns of DOC concentration, with the
highest values in late summer and autumn (e.g. Clark et al., 2005;
Dinsmore et al., 2013). Comparable dynamics were observed at the
peat-sandmixture sites (Clow_wet, Clow_dry). Here, DOC concentrations
at all depths were clearly controlled by soil temperature (Table 4),
stressing the importance of microbial activity. Enhanced DOC produc-
tion probably took place in the uppermost centimetres of the soil pro-
file, as best model fits could be achieved using the temperature in 2 to
10 cm soil depth. The long time lag between DOC and temperature or
flow direction indicates the delayed response of these systems in either
the production of DOC or the redistribution of DOC downwards to the
soil profile (Adamson et al., 2001; Clark et al., 2005).

DOC dynamics at Chigh_wet differed from the observations previous-
ly discussed. DOC concentrations at Chigh_wet increased in the dormant
season with low biological activity and probably also reduced DOC pro-
cessing (Dawson et al., 2011). Thus, further processes have to be consid-
ered for DOC mobilisation. The positive relationship to WTD suggests
that organic carbon bound on the solid phase may be re-dissolved
(Riedel et al., 2013). Such effects are already known from re-wetting
olid compartments at the study site (vegetation, SOC-rich layer and coarse sand) as well as
-to-dissolved organic nitrogen ratio (DOC/DON) of dissolved organic matter (DOM) in the
rbon content (mean ± standard deviation).

Chigh_wet

5N C:N δ13C δ15N
.7 ± 1.0 23 −27.9 ± 0.3 −3.9 ± 0.4

49 −29.9 ± 1.3 −3.3 ± 0.4
.7 ± 0.2 47 −28.3 ± 0.1 0.1 ± 0.2
.1 ± 0.1 28 −28.6 ± 0.6 2.6 ± 1.3
.9 ± 0.3 23 −28.2 ± 0.3 0.7 ± 0.2

5NDOM DOC:DON δ13CDOM δ15NDOM

.3 ± 0.3 39 ± 4 −27.7 ± 0.1 −1.1 ± 1.1

.8 ± 0.5 41 ± 2 −27.6 ± 0.1 −0.8 ± 1.0

.1 ± 0.3 38 ± 2 −27.7 ± 0.1 −0.5 ± 0.2



Fig. 5.Relationship between the ratio of dissolved organic carbon (DOC) to dissolved organic nitrogen (DON) and the isotopic signature of δ13CDOM and δ15NDOM ofDOM in the soil solution
at all depths from the sampling sites Clow_wet and Chigh_wet.
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projects, where DOC concentrations increase after raising the water
table (Zak and Gelbrecht, 2007). The pronounced DOC concentration
dynamics at 15 cm depth suggest frequently changing redox conditions
which might favour re-dissolution and precipitation.

At all sites and depths, correlations between environmental vari-
ables and DOC concentrations were only found for antecedent condi-
tions of different lag times, but never for the instantaneous values.
These delayed responses seem to be even more important in the flat
landscape in this study than in a catchment with rapid hydrological re-
sponses (Grand-Clement et al., 2014) and should be taken into account
when analysing DOC data.

The difference between the peat-sand mixtures and the peat site in-
dicates an influence of past cultivation practices on the dominant pro-
cesses for DOC mobilisation. Generally, total porosity decreases due to
drainage (Schwärzel et al., 2002; Hallema et al., 2015), but mixing
with sand was rarely investigated. This could possibly be caused by a
shift in pore size distribution and a higher contribution of macropores
at the peat-sand mixture sites (Kuntze and Djakovic, 1970), which
may in turn affect oxygen availability and both the production and
mineralisation of DOC. Furthermore, the mixture of peat and sand
could increase the contact area of the peat remnants (Ross and
Malcolm, 1988). These changes may possibly favour a stronger direct
impact of microbial processes on DOC dynamics at the peat-sand-mix-
ture sites compared to the peat site. Interactions between soil hydraulic
properties and DOM cycling should receive further research attention.

5.3. DOM properties in relation to peat cultivation practice

DOM properties were only analysed for the two wet sites (Clow_wet
and Chigh_wet). The chosen subsamples for DOM quality measurements
were considered to be representative as DOC concentrations did not dif-
fer significantly from the whole sample set. Despite different CO2 emis-
sions, aerobic decomposition of SOC at both sites (Leiber-Sauheitl et al.,
2014) still led to comparable isotopic signals and C:N ratios in the SOC-
rich layer (Table 5). Measured δ13C and δ15N in the SOC-rich layer at
these sites were comparable to values reported by Krüger et al. (2015)
for the topsoil of a drained bog that is also used as extensive grassland.
The δ13C and δ15N values of different species were highly variable, as
previously described byMénot and Burns (2001), while the δ13C values
of Sphagnum spp. were in the range of values reported by Price et al.
(1997).

Isotopic signatures of different pools can be used to estimate their
contribution to DOM. However, this was not possible in this study due
to the high variability of, for example, δ15N in the vegetation or a lack
of possible end members (δ13C vs. δ13CDOM at Chigh_wet) (Table 5).

Nevertheless, the data suggest different contributions of the source
pools to DOM at Clow_wet and Chigh_wet. At Chigh_wet, intermediate
DOC:DON ratios and δ15NDOM value in soil solution compared to peat
and mosses (Table 5) indicate a mix of plant and peat-derived DOM.
DOM in peatlandswas found to be of recent origin and linked to the de-
composition of SOM in the aerobic peat layer (Palmer et al., 2001). Fur-
thermore, Fenner et al. (2004) showed that recently fixed C by
Sphagnum rapidly contributes to the DOM pool. The DOC:DON ratio as
well as the δ15NDOM value of DOM in soil solution suggest a higher con-
tribution of vegetation-derived DOM. However, the DOC concentrations
were too high to be mainly derived from exudates. For example,
Hagedorn et al. (2004) found a contribution of newly formed DOC of
5–10% in a forest ecosystem after a four-year tracer experiment.

In contrast, at the peat-sand mixture site (Clow_wet), DOM derived
from the SOC-rich layer contributedmost to the DOM pool, as indicated
by the identical C:N ratios of DOM in soil solution and the SOC-rich
layer. In grassland ecosystems root exudates are an important pathway
for C input into soils (Paterson et al., 1997), but this may be outweighed
by the enhanced SOM mineralisation (Leiber-Sauheitl et al., 2014).

All DOM properties (DOC:DON, δ13CDOM and δ15NDOM) clearly dif-
fered between the two sites (Fig. 5, Table 5) and thus show that past cul-
tivation practices do indeed have an effect on DOM cycling. These
differences in DOM quality could be caused by overlapping processes
such as: 1) DOM properties being determined by contributing sources
(Kalbitz et al., 2000b; Kalbitz et al., 2003), thus the shift in DOM pool
contribution as well as DOM pool quality changes (e.g. a higher contri-
bution from δ15N depleted mosses) may be responsible for the differ-
ences; 2) DOM properties also possibly being altered by degradation
(Kalbitz et al., 2003), thus higher δ15NDOM values at Clow_wet could
also indicate enhanced microbial DON alteration by microbes
(Högberg, 1997). Furthermore, the positive correlation between
DOC:DON ratios and δ13CDOM (Fig. 5) suggests a change in DOM quality
during decomposition at each site, as both parameters indicate stronger
degradation (Kalbitz and Geyer, 2002), possibly due to a higher contri-
bution of hydrophobic compounds (Kalbitz et al., 2003). The steeper
slope at Clow_wetmay therefore indicate amore pronounced accumula-
tion of hydrophobic compounds during biodegradation of DOM at the
peat-sandmixture site. Such differences may also affect the water qual-
ity of downstream aquatic ecosystems as hydrophobic DOM is less bio-
degradable (Kalbitz et al., 2003), but prone to photo-degradation
(Köhler et al., 2002).
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6. Conclusions

The organic soils investigated in this study were characterised by:

(i) much higher DOC concentrations (N150 mg l−1) than usually
measured in natural or semi-natural peatlands or drained
shallow organic soils,

(ii) the absence of an effect of water table depth on mean DOC
concentrations,

(iii) the absence of an effect of SOC content on DOC concentrations,
(iv) strongly delayed effects of the main environmental variables of

temperature (peat-sand mixtures) and water table depth
(peat site),

(v) and a shift in DOM sources from a decreasing contribution of the
vegetation (peat site) to an increasing contribution of the soil
(peat-sand mixture).

Finally, the results of this study clearly show that mixing peat with
sand did not alter the DOC losses (200 kg ha−1 a−1) compared to un-
mixed peat soils. Therefore, this practice does not reverse the negative
impact of agriculture on ecosystem services provided by peatlands: Car-
bon is not only lost as CO2 (Leiber-Sauheitl et al., 2014), but also as DOC,
which might additionally impact downstream water bodies.
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