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Abstract In agricultural landscapes, the spatio-tem-

poral distribution of organic matter (OM) varies

greatly across landscape structures and soil types.

We investigated patterns of organic carbon (OC)

content, polyvalent cations, and isotopic values for

specific OM fractions along transects spanning topo-

graphic positions from erosional to depositional areas,

including aquatic sediments within a single kettle

hole. We hypothesized different drivers exist at

different scales. At the transect scale, we hypothesized

(1) landscape form and land management to explain

patterns of isotopic and OC content from different OM

fractions. At the aggregate scale, (2) we expected

different OM-mineral associations to explain stabi-

lized OM. We also hypothesized, (3) that shallow

sediment d13C and d15N of the kettle hole reflected

different terrestrial sources. We found that distinct

differences in the OM turnover rates existed between

the fractions suggesting that different processes are

affecting the transformation rates that are recorded in

the isotopic composition patterns. Erosion along with

plant productivity drive mineral-associated fractions

over the transect, while microbial decomposition and

slurry influence freely available and aggregated OM

fractions. The type and magnitude of OM-mineral
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associations changed along the transect while binding

OM of different decomposition status. OM in mineral-

associated fractions in kettle hole sediments were

derived from clay- and silt-sized particles from the

field, whereas OM in freely available and aggregated

fractions potentially originated frommacrophytes. We

conclude that kettle holes constitute important sinks

for terrestrial OM across the landscape.

Keywords Stable isotopes � Erosion � Soil organic
matter � Organo-mineral interaction � Land
management � Depressional wetland

Introduction

Agricultural landscapes encompass multiple land-use

histories, landscape structures, soil types, and water

paths leading to a region characterized by high levels

of environmental and biogeochemical heterogeneity

(Nitzsche et al. 2016). This is especially apparent

where aquatic and terrestrial domains converge creat-

ing transition zones in environmental variables, such

as soil moisture, redox potential, and microclimate

(Stallard 1998; Cole et al. 2007; Premke et al. 2016).

The distribution of organic matter (OM) also varies in

catchments as erosion transfers material from the

terrestrial to the aquatic domain (Doetterl et al. 2016;

Hu et al. 2016; Nitzsche et al. 2017) or plant derived

OM contributions increase in soil with greater soil

moisture content near the water body. Erosion,

accelerated by tillage, might also alter the distribution

of soil particles of various sizes as well as polyvalent

cations involved in organo-mineral associations. Fer-

tilization can also affect spatial patterns of productiv-

ity and corresponding OM inputs into the soil (Berhe

et al. 2012; Kirkels et al. 2014). Consequently,

patterns in soil OM emerge from the relative influence

of environmental gradients, sources of OM, and

management practices across different spatial scales.

Landscape topography plays an important role in

OM distribution (Doetterl et al. 2016), and terrain

attributes, inferred from digital elevation models, for

example, have been widely used to predict soil organic

matter (SOM) distribution. For instance, concave

slopes, indicated by negative curvature, are considered

areas of SOM accumulation, while convex slopes are

represented by positive curvature, which are prone to

erosion (Liu et al. 2013). Other indices (e.g., topo-

graphic position index (TPI) and topographic wetness

index (TWI)) can convey information about the large-

scale landscape characteristics as they relate to the

variability in OM distribution, erosion, and plant

productivity. These indicators may help in character-

izing OM exposure to microbial processing, incorpo-

ration of plant assimilates, or the degree to which OM

has been transported down a hillslope. Models that

incorporate these spatial and temporal processes

reveal not only the impact of any single parameter,

such as soil texture, but also capture landscape level

turnover time of OM.

Soil erosion leads to the downslope transport of OM

and soil particles from hilltops to areas of deposition,

exposing lower soil horizons in some cases at

erosional positions, thus creating gradients in nutri-

ents, soil moisture, and soil chemistry (Doetterl et al.

2016). Accordingly, eroded soils may exhibit reduced

nutrient content and water holding capacity due to

leaching, the destruction of the physical soil matrix,

and the accompanied washout of nutrient-adsorbing

clays, potentially reducing soil fertility and plant

productivity on eroding slopes. Simultaneously, soil

fertility may increase in depositional areas due to the

additional SOM. Especially clay sized mineral parti-

cles and aggregates[ 53 lm are usually enriched in

organic carbon (OC) relative to the bulk soil. These

particles and micro-aggregates are generally com-

prised of complexed, poorly crystalline and well-

crystallized mineral phases as well as clay minerals

(e.g., oxides, layer-silicates) that can interact with OM

(Kaiser et al. 2007; Doetterl et al. 2015). Thus, OM
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bound in micro-aggregates\ 53 lm and attached to

mineral surfaces can be transported into small water

bodies via erosion (Stallard 1998) and contribute to the

C storage potential of the landscape (Premke et al.

2016). While, erosion distributes poorly crystalline

mineral phases over the landscape (Berhe et al. 2012;

Ellerbrock et al. 2016), the source of OM (e.g., poorly

vs. strongly microbially processed) associated with

these mineral phases remains largely unknown.

An understanding of the key factors and processes

that regulate OM stabilization in soils requires the

separation of OM fractions stabilized according to

specific mechanisms (Mikutta et al. 2006). OM

stabilization in aerated mineral soils results from

(i) interactions of the OM with polyvalent cations

(chelate, crosslinking) (e.g., Masiello et al. 2004;

Mouvenchery et al. 2012), (ii) associations of the OM

with mineral surfaces via polyvalent cations (cation

bridges) (von Lützow et al. 2006), or (iii) direct bond

formation between OM and mainly Fe- or Al-oxides

(ligand exchange reactions) (Mikutta et al. 2007;

Kleber et al. 2015). Stabilization mechanisms of OM

in aquatic sediments may substantially differ from

soils given that they are permanently water saturated

(Hedges and Oades 1997). Currently, adsorption of

OM to mineral surfaces is considered the major

stabilization mechanism in sediments (Mayer 1994;

Hedges and Keil 1995). Recently, Lalonde et al.

(2012) found a preferential stabilization of OM via

reactive iron surfaces in sediments globally; however,

it is not known whether or not these findings hold for

smaller water bodies in an agricultural setting, such as

kettle holes—small (\ 1 ha) depressional wetlands

characterized by fluctuating waters levels (Kalettka

and Rudat 2006).

Across a toposequence in a kettle hole catchment of

the moraine landscape of NE Germany, where erosion

is ubiquitous, we investigated patterns of OM stabi-

lization and assessed OM sources along transects

spanning topographic positions from erosional hilltops

and hillslopes to depositional footslopes and edges,

extending to sediments within a single kettle hole

(Fig. 1). This toposequence spans a gradient in

environmental conditions, for example, soil moisture

and redox potential. We used OM fractions (i.e.,

organic particles, water extractable OM, and mineral

associated OM) from these topographic positions

separated by sequential fractionation (Kaiser et al.

2010, 2012). The susceptibility of OM in these

fractions to erosion or mineralization with respect to

wetter drier

kettle hole

footslope

hillslope

hilltop

edge

↑ plant productivity ↓
↓ aerobic microbial decomposition ↑

↓ water use efficiency ↑

↑ poorly crystalline Al and Fe (hydr)oxides ↓
↓ well-crystallized Fe oxides ↑
↓ carbonate and clay content ↑

Fertilization

Transport

Depositional area Erosional area

Plowing into
glacial till

Plant 
productivity

Transport

Fig. 1 Schematic cross-section through the catchment of the

kettle hole. Differences in biological activity and soil mineral

and environmental characteristics between depositional (wetter)

and erosional (drier) areas are highlighted with upward arrows

(increase) and downward arrows (decrease). Black arrows

highlight primary organic matter inputs (transport and plant

productivity in green boxes) that contribute to the OM d13C and

d15N at each topographic position. Land-management activities

are indicated by red boxes. Sampling positions are shown by

filled circles (soil) and the open diamond (sediment)
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prevailing environmental conditions differs; therefore,

we used the stable isotope composition of OM

fractions to infer OM fate and origin (Sollins et al.

2009; Kayler et al. 2011; Schrumpf and Kaiser 2015).

We related OM isotopic data to landscape proxies

(TPI, TWI) and leaf area index (LAI) to estimate the

effects of landscape topography and plant productivity

on OM dynamics. We hypothesized: (1) at the transect

scale, topography would explain the variability in the

OC contents and the d13C and d15N of bulk soil,

sediment, and OM fractions. We also used an isotopic

distillation model that accounts for the changes in

isotopic composition of OM and the corresponding

OC concentration to infer the impact of mass trans-

port, OM source contributions, and possible impacts of

management. (2) At the aggregate scale (i.e., soil

fractions), we expected OM to be stabilized via

different binding mechanisms that reflect potentially

strong gradient in cations, crystalline and non-crys-

talline oxides, and clay- and silt-sized soil particles

induced by erosion. Given the close proximity of the

kettle hole and hillslope we hypothesized, (3) surface

sediment d13C and d15N will reflect input from

different terrestrial sources.

Materials and methods

Study site

The study site is located in the Quillow catchment

(* 168 km2) as part of the young and hummocky

moraine plain of NE Germany, formed after the end of

the Weichsel glaciation approximately 12,000 to

10,000 years ago, that is intensively used for agricul-

ture. Within the landscape, around 150,000 to 300,000

kettle holes exist (Kalettka and Rudat 2006). We

selected a single kettle hole surrounded by an

agricultural field (E013�3905700, N53�2305100) and

located in the center of a runoff catchment area

(3.4 ha) near the village Kraatz. Elevation ranged

from 88.2 m to 101.1 m a.s.l and slopes were short

and steep and as high as 7.9� (Fig. 2). This kettle hole
has been under intense investigation since autumn

2012 within the project LandScales ‘Connecting

processes and structures driving landscape carbon

dynamics over scales’. The climate is sub humid with

an average annual temperature of 8.6 �C and average

annual precipitation of 499 mm between 1992 and

2013 (AgroScapeLab Quillow, Dedelow,

E013�4801200, N53�2105900).
In hummocky, agricultural landscapes, character-

istic soil types at hilltops and upper slope positions are

Calcaric Regosols and Calcic Luvisols, which are

strongly eroded into the subsoil. In depressions,

nearby the kettle hole, Colluvic Regosols with a

M-horizon thicker than 50 cm dominate, which

developed under groundwater and stagnant water

(Gleysols, Stagnosols). For two hilltop and two

hillslope locations, the C-horizon was near the surface

(23–37 cm) and already strongly mixed into the Ap

horizon. In the depositional area around the kettle

hole, the C-horizon was more than 150 cm below the

surface.

The field has been under agricultural use for several

centuries, and since the 1950s the field has been

cultivated with a rotation of winter wheat (Triticum

aestivum)—winter barley (Hordeum vulgare)—rape-

seed (Brassica napus). Rapeseed was cultivated in

2013. Annual plowing was common until 2005 at a

depth of approximately 35 cm, thereafter plowing

occurred every third year. Slurry from a nearby pig

farm has been applied approximately since 1980

amounting to 135 kg N ha-1 a-1. The last

slurry application prior to sampling was in August

2012. Additional chemical fertilizers have been

applied since the second half of the nineteenth

century to fulfill the crop-specific N demand

(for winter wheat 220 kg N ha-1 a-1, for winter

barley 170 kg N ha-1 a-1, and for rapeseed

200 kg N ha-1 a-1).

Sampling design

In 2013, we collected topsoil samples (0–15 cm) from

the kettle hole catchment. Many flow paths of OM

including run-off occur within kettle hole catchments.

These flow paths could lead to high variability in biotic

and abiotic influences on the OM distribution across

the catchments. We therefore focused our sampling

efforts on a single kettle hole to better understand

mechanisms behind OM stabilization rather than on

OM variability across several kettle holes. We sam-

pled four transects consisting of four slope positions

(hilltop, hillslope, footslope, depression edge) termi-

nating with one position in the kettle hole (Figs. 1, 2)

leading to four samples per slope position and

amounting to a total of 20 plots (n = 20); thus, we
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have sixteen individual plots along the hillside result-

ing in four plots at each terrestrial position and four

plots within the kettle hole. At each slope position, we

took three subsamples of 100 g soil each in a 1 m2 area

and mixed the samples afterward. We sampled

sediment cores from the kettle hole with a sediment

corer (UWITEC, Austria, i.d., 60 mm). The water

level during the time of sampling was approximately

1 m. Sampling positions in the kettle holes were

considered an extension of the four transects. Sedi-

ment sample depth encompassed 2–7 cm, we removed

the top two cm due to this layer containing primarily

fresh, recently, deposited OM. All samples were

stored in gas-tight containers at 4 �C in dark condi-

tions prior to preparation. Soil and sediment samples

were air-dried and passed through a 2 mm sieve.

Leaf area index and bulk density

We quantified leaf area index (LAI) using a SunScan

(Delta-T Devices Ltd.) device biweekly during April

and July 2014 for wheat and 2015 for barley along

eight sampling points near our southern and eastern

transects (max. ± 2 m). From these measurements we

used the maximum LAI values (occurring in June) at

each position then averaged the values for 2 years. We

then used these LAI estimates based on the topo-

graphic positions from the two transects as estimates

of LAI for the other transects where LAI was not

measured.

At each sampling point, we determined the bulk

density in the center of the Ap horizon using sampling

rings (100 cm3, 5 cm ø). The soil samples were then

dried at 105 �C for 24 h. The bulk density from the

sediment was estimated for the horizon from 2 to 7 cm

based on a sediment core taken in the center of the

kettle hole (see Kleeberg et al. 2016, for further

information). We calculated the C stock for the soil

and sediment horizon from 2 to 7 cm by multiplying

the bulk total organic carbon (TOC) content with the

respective bulk density.

Fig. 2 Elevation (m) of the

catchment with sampling

locations (filled circles for

soils and open diamonds for

sediments)
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Bulk soil and sediment properties

As a first step, we removed the physically uncom-

plexed coarse organic particles ([ 0.315 mm;

defined as OPel) by electrostatic attraction according

to Kaiser et al. (2009). The clay, silt and sand

contents (fine, medium, coarse) were determined by

wet-sieving and sedimentation after the destruction

of OM via H2O2 and of carbonates via HCl following

the German guideline DIN ISO 11277 (2002). The

pH of ‘‘coarse-OPel-free’’ soil and sediment samples

was measured in a 0.01 M CaCl2 solution with a pH

electrode following DIN ISO 10390 (1997). The

effective cation exchange capacity (CEC) and the

exchangeable cations Ca (Caex) and Mg (Mgex) were

analyzed via inductively coupled plasma optical

emission spectroscopy (ICP-OES) with an ICP-iCAP

6300 DUO (Thermo Scientific, Bremen) after sam-

ples were treated according to DIN ISO 11260

(1994). The amount of oxalate-extractable Fe (Feox)

and Al (Alox) were determined according to (DIN

19684-6 1997) by ICP-OES, while dithionite-citrate-

bicarbonate extractable Fe (FeDCB) and Al (AlDCB)

were measured by ICP-OES after treatment accord-

ing to Schlichting et al. (1995). Total inorganic

carbon (TIC) content was analyzed in ground

samples using a RC612 multiphase C/N analyzer

(LECO Corporation, Michigan, USA) according to

DIN ISO 10694 (1995). All measurements except for

the pH were conducted in duplicates. The maximum

measurement uncertainties were for Caex\ 0.34

cmolc kg
-1 (standard error), for Mgex\ 0.03

cmolc kg
-1, for CEC\ 1.22 cmolc kg

-1, for

TIC\ 1.46 g kg-1, for Feox and FeDCB\ 0.08 g

kg-1, and for Alox and AlDCB\ 0.02 g kg-1.

Sequential organic matter extraction

Physically uncomplexed and aggregate occluded

organic particles (OP) as well as water-extractable OM

(WEOM, i.e., proxy for dissolved OM) and mineral

associated OM (i.e., mediated by cations) fractions can

be sequentially separated from agricultural soil by

combining electrostatic attraction, wet-sieving, water-

extraction, ultrasonication, and Na4P2O7-extraction

(Kaiser et al. 2009, 2010, 2012, 2016). For interactions

between soil OM and minerals in agricultural soils

with a near neutral pH agricultural soils (Kaiser et al.

2012), the alkaline Na-pyrophosphate extraction

procedure is supposed to separate OM interacting

with polyvalent cations (Bremner et al. 1946; Masiello

et al. 2004) and via polyvalent cations with soil

mineral surfaces (Bremner and Lees 1949; Wattel-

Koekkoek et al. 2003).

Our sequential extraction method is based on those

described in: Kaiser et al. (2009, 2010, 2012). In step

(1), 5 g of ‘‘coarse-OPel-free’’ soil and sediment

samples were mixed with 50 ml of deionized water

for 12 h at room temperature on a rock and roll shaker.

The samples were centrifuged for 35 min at 1400 g

and the supernatant was poured through two sieves

(250 and 63 lm) into a beaker to obtain physically

uncomplexed organic particles not separated during

electrostatic attraction. Organic particles in the sieves

were freeze-dried and called OPW1-250 and OPW1-63-

250. The decanted supernatants were vacuum-filtrated

using polyamide membrane filters with a mesh size

0.45 lm (Whatman; VWR, Darmstadt, Germany),

denoted as water-extractable OM (WEOMfree) and an

aliquot was taken for dissolved organic carbon (DOC)

and dissolved total nitrogen (DTN) analysis. Vacuum

filtration prior to separation of aliquots was carried out

for all the following extractions. Step (2), the solid

pellet was mixed with 25 ml deionized water and

sonicated with 60 J ml-1 to disperse macroaggregates

(MaA) (Amelung and Zech 1999). The suspension was

shaken and allowed to settle for 5 min to allow organic

particles to float. The supernatant was passed through

two sieves (250 and 63 lm) and collected in a beaker.

The solid residue was mixed with 20 ml deionized

water, shaken, allowed to settle for 5 min and again

passed through the sieves. This procedure was

repeated two more times. Organic particles in the

sieves were freeze-dried and denoted OPMaA-250 and

OPMaA-63-250. The combined supernatants were cen-

trifuged and decanted. The remaining solid particles in

the centrifuge tube were mixed with the residuum of

the first centrifugation. The decanted, vacuum-fil-

trated supernatants were denoted as WEOMMaA. Step

(3), the remaining solid residue was sonicated at

440 J ml-1 to disperse microaggregates (Amelung

and Zech 1999). Organic particles were obtained

according to step (2), using a 63 lm sieve and denoted

as OPMiA-63. Vacuum-filtrated combined supernatants

were denoted as WEOMMiA. Step (4), the remaining

pellet was washed with deionized water to extract

potential remaining water-extractable OM. This OM

was discarded afterward.
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For step (5), the solid residuum was extracted with

50 ml of 0.1 M Na-pyrophosphate solution (Na4P2O7;

pH 9-10). The decanted supernatant was centrifuged,

vacuum-filtered and denoted as NaPy-I. The solid

residue from this step was extracted a second time

following step (5) to extract Na-pyrophosphate-ex-

tractable OM as far as possible. The obtained vacuum-

filtered supernatant was denoted as NaPy-II. Subse-

quently, NaPy-I and NaPy-II were combined and

denoted as OMPYt. In addition to an aliquot for DOC

and DTN analysis, an additional aliquot was taken for

the determination of polyvalent cations Fe, Al, Mg,

Mn, Ca. Subsequently, the pH of the filtrate OMPYt

was adjusted with 1 M HCl to pH 2 and cooled in a

refrigerator overnight to precipitate OM. The mixture

was centrifuged to separate HCl insoluble OM that

precipitated under low pH conditions (denoted as

OMPYP) from HCl soluble OM (denoted as OMPYS). A

subsample was taken from the latter. Both fractions

were dialyzed against deionized water using cellulose

hydrate membranes of 25–30 nm pore size (NADIR;

Carlroth, Karlsruhe, Germany) until an electric con-

ductivity of\ 4 lS cm-1 was observed. The solid

extraction residue collected after Na4P2O7 extraction

was washed four times with deionized water, cen-

trifuged, dialyzed, and denoted as OMER. All obtained

fractions were freeze dried. All extraction steps were

done in three replicates per sample.

Stable isotope analysis

Prior to d13C stable isotope analysis of the ‘‘coarse-

OPel-free’’ samples (OMbulk), OMER and freeze-dried

WEOM fractions, inorganic C was removed by acid

fumigation according to Harris et al. (2001). For acid

fumigation of the latter, no water was added because

water would re-dissolve freeze-dried OM. d13C of the

two OP fractions and d15N for all fractions were

analyzed on samples that were not acidified. Samples

were weighed into tin capsules and combusted in an

elemental analyzer (Flash HT, Thermo Scientific,

Bremen, Germany). Isotope ratios were measured with

a Thermo-Scientific, Delta V advantage isotope ratio

mass spectrometer (Bremen, Germany) coupled to an

elemental analyzer. Isotopic calibration was to IAEA-

CH-6 (sucrose), USGS40 (L-glutamic acid) and IAEA-

N-1 (ammonium sulfate). The isotopic values are

expressed in delta notation (in % units), relative to

VPDB (Vienna Pee Dee Belemnite) for carbon and N2

in air for nitrogen. Analysis of internal laboratory

standards ensured that the estimates of the isotopic

values were precise to within\ 0.1% for d13C
and\ 0.5% for d15N.

Organic C and N contents and Na-pyrophosphate

extractable cations

Total organic carbon (TOC) and total nitrogen (TN)

concentrations (in wt%) of OMbulk, OMER and OP

fractions were measured by EA-IRMS measurements.

Measurements were conducted on each fraction of a

sample if enough material was available (then n = 3);

if not, replicates were combined. The maximum

uncertainty for TOC of OMbulk and OMER was\
0.46 g kg-1 (standard error) and\ 0.08 g kg-1 for

theOP fractions. The uncertainty for TN ofOMbulk and

OMER was\ 0.04 g kg-1 and\ 0.01 g kg-1 for the

OP fractions. DOC and DTN of WEOM and OMPYt

fractions were measured using a Shimadzu TOC-Vpch

after acidifying the samples with 1 M HCl to pH\ 3.

Concentrations of Fe and Al in the Na-pyrophosphate

extract OMPYt were analyzed via ICP-OESwith a ICP-

iCAP 6300 DUO (Thermo Scientific, Bremen). Mea-

surements of DOC, DTN, Fe and Al were always

conducted on all replicate fractions of a sample

(n = 3). The maximum uncertainties of DOC

were\ 0.02 g kg-1 (standard error) for the water

extractable fractions and\ 0.20 g kg-1 for the

OMPYS and OMPYP, of TDN\ 0.01 g kg-1 for the

water extractable fractions and\ 0.02 g kg-1 for the

OMPYS and OMPYP. The uncertainties of FePYt
were\ 0.04 g kg-1 for soils and of FePYt\ 0.18

g kg-1 for sediments, and of AlPYt\ 0.02 g kg-1 for

soils and of AlPYt\ 0.08 g kg-1 for sediments.

Combination of fractions

To reduce the number of fractions discussed in this

study, we combined the results of the single OM

fractions that constituted less than 1.5% of total soil

organic carbon (SOC). d13C and d15N of the

combined fractions were calculated based on their

mass. We combined the results of OPel, OPW1-250

and OPW1-63-250 and denoted the combined fractions

as OPfree that represented loosely bound OM

susceptible to management (Table 1). Furthermore,

the results of OPMaA-250, OPMaA-63-250 and OPMiA-63

were combined and named OPA thus representing
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aggregate occluded OP released after ultra-sonica-

tion. Similarly, the results from WEOMMaA and

WEOMMiA were combined, denoted as WEOMA

and representing aggregate protected WEOM

released after ultra-sonication.

Topographic indices

Different terrain attributes and indices, such as

curvature, slope and TWI were calculated from a high

resolution digital elevation model (DEM) (grid-cell

size 1 m 9 1 m, derived by airborne laser scanning)

using the geographic information system SAGA GIS

(Conrad et al. 2015). To characterize the relative

topographical position of points in the field compared

to the neighborhood (25 m, circle) the Topographic

Position Index (TPI25) was calculated using an

algorithm described in Deumlich et al. (2010).

Rayleigh distillation

The Rayleigh distillation model is a way to describe

isotopic dynamics of substrates over space or time. In

a closed system, there is a lack of new inputs leading to

a progressive conversion of the initial substrate (Fry

2006). During the reaction and with decreasing mass

of the initial substrate an isotopic change in the

remaining substrate occurs. In this case, the relation-

ship between the isotopic ratios in the remaining

substrate and the reacted fraction of the substrate is

described with an exponential model. However, in an

open system new substrate with a potentially different

isotopic composition is added continually as the initial

substrate changes simultaneously (Fry 2006). In our

case, we assumed an open system in which new OM

inputs are introduced by plant production or slurry and

by the transport of organic particles or OM attached to

mineral surfaces from higher topographic positions

(Fig. 1). Losses of OM at each topographic position

occur through transport and microbial decomposition

of OM. As such, we do not interpret the results of a

Rayleigh model strictly in terms of isotopic fraction-

ation, but we use it as a conceptual model (sensu

Cohen 2003) to infer different OM sources and

transport gains or losses at the spatial scale of the

transect. In this case, the relationship between the

isotopic values and the log transformation of elemen-

tal (C or N) concentration of each fraction are

graphically represented. In this analysis, we consider

the slope of the Rayleigh model to integrate spatial

(e.g. erosion, transfer) and temporal (e.g., inputs and

microbial decomposition) effects that describe the

Table 1 Overview of the fractionation scheme and fractions discussed in this study and their ecological relevance

Step Task Fraction Ecological relevance

Soil sample\ 2 mm OMbulk Combination of all fractions

Electrostatic attraction Separation of OP[ 315 lm OPfree Freely available/loosely bound OP, originating

from plant production, susceptible to

management, poorly decomposed
Water extraction 12 h Separation of OP floating on water

([ 250 lm, 63–250 lm;

q\ 1 g cm-3)

Separation of water-extractable OM WEOMfree Freely available water-extractable OM,

susceptible to management and erosion

Ultra-sonication

60 J ml-1
Separation of OP subsequent to macro-

aggregate dispergation ([ 250 lm,

63–250 lm; q[ 1 g cm-3)

OPA Aggregate bound OP, susceptible to

management, stronger decomposed

Separation of water-extractable OM

subsequent to macro-aggregate

dispergation

WEOMA Aggregate bound water-extractable OM,

stronger decomposed and stabilized,

susceptible to management and erosion

Ultra-sonication

440 J ml-1
Separation of water-extractable OM

subsequent to micro-aggregate

dispergation

Na-pyrophosphate

extraction followed by

acidification to pH\ 2

Separation of Na-pyrophosphate

extractable and HCl-soluble OM

OMPYS OM bound via cation mediated interactions

Separation of Na-pyrophosphate

extractable and HCl-insoluble OM

OMPYP OM bound via cation mediated interactions,

larger molecules compared to OMPYS

Extraction residue OMER OM occluded in highly stable micro-aggregates
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landscape impact onOM turnover. Thus, a comparison

of Rayleigh model slopes allows for testing for

different rates of ‘‘transformation’’ among the differ-

ent stabilized OM fractions, i.e., low slopes indicate a

slow turnover, while steep slopes indicate a fast

turnover.

Statistical analysis

We used the Shapiro–Wilk test to test for normally

distributed data. We used analysis of variance

(ANOVA) to test for differences in soil chemical

and mineral characteristics, d13C and d15N isotope

signatures, OC contents and molar C:N ratios between

topographic positions and OM fractions using R

(version 3.1.1, R Foundation for Statistical Comput-

ing, Vienna, Austria, http://www.R-project.org/). We

performed Tukey’s HSD post hoc test to identify these

differences. To explore relationships of d13C, d15N
and OC content with soil chemical and mineral char-

acteristics we used Pearson product-moment correla-

tion analyses when the data were normally distributed

and Spearman rank order correlation analyses for non-

normally distributed data. Correlation coefficients

were considered to be significant at the p B 0.05 level.

In order to test for relationships of d13C, d15N and OC

contents with catchment characteristics and plant

productivity, we performed a linear mixed effects

model (LME; R package nlme Kuznetsova et al.

2016). Here, we used TWI, TPI25, elevation, curva-

ture, slope, LAI and interactions among them as con-

tinuous fixed effect variables, where the transects and

fractions were considered random effect variables

while nesting fractions in transects: lme(y * curva-

ture ? slope ? elevation ? TWI ? TPI25 ? LAI,

random * 1|transect/fraction). To identify the most

parsimoniousmodel includingonly significant predictor

variables for each explanatory variable, we used a step-

wise ANOVA approach based on the Akaike informa-

tion criterion (AIC) to achieve an optimal model that

explains the most variation with the fewest variables.

We used ANOVA to compare slopes of the Na-py-

rophosphate extracted OM (OMPYS, OMPYP), OMER,

and OM in the aggregate fractions.

Results

Pattern of topographic indices and leaf area index

We found the largest mean curvature at hilltops with

0.6 ± 0.1� (n = 4; mean ± standard error) and the

smallest curvature at footslopes with - 0.1 ± 0.1�
(Table 2). The steepest slope was found at hillslopes

with a mean of 5.7 ± 0.4�. While the TWI was similar

between hilltops (4.8 ± 0.5) and hillslopes

(5.0 ± 0.3), it was significantly higher for footslopes

(8.9 ± 0.8) and edges (8.7 ± 0.4) (p\ 0.01). We

found that data were usually normally distributed with

very few exceptions. The significantly highest TPI25

was found for hilltops (0.6 ± 0.1) and the lowest

TPI25 for footslopes (- 0.3 ± 0.0). LAI increased

toward the kettle hole from only 2.8 ± 0.3 at hilltops

to 4.9 ± 0.3 at edges.

Soil and sediment chemical and mineral

characteristics

Clay content in the catchment was greatest at

hillslopes (145 ± 12 g kg-1) and smallest at edges

Table 2 Topographic indices of soil sampling locations (mean ± standard error)

Landscape position Distance# (m) Elevation (m.a.s.l.) Curvature (�) Slope (�) TWI TPI25 LAI§

Hilltop 42.0 ± 3.0 91.5 ± 0.6 0.6 ± 0.1a 2.9 ± 1.0a 4.8 ± 0.5a 0.6 ± 0.1 2.8 ± 0.3

Hillslope 27.1 ± 1.6 90.3 ± 0.4 0.2 ± 0.1a,b 5.7 ± 0.4 5.0 ± 0.3a 0.2 ± 0.1b 3.9 ± 0.4

Footslope 10.1 ± 2.0 88.8 ± 0.1 - 0.1 ± 0.1b 2.3 ± 0.4a 8.9 ± 0.8b - 0.3 ± 0.0a 4.9 ± 0.5

Edge 2.0 ± 0.3 88.6 ± 0.1 0.1 ± 0.2a,b 2.4 ± 0.6a 8.7 ± 0.4b - 0.1 ± 0.1a,b 4.9 ± 0.3

TPI25 topographic position index, TWI topographic wetness index, LAI leaf area index
#Horizontal distance
§n = 8
a,bLandscape positions, which are not significantly different from each other according to the Tukey’s HSD post hoc test (p B 0.05

level) share the same letter. We do not report estimates of significance (p values) for LAI due to the low number of replicates per each

topographic position (n = 2)
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(73 ± 15 g kg-1) (Table 3). Kettle hole sediments

had much greater clay contents than the soil

(328 ± 49 g kg-1, n = 2), but contained almost no

sand (52 ± 39 g kg-1). The pH decreased toward the

kettle hole with 7.6 ± 0.0 at hilltops being signifi-

cantly higher compared to edges with a mean of

6.4 ± 0.4 (p = 0.03) as does TIC with 7.20 ±

1.97 g kg-1 at hilltops to 1.35 ± 0.25 g kg-1 at

edges. Similarly, the CEC decreased from

9.32 ± 1.17 cmolc kg
-1 at hilltops to 7.00 ±

1.61 cmolc kg
-1 at edges and Caex patterns were

similar, while Mgex increased toward the kettle hole

with the content of Mgex being significantly lower at

hilltops compared to the kettle hole (p = 0.04). The

CEC was significantly higher in kettle hole sediments

compared to soils with 23.57 ± 1.19 cmolc kg
-1,

similar patterns were also found for Caex (p\ 0.01).

As such, Caex largely explained the CEC patterns. The

content of FeDCB was larger in the erosional areas

compared to depositional areas and the largest content

was found in sediments (8.42 ± 1.15 g kg-1)

(Fig. 3). The concentration of Feox was smaller than

FeDCB, but increased from 0.96 ± 0.12 g kg-1 at

hilltops to 1.26 ± 0.6 g kg-1 at edges and were

almost four times higher in sediments

(5.58 ± 0.52 g kg-1) (p\ 0.01). As such, the ratio

of Feox:FeDCB decreased with topographic position

and distance from the kettle hole shoreline. FePYt
contents were again significantly lower than those of

Feox (p\ 0.01), but followed the same pattern.

Correspondingly, the ratio of FePYt:FeDCB was even

lower than of Feox:FeDCB, but decreased with topo-

graphic position. Similar to the contents of

extractable Fe, the Al contents decreased from

AlDCB[Alox[AlPYt, whereas AlPYt increased with

topographic position.

Organic carbon

The OMbulk average OC stock increased toward the

kettle hole (Fig. 4). Similarly, mean OC contents

across all fractions were found to increase from

hilltops to the kettle hole edge and were highest in the

kettle hole sediments (Table 4), however their per-

centage of SOC varied depending on the fraction

(Fig. 4). Overall, we found OC contents of nearly all

fractions from the kettle hole sediment, except for OP

fractions, to be significantly larger compared to the

OC contents from the soils (p\ 0.01). While the OCT
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made up by the sum of OPfree and OPA were on

average 5.9 ± 0.5% of SOC at hilltops, their propor-

tion was with 12.5 ± 1.1 and 11.0 ± 0.5% signifi-

cantly greater at footslopes and edges, respectively

(p\ 0.01). OC contents in OPfree and OPA from

sediments was again significantly larger and made up

22.8 ± 8.0% of SOC (p\ 0.01), though having a

large range from 4.7 to 44.4% among the four samples

with[ 90% OC from OP found in OPA. Accordingly,

all other sediment fractions varied greatly in percent-

age of SOC across the four replicate samples. The

proportion ofWEOMfree was small ranging on average

from 1.2 ± 0.0 to 1.5 ± 0.1% depending on topo-

graphic position, whileWEOMAmade up 2.6 ± 0.1 to

3.9 ± 0.3% of total SOC, except for sediments where

it was only 1.7 ± 0.3%. The proportion of OMPYt

Fig. 3 Contents of the dithionite-citrate-bicarbonate

extractable Fe (FePYt) and Al (AlDCB), oxalate extractable Fe

(Feox) and Al (Alox), Na-pyrophosphate extractable Fe (FePYt)

and Al (AlPYt), and the ratios of Feox:FeDCB and FePYt:FeDCB
versus the distance of the sampling position to the kettle hole

shoreline (m). The black solid lines represent regressions lines

through the four topographic positions in the catchment with the

correlation coefficient r. Pearson correlation coefficients (r) are

reported for each regression. Kettle hole values are presented as

reference and are not included in the regression, thus the

distance from the shoreline is not reported

Biogeochemistry (2017) 136:47–70 57

123



ranged from 12.9 ± 2.2% in sediments to

17.8 ± 1.4% at the edges. The largest proportion of

OC was left in OMER, where it averaged to

45.8 ± 6.3% in sediments and reaching up to

70.8 ± 2.0% at hilltops. Therefore, stable isotope

values of OMbulk are dominated by the mineral-

associated fractions (OMPYS, OMPYP, OMER). The

sum of our fractions was less than 100% of total SOC,

we assume this was a result from measurement

uncertainties and OM attached to mineral particles

larger than 0.45 lm, which were lost during vacuum

filtration.

d13C, d15N, and C:N ratio patterns

d13C values of OMbulk from soils gradually decreased

from hilltops toward the kettle hole with

- 26.5 ± 0.1% to edges with - 27.8 ± 0.2%
(Fig. 5). OMbulk from the kettle hole sediments was

depleted in 13C with d13C = - 28.5 ± 0.3% com-

pared to the soils. d13C of OP fractions, OMPY

fractions, and OMER fell along the Rayleigh distilla-

tion line. The same fractions from the kettle holes

sediments were often more depleted in 13C than the

edge sample, following the Rayleigh trend, but the OC

contents were substantially higher than the linear trend

of the soil samples. The slopes of the linear relation-

ships of soil samples between the d13C values and the

log-transformed OC content were negative for most

fractions ranging from - 5.5 (OMER) to - 2.8

(OMPYP). Generally, OMPYS from hilltops was sig-

nificantly enriched in 13C with d13C - 26.0 ± 0.1%
(p = 0.01) and OPA from the kettle hole was signif-

icantly depleted in 13C with d13C = - 29.1 ± 0.2%
(p\ 0.01) (Table 4). OMPYS was always found to be

more enriched in 13C than OMPYP. Interestingly,

WEOMfree, and WEOMA showed a different pattern;

in fact, WEOMA from edges was even significantly

enriched in 13C compared to the other topographic

positions (p\ 0.01) and had a positive slope.

The slopes of the Rayleigh models for the two

OMPY fractions were significantly different

(p\ 0.01), although, the slopes of the OMPYP and

both OMOP fractions were not significantly different at

the a = 0.05 level. In addition, the OMER Rayleigh

slope was not significantly different from the OMPYS

fraction, thus resulting in two groups of OM turnover:

the OMER and OMPYS in one, and the OMPYP, OPfree,

and OPA in the other.

In contrast to soils, OPfree in sediments was

significantly enriched in 13C than OPA (p\ 0.01).

WEOMA from footslopes and edges was significantly

enriched in 13C compared to WEOMfree (p\ 0.01) at

the same positions. The d13C of both fractions was in

the same range at hilltops and hillslopes. In contrast,

WEOMA of the kettle hole sediment was significantly

depleted in 13C than WEOMfree (p\ 0.01). While

OMPYS, OMPYP and OMER from hilltops, hillslopes,

and footslopes were consistently more enriched in 13C

than WEOMfree and WEOMA (p\ 0.01; except for

OMPYP from footslopes), the same fractions were in

similar range to kettle hole sediments.

d15N values of OMbulk did not show any clear trend

but footslopes were found to be significantly enriched

with d15N = 6.2 ± 0.3% and kettle hole sediments

were significantly depleted with d15N = 3.4 ± 0.4%
(p\ 0.01) (Fig. 6; Table 4). In general, sediment

fractions were consistently depleted in 15N except for

WEOMfree. OPfree, OPA and OMER were consistently

significantly enriched at footslopes (p\ 0.01).
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Footslopes aside, d15N of OPA and OMER decreased

towards the kettle hole. In fact, only d15N of OMPYS

and OMPYP decreased towards the kettle hole. Sim-

ilarly to d13C, WEOMfree and WEOMA were increas-

ingly enriched in 15N toward the kettle hole

(p\ 0.01). The Rayleigh model slopes of the OP

and OMER fractions were not significant, we therefore

only compared the slopes of the OMPYP and OMPYS

fractions: the OMPYP was significantly lower

(p\ 0.10) than the OMPPYS.

Fig. 5 Plot of d13C versus the logarithm in base of 10 of the

organic carbon (OC) concentration in the form of a Rayleigh

distillation model for each fraction for each topographic position

(n = 4 per position). The black solid lines represent linear

regressions through the four topographic positions in the

catchment with the correlation coefficient r and slope m. The

p values represent the goodness of the fit. OMbulk organic matter

in the bulk soil, OPfree loosely bound organic particles, OPA

aggregate occluded organic particles, WEOMfree loosely

attached water-extractable organic matter, WEOMA aggregate-

bound water-extractable organic matter, OMPYS Na-pyrophos-

phate extractable and HCl-soluble organic matter, OMPYP Na-

pyrophosphate extractable and HCl-insoluble organic matter,

OMER organic matter in the extraction residue
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Similar to d13C, WEOMfree of sediments was

significantly enriched in 15N compared to WEOMA

(p\ 0.01), whereas the opposite was observed for the

other topographic positions. Furthermore, OMPYP was

significantly depleted in 15N to OMPYS (p\ 0.01),

which was also the case for edges and footslopes, but

with a lower difference between both fractions.

Fig. 6 Plot of d15N versus the logarithm in the base of 10 of the

total nitrogen (TN) concentration based in the form of a

Rayleigh distillation model for each fraction for each topo-

graphic position (n = 4 per position). The solid black lines

represent linear regressions through the four topographic

positions in the catchment with the correlation coefficient r

and slope m. The p values represent the goodness of the fit.

OMbulk organic matter in the bulk soil, OPfree loosely bound

organic particles, OPA aggregate occluded organic particles,

WEOMfree loosely attached water-extractable organic matter,

WEOMA aggregate-bound water-extractable organic matter,

OMPYS Na-pyrophosphate extractable and HCl-soluble organic

matter, OMPYP Na-pyrophosphate extractable and HCl-insol-

uble organic matter, OMER organic matter in the extraction

residue
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There was no particular pattern in molar C:N ratio

of OMbulk or any OM fractions visible with landscape

position (Table 4). Molar C:N ratios of OMbulk ranged

from amean of 9.9 ± 0.2 at hillslopes to 11.7 ± 0.8 in

kettle hole sediments. The highest molar C:N ratios

were found in OPfree and OPA ranging from on average

15.0 ± 1.8 to 20.1 ± 1.2 at hilltops. The lowest C:N

ratios were detected in WEOMfree and WEOMA

ranging between 3.2 ± 0.4 and 7.7 ± 0.3. Molar

C:N ratios from OMPYS and OMPYP were higher and

ranged from 11.3 ± 0.4 to 15.7 ± 0.7. Molar C:N

ratios from OMER were always significantly lower

than OMbulk (p\ 0.01) and ranged from 6.9 ± 0.5 to

8.5 ± 1.0.

Linear mixed effects model

The LME results revealed that TPI25 and curvature

had the most significant effect on the OC content

(Table 5). With respect to d13C, strong significant

effects could also be observed for LAI, TPI and the

interaction term between LAI, TPI25, and curvature.

Elevation and curvature were found to have the largest

affect on d15N.

Correlation analyses of organic carbon content,

d13C and d15N with soil characteristics

There were positive correlations (r[ 0.8, n = 16)

between OC contents of OMPYS and OMPYP with

FePYt and AlPYt (Table 6). Positive correlations were

also found between OC in OMPYS and OMPYP with

Feox, but the correlation coefficients were not as

strong. Negative correlations could be observed for

OC in OMPYS and OMPYP with the content of clay-

sized particles and Caex.

Discussion

From the hilltop to kettle hole, we observed distinct

patterns in the physical and chemical properties of the

soil and sediment. The relatively high clay content at

the hilltop position indicates that tillage has exposed

the clay rich Bt horizon, and is clear evidence of the

history of erosion across the site. Clay and silt contents

were greatest in the kettle hole sediments highlighting

the importance of the transport of terrestrial material

into the kettle hole over time. The transport of soil

along the transect resulted in an increase of poorly

crystalline Fe and Al (oxy)hydroxides and complexed

cations toward the kettle hole as these are prone to a

lateral transport due to their small size (Berhe et al.

2012). Similar patterns were previously found by

Ellerbrock et al. (2016) for a nearby catchment. As a

result of this transport, the OC content increased along

the transect from hilltop to edge, which corresponded

to the landscape curvature and TPI25. The C stock was

especially large in the kettle hole, emphasizing the

depositional nature of these water bodies. Thus, the

drivers of OM distribution across the hillslope and into

the kettle hole span the transect to aggregate scales

while the different OM stabilization mechanisms and

OM sources are dependent on a combination of plant

production, transport of material, and soil chemical

properties.

Table 5 Results of the linear mixed effects (LME) model on organic carbon (OC) content and stable isotope ratios as explanatory

variables

Explanatory variable Predictor variable Estimate SE t value p value

OC Curvature - 2368.70 499.69 - 4.74 \ 0.01

TPI25 996.42 385.46 2.69 0.01

d13C LAI - 0.59 0.13 - 4.58 \ 0.01

TPI25 - 0.82 0.38 - 2.17 0.03

LAI:TPI25: Curvature 0.24 0.10 2.45 0.02

d15N Elevation 0.20 0.10 2.06 0.04

Curvature - 1.16 0.28 - 4.10 \ 0.01

TPI25 topographic position index, LAI leaf area index
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Transect scale

We hypothesized that the d13C, d15N, and OC content

pattern of OM fractions across the transects to be a

result of land management or isotopic effects that

occur with erosion, OM production, and turnover. We

used the Rayleigh distillation model as a general test to

infer if land management versus isotopic fractionation

explained patterns in OM content and isotopic values.

Distinct differences in the rate of OM transforma-

tion exist between the different fractions, specifically

between two groups: 1) the organic particle (OP) and

Na-pyrophosphate extractable and HCl-insoluble

organic matter (OMPYP) fractions, versus 2) the Na-

pyrophosphate extractable and HCl-soluble organic

matter (OMPYS) and organic matter in the extraction

residue (OMER) fractions. The Rayleigh slopes of the

OP fractions were significantly lower, indicating a

slower turnover rate overall. The OP fractions are most

likely representative of recent un-decomposed plant

litter, the absence of a pattern in the 15N Rayleigh

model supports this assumption as land management

effects and plant species selection contribute to the

variability. The OMPYP fractions, on the other hand,

represent OM that is mineral-associated and that has

been microbially processed (Kayler et al. 2011). The

turnover rate, inferred from the slope of the Rayleigh

model, is the slowest of the stabilized OM fractions,

and is thus potentially moving more slowly down the

hillslope. Based on the steeper slopes of the Rayleigh

model, we found that the OMER and OMPYS fractions

had the fastest landscape turnover time and could be

related to transport due to the small size or a

preference in the type of OM binding, a possibility

described in depth below. Furthermore, the faster

turnover of the OMPYS fractions relative to the OMPYP

was consistent for both C and N. These findings

suggest different processes are affecting the rates of

transformations that are recorded in the isotopic

composition patterns. Despite the differences in

turnover rates, we did find similar d13C and d15N
Rayleigh patterns (i.e., the slopes are all negative) for

OM bound by mineral associations, fractions that

contributed to the majority ([ 65%) of OMbulk:-

OMPYS, OMPYP, and the OMER fractions. We propose

that there are at least two non-mutually exclusive

explanations for the patterns we observed that can be

generalized into biological and transport related

isotope effects.

The linear statistical model (LME) identified LAI, a

proxy of plant productivity, as a significant variable

that explains the variation of d13C along the transect

(Table 5). LAI was greater in positions closer to the

kettle hole and corresponds to more negative values of

OM d13C, presumably sites near the kettle hole are

more favorable to plant growth which can lead to

Table 6 Correlation coefficients (Pearson for normally dis-

tributed data and Spearman rank for non-normally distributed

data, the latter indicated by an asterisk) between the organic

carbon (OC) content, d13C and d15N and soil characteristic

including all topographic positions and transects (n = 16)

Soil characteristic OC d13C d15N

OMPYS OMPYP OMER OMPYS OMPYP OMER OMPYS OMPYP OMER

Clay - 0.69* - 0.67* ns 0.58 0.62 0.7 0.42 0.43 ns

FeDCB - 0.60* - 0.62* ns 0.61 0.55 0.62 ns 0.43 ns

Feox 0.60* 0.57* ns - 0.56 - 0.63 - 0.68 - 0.52 - 0.6 - 0.42

FePYt 0.91* 0.89* 0.46 - 0.80 - 0.89 - 0.98 - 0.74 - 0.79 - 0.50

AlDCB ns ns ns ns ns ns ns ns ns

Alox ns ns ns ns ns ns ns ns - 0.47

AlPYt 0.87* 0.84* 0.41 - 0.69 - 0.84 - 0.90 - 0.78 - 0.72 - 0.56

Caex - 0.54* - 0.53* ns 0.49 0.66 0.74 0.44 ns ns

OMbulk organic matter in the bulk soil, OPfree loosely bound organic particles, OPA aggregate occluded organic particles, WEOMfree

loosely attached water-extractable organic matter, WEOMA aggregate-bound water-extractable organic matter, OMPYS Na-

pyrophosphate extractable and HCl-soluble organic matter, OMPYP Na-pyrophosphate extractable and HCl-insoluble organic matter,

OMER organic matter in the residue, ns not significant

*Spearman rank
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greater isotopic discrimination during photosynthesis

and consequently OM depleted in 13C (Brüggemann

et al. 2011). We acknowledge that LAI is only a proxy

for plant growth and subsequent C reaching sites of

stabilization within soil, and we need to assume that

productivity has been maintained over SOM develop-

ment time scales (Gerke et al. 2016), but a plant

response to the transect gradient would explain the

trend toward more negative isotopic values from

hilltop to edge. In this case, the system is open and OM

is repeatedly introduced for stabilization, a process

often referred to as dynamic replacement (Berhe et al.

2007, 2008; Harden et al. 1999).

The second explanation of the Rayleigh results,

with an emphasis on the mineral associated fractions,

is the transport of OM, soil particles, and aggregates

during erosion. Based on their settling velocities, the

smallest particles and aggregates are selectively

transported furthest along the hillslope (Hu et al.

2016). This leads to an enrichment of clay and silt at

depositional sites, in our case, the kettle hole sedi-

ments. Fine particles and aggregates espe-

cially\ 53 lm are generally comprised of

complexed, poorly crystalline and well-crystallized

mineral phases as well as clay minerals (e.g., oxides,

layer-silicates), which can interact with OM (Kaiser

et al. 2007;Wagai et al. 2013; Doetterl et al. 2015).We

therefore hypothesize that these fine particles and

aggregates are associated with OM that is relatively

depleted in 13C and 15N explaining the patterns of the

mineral associated fractions OMPYS, OMPYP and

OMER across the topographic positions. These results

are consistent with the findings of Kaiser et al. (2001),

who found that sorption led to a depletion in 13C in the

hydrophobic fraction that preferentially bound to

mineral surfaces, providing a mechanism for our

findings. In one of the most in-depth studies to date on

particle size and corresponding isotopic values, Hu

et al. (2016) found a depletion in 13C and a higher OC

content with decreasing particle size independent from

topographic position. In our study, we discuss the

possible mechanisms behind the association of OM

with poorly crystalline and well-crystallized mineral

phases in the aggregate scale discussion below (sec-

tion ‘‘Aggregate scale’’).

The non-mineral associated organic particle (OP)

and water-extractable organic matter (WEOM) frac-

tions exhibit origins from plant inputs, effects from

landmanagement, and transformations frommicrobial

decomposition. For example, the loosely bound

organic particles (OPfree) can be regarded as fresh,

poorly decomposed OM, and therefore reflects plant C

isotopic composition. However, the overall d15N of

OPfree does not conform to the Rayleigh distillation

patterns (Fig. 6). Such inconsistencies may result from

slurry fertilization, which is known to lead to an

enrichment in 15N of plants (Bateman et al. 2005;

Senbayram et al. 2008). The downslope transport of

slurry and nutrients (Lloyd et al. 2016) may subse-

quently have led to enrichment in 15N at the footslopes

and edges (Choi et al. 2003).

We observed a pattern of isotopic enrichment in the

water extractable fractions that may result from

decomposition of OM, supply of OM to soil, or slurry

application. Enrichment in 13C and 15N of bulk soil

OM is often attributed to the processing of soil OM by

microbes (Dijkstra et al. 2008; Kayler et al. 2011;

Brüggemann et al. 2011). The aggregate-bound water-

extractable organic matter (WEOMA) isotopic values

were consistently elevated compared to the loosely

attached water-extractable organic matter

(WEOMfree) (Table 4) indicating that WEOMA rep-

resents OM with a larger degree of microbial

processing. Furthermore, the enrichment of 15N of

WEOM fractions and the enrichment of 13C of

WEOMA from the hilltop to kettle hole edge (Figs. 5,

6) suggests products of microbial decomposition may

accumulate with transport and leach toward the kettle,

or the conditions for decomposition increase along the

transect. Slurry application might also have con-

tributed to the enrichment in 15N of WEOMfree and

WEOMA via inorganic N in these fractions (Table 4).

Gregorich et al. (2003) suggested inorganic N derived

from manure to have led to low C:N ratios in water

extractable fractions, which is in agreement with our

C:N ratios of the WEOMfree and WEOMA fractions.

Alternatively, denitrification that may occur during

periods of anoxia, which might have produced nitrate

enriched in 15N that was later incorporated in OM

(Pennock et al. 1992; Sutherland et al. 1993; Dungait

et al. 2013).

Based on the decreasing trend of isotopic values

with OC content, we can confirm our first hypothesis,

that at the transect scale OM patterns are largely

driven by material transport and inputs from plant

productivity and, to a lesser extent, land management.

Microbial processing was an important factor in the

OM isotopic patterns of WEOM fractions along the
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transect; however, the role of microbes may also still

be relevant at the aggregate scale.

Aggregate scale

The transect provided a strong gradient in clay, silt,

and cation concentrations as well as different forms of

Fe and Al that allowed us to infer OM stabilization

dynamics in the soil. Our OC recovery rate of 84–96%

(Fig. 4) was similar to other studies (Balesdent et al.

1998; Moni et al. 2012) and indicated that we lost a

part of OC that we attribute to the vacuum filtration

especially after the ultrasonication, which was of

higher importance for the clay rich sediments. As

such, we might have slightly underestimated the OC

contents of the OMPYS, OMPYP, and OMER fractions.

We observed[ 65% of OC in putative stabilized

fractions OMPYS, OMPYP, and OMER highlighting the

importance of organo-mineral interactions. The strong

positive correlations between organically complexed

Fe (FePYt) and Al (AlPYt) with OC in the Na-

pyrophosphate extractable organic matter (OMPYS,

(OMPYP) fractions (Table 6) indicate the occurrence

of Fe-OM and Al-OM associations (Fig. 7). Further-

more, correlations between the poorly crystalline Fe

(Feox) content with OMPYS and OMPYP suggests that

poorly crystalline Fe oxides may also be involved in

binding OM.

The distribution of polyvalent cations at topo-

graphic positions provides evidence for erosion of

certain Fe phases. At the footslopes and edges we

found the largest FePYt, Feox, AlPYt, and OC contents

(Fig. 3; Table 4), similar to Berhe et al. (2012) and

Ellerbrock et al. (2016), indicating the downslope

transport of poorly crystalline and organically com-

plexed Fe and Al phases. In addition, moister

OMPYS
OMPYP  

Fe-OM associations 
Al-OM associations 

Plant inputs 
(root exudates,
low molecular 
organic acids) 

Fe-OM associations 
clay-Ca2+-OM associations 
Ca2+-OM associations 

Microbially  
processed  
OM (macro- 
molecules) 

OMPYS
OMPYP  

OMER OMER

well-crystallized 1) Organically 
complexed 

cations 
2) poorly 
crystalline 
cations 

Edge Hilltop 

low δ13C high δ13C

Fig. 7 Conceptual model illustrating the origin and parameters

as well as pathways and processes that affect the fate of Na-

pyrophosphate extractable and HCl-soluble organic matter

(OMPYS), Na-pyrophosphate extractable and HCl-insoluble

organic matter (OMPYP) and organic matter in the extraction

residue (OMER) across a transect from erosional (right) to

depositional (left) areas. The elongated triangles illustrate an

increase or decrease of a given process or parameter across the

transect. OMwas regarded as associated with minerals based on

correlations of d13C, d15N and OC contents with soil mineral

characteristics (Table 6) and on the significant effects obtained

from the linear mixed effects model (Table 5)
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conditions in the vicinity of the kettle hole could lead

to the transformation of well-crystallized Fe phases

into poorly crystalline and organically complexed Fe

phases in the depositional area (footslopes, edges)

(Thompson et al. 2011). In contrast, we found greater

concentrations of well-crystallized Fe phases (FeDCB)

at hilltops and hillslopes due to more oxic conditions.

This is indicated by the increase in the Feox:FeDCB and

FePYt:FeDCB ratios toward the kettle hole (Fig. 3).

Such patterns suggest that soil from eroding positions

may have maximized the capacity to stabilize OM via

organo-mineral complexes (Berhe et al. 2012).

We found negative correlations between FePYt,

Feox and AlPYt with d13C and d15N (Table 6) suggest-

ing that poorly microbially processed OM is stabilized

via Fe-OM and Al-OM associations. We contend that

the there is a preferential sorption of recent plant

assimilates (e.g., root exudates) that are depleted in
13C and 15N (Kaiser et al. 2001). However, the

permanence of mineral associated OM is uncertain, as

hypotheses exist that suggest root-derived OM is

protected from microbial decomposition (Farrar et al.

2003; Rasse et al. 2005) while other research shows

oxalic acid derived from roots liberates mineral

associated OM (Keiluweit et al. 2015). Both concepts

can explain the patterns we observed in our data.

Isotopically light material associates with mineral

surfaces that may become protected from decompo-

sition or lost, freeing up binding sites that are then

reoccupied later.

On the other hand, the observed enrichment in 13C

of OMPYS, OMPYP and OMER with increased FeDCB
contents suggests more microbially processed OM is

stabilized with well-crystallized Fe phases (Fig. 7).

Furthermore, the positive correlations between d13C of

OMPYS, OMPYP and OMER with the contents of Caex
and clay (Table 6) indicates interactions of OM either

directly with Ca2? or via Ca2? with clay-sized Al-

silicates (Kayler et al. 2011). Since FeDCB, Caex and

clay contents are higher at hilltops and hillslopes,

organo-mineral associations are particularly important

at these erosional areas, corroborating the findings of

Berhe et al. (2012). Interestingly, OC contents of

OMPYS and OMPYP were negatively correlated with

FeDCB, Caex, and clay contents, which contradicts the

findings of Kaiser et al. (2012) for Caex. We attribute

our findings to the transport of OM downslope and

lower plant productivity at eroding positions. Overall,

we confirm hypothesis (2), OM at our site was

stabilized by different mineral associations that are

slope position dependent; moreover, we found that the

OM bound in the different organo-mineral associa-

tions range from recent plant inputs to microbially

processed material.

Sedimentary organic matter

The kettle hole is clearly collecting and accumulating

OM. We hypothesized that the source of this OM in

the sediment fractions was of different terrestrial

origin. The depleted isotopic values of the mineral-

associated OM sediment fractions largely conform to

the Rayleigh model, but not in terms of the very high

OC and TN concentrations of the kettle holes (Figs. 5,

6). The isotopic results are consistent with the

framework of a large input of OM depleted in the

heavy isotopes transported with small particles such as

clay, and silt into the kettle hole, as discussed for the

transect results (section ‘‘Transect scale’’ above). The

higher OC contents of the mineral-associated OM

fractions compared to SOM fractions is most likely

due the accumulation of transportedmaterial over time

(Stallard 1998) and is confirmed by the high C stock in

the sediment. Furthermore, molar C:N ratios of

aquatic sedimentary OM fractions are in a similar

range compared to C:N ratios from SOM fractions.

This finding suggests the presence of pond-internal

aquatic sources, such as phytoplankton or other

periphytic algae, with molar C:N ratios typically

ranging from 4 to 10 (Meyers 1994), unlikely.

Therefore, our molar C:N ratios[ 12 from organic

particles (OPfree, OPA) and Na-pyrophosphate

extractable organic matter (OMPYS, OMPYP) (Table 4)

are consistent with a terrestrial OM source.

However, macrophytes and inputs from land man-

agement are other potential OM sources that con-

tribute to kettle hole sediments. Emergent

macrophytes (Carex acutiformis, Sparganium erec-

tum) are common in the littoral zone of the kettle hole.

We regard emergent macrophytes as terrestrial in

origin given their high lignin content and since

atmospheric CO2 is the C source. Furthermore,

submerged, floating-leaved, and free-floating macro-

phytes are present in the kettle hole. We consider these

macrophytes as aquatic in origin since dissolved

inorganic carbon (DIC) is the C source. These

macrophytes of aquatic and terrestrial origin represent

a direct source of OM into the water column either
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directly as particulate organic matter (POM) or as

dissolved organic matter (DOM) after decay (Nitzsche

et al. 2017) and can partly contribute to the high C

stock in the sediment. Visible plant residues in organic

particles (OPfree and OPA) support this assumption, but

we lack estimates of macrophyte productivity and

isotopic signatures to properly estimate their contri-

bution. Since we only separated the organic parti-

cles[ 63 lm after ultrasonication, we acknowledge

macrophytes could contribute an unknown portion OC

to the extraction residue OMER. In addition to

macrophyte contributions, slurry application on the

agricultural field may contribute to the d15N of OM

fractions as suggested by Nitzsche et al. (2017) for a

larger number of kettle holes located in agricultural

fields. Based on these findings, we partly confirm

hypothesis 3) that OM in sediment fractions is

predominantly of terrestrial origin; however, with

unknown contributions via aquatic OM and slurry

sources.

Kleeberg et al. (2016) found that the sediment

accretion rate increased after 1983 for the same kettle

hole, due to the intensification of agriculture in the

area (Bayerl 2006) leading to enhanced erosive inputs.

OM was found to be associated with clay in marine

sediments (Keil et al. 1994; Hedges and Oades 1997),

and Lalonde et al. (2012), suggested a preferential

stabilization of 13C rich proteins and carbohydrates via

reactive iron surfaces, which is a possibility for our

sediments given the enriched d13C values of OMPYS.

Though our kettle hole replicate size (n = 4) is too

small for robust correlation analyses, the large OC

content of OMPYS, OMPYP and OMER fractions

provide strong evidence for organo-mineral associa-

tions (Table 4).

Conclusions

We have shown that OM stabilization and accumula-

tion along agricultural hillslopes is contingent upon

relatively large-scale drivers, in our case, erosion and

land management that enhances plant productivity.

Organo-mineral associations with poorly crystalline

mineral phases and organically complexed cations

were clearly important where fine soil particles

accumulated and we were able to demonstrate that

the OM associated to these phases tended to be

depleted in the heavy isotopes 13C and 15N. The

depleted isotopic signatures emphasize the role of

recent plant assimilates in stabilized OM and the

mechanism behind these patterns deserves further

investigation. Similarly, the transport of fine soil

particles and associated OM into kettle holes con-

tributes to the large C storage potential of kettle holes

in this hummocky, arable landscape. Overall, the

combination of OM fractions and stable isotopes

provided useful information concerning the source of

OM and how OM is distributed within the kettle hole

catchment. Accounting for the full range of particle

sizes transported along the hillslope as well as

quantifying the annual contributions of transported

material to the kettle holes will help improve the

understanding of OM dynamics in eroding agricultural

landscapes.
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