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A B S T R A C T   

Sediment fingerprinting (SF) methods using taxonomic-specific biomarkers such as n-alkanes have been suc-
cessfully used to distinguish sediment sources originating from different land uses at a catchment scale. In this 
study, we hypothesise that using a combination of soil biomarkers of plant, fungal and bacterial origin may allow 
greater discrimination between land uses in SF studies. Furthermore, we assess if the inclusion of short chain 
(shorter than C22) neutral lipid fatty acids (SC-NLFA) improves land use discrimination, considering the Loch 
Davan catchment (34 km2) in Scotland as a case study. Fatty acids are commonly used to measure abundance and 
diversity of soil microbial and fungal communities. The spatial distribution of these soil communities has been 
shown to depend mainly on soil properties and, therefore, soil types and land management practices. The n- 
alkane and SC-NLFA concentrations and their compound specific stable isotope signatures (CSSI) in four land 
cover classes (crop land, pasture, forest, and moorland) were determined and their contribution to six virtual 
sediment mixture samples was modelled. Using a Bayesian un-mixing model, the performance of the combined n- 
alkane and SC-NLFA biomarkers in distinguishing sediment sources was assessed. The collection of new empirical 
data and novel combinations of biomarkers in this study found that land use can be distinguished more accu-
rately in organic sediment fingerprinting when combining n-alkanes and SC-NLFA or using SC-NLFA and their 
CSSI alone. These results suggest that fingerprinting methods using the output of unmixing models could be 
improved by the use of multiple tracer sets if there is a commensurate way to determine which tracer set provides 
the “best” capacity for land use source discrimination. This new contribution to the organic sediment finger-
printing field highlights that different combinations of biomarkers may be required to optimise discrimination 
between soils from certain land use sources (e.g., arable-pasture). The use of virtual mixtures, as presented in this 
study, provides a method to determine if addition or removal of tracers can improve relative error in source 
discrimination. Combining biomarkers from different soil communities could have a significant impact on the 
identification of recent sources of sediment within catchments and therefore on the development of effective 
management strategies.   

1. Introduction 

Fine grained sediment is a natural and important component of 
fluvial systems, however, increased fluxes can impact stream ecological 
health and river functioning (Owens et al., 2005; Scheurer et al., 2009; 
Stenfert Kroese et al., 2020). Catchment soils contribute to a wide range 
of ecosystem services and fulfil many roles including structural and re-
sources, filter and reservoir, fertility and biodiversity and climate 

regulation (Dominati et al., 2010; McBratney et al., 2014). Natural 
processes such as erosion and the loss of soil carbon can be greatly 
accelerated by changes in climate and human activity (Battin et al., 
2009; Gobin et al., 2004; Koch et al., 2013), resulting in increased lateral 
fluxes of soil organic carbon (SOC) to waterways. Therefore, it is of vital 
importance to identify sources of sediment within catchments to inform 
effective management strategies. 

Sediment fingerprinting has emerged in the last 20 years as an 
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essential approach to quantify the relative contribution of different land 
use sources to organic matter load in waterways (Alewell et al., 2016; 
Chen et al., 2017; Glendell et al., 2018; Hancock and Revill, 2013; Liu 
et al., 2021b; Walling et al., 1999). However, broad land use classifi-
cations (e.g., agricultural land cover, natural land cover) do not enable 
precise SOC origins to be determined or, consequently, management 
strategies to be targeted (Owens et al., 2016). The use of multiple source 
group classifications (e.g., cropland, pasture, forest, moorland) can 
result in a greater spatial resolution of sediment origin, however, each of 
the sources must be discriminated strongly by at least one tracer. In 
consequence, the more source groups used, the more unlikely it will be 
that sufficiently strong discriminators are available for all sources 
(Collins et al., 2020; Pulley and Collins, 2018). 

Fingerprinting methods using taxonomic-specific tracers (e.g. n- 
alkane ratios) (Galoski et al., 2019; Glendell et al., 2018; Liu et al., 
2021a; Zhang et al., 2017) and compound-specific stable isotope (CSSI) 
signatures of long-chain (longer than C22) fatty acids (LCFAs) (Alewell 
et al., 2016; Hirave et al., 2020b), have been successfully applied to 
distinguish sediment sources originating from different land uses at a 
catchment scale. The n-alkanes are widely used plant biomarkers (Bush 
and McInerney, 2013). These naturally occurring unbranched hydro-
carbons are an important constituent of cuticular plant leaf-waxes, 
deposited in soil by leaf-fall, and are relatively resistant against degra-
dation (Zech et al., 2011). The n-alkanes are stable, long-lived molecules 
that can survive in the fossil record for millennia (Bush and McInerney, 
2013). This has led to their use as biomarkers in tracing vegetation input 
to soil and sediments over decadal and centennial time scales (Chen 
et al., 2017, 2022; Glendell et al., 2018; Wang et al., 2015) and also in 
paleoecology and paleoclimatology (Glaser and Zech, 2005; Meyers, 
2003; Zech et al., 2009). The longer the n-alkane chain length, the less 
soluble they are in water, reducing their metabolism by microorganisms 
(Cranwell, 1981; Ranjan et al., 2015). Consequently, alkanes of chain- 
length >C24 are generally resistant to biodegradation (Singh et al., 
2012) making them suitable as conservative sediment tracers. Plants 
produce a range of n-alkanes with a strong odd-over-even predominance 
(OEP) and one or two dominant chain lengths: trees and shrubs are 
characterised by C27 or C29, grass is characterised by C31 or C33 (Bush 
and McInerney, 2013; Meyers, 2003; Zech et al., 2013) and lower plants 
and mosses by C23 and C25. Short-chain length n-alkanes (<C23) are 
typically derived from aquatic algae (Ficken et al., 2000; Meyers, 2003). 
Variability in the carbon isotopic signatures (δ13C) of n-alkanes is driven 
both by plant physiology/biochemistry and environmental factors (e.g. 
temperature, humidity, isotopic composition of water/CO2) and is 
therefore (theoretically) unique for each individual plant and able to 
differentiate between different land cover types (Cooper et al., 2015 and 
references therein). However, as tracers such as n-alkanes can persist in 
sediments for decades to centuries (Smeaton et al., 2021), the “finger-
print” for a specific land use can be considered to reflect both past and 
present biomarkers at a particular site and moment. Consequently, due 
to agricultural rotation, arable land and temporary grassland may end 
up with similar signatures (Upadhayay et al., 2017). Tracing the fate of 
terrestrial to aquatic fluxes of sediment can be further complicated by 
the direct deposition, storage and degradation of plant or woody OC in 
the streams and rivers from which the sediment samples are taken, 
masking the signature from any eroded terrestrial soil (Wiltshire et al., 
2022). Combining soil tracers of plant, fungal and bacterial origin may 
allow greater discrimination between land uses and provide a finger-
print more characteristic of the soil rather than the current land cover 
vegetation. 

Microbial communities have the potential to identify sediment 
derived from different land use activities (Zhang et al., 2016b). Soil 
microbial communities directly affect soil functioning through cycling of 
soil nutrients and carbon storage and, as the spatial distributions of soil 
microbial communities have been shown to depend mainly on soil 
properties (Xue et al., 2018), it is likely that microbial communities will 
also represent the heterogeneity in soil type and land cover. Short chain 

(defined in this study to be shorter than C22) neutral lipid fatty acids 
(SC-NLFA) can be of microbial or fungal rather than plant origin. Neutral 
lipid molecular biomarkers such as iso- and anteiso-C15:0 fatty acid 
methyl esters (bacterial origin) can persist in soils for decades and have 
proved to be effective in distinguishing land uses (Lavrieux et al., 2012). 
Previous studies have shown that C16 and C18 length fatty acids can 
distinguish crop-specific signatures (Blake et al., 2012), that fatty acids, 
considered common to prokaryotic and eukaryotic organisms, were 
particularly relevant for land use discrimination (Ferrari et al., 2015) 
and that lipid composition can show the effects of catchment land use on 
particulate OM in streams (Lu et al., 2014). SC-NLFA also show the 
potential to distinguish between historic land uses although their resi-
dence time in soils is not certain. Whereas Swales and Gibbs (2020) 
found it took around 6 years for the new land use to overwrite the earlier 
land use fingerprint, Lavrieux et al. (2012) were able to distinguish two 
reference soil profiles developed under grassland and forest vegetation 
from a former grassland soil converted to forest about 60 years previ-
ously. The potential for SC-NLFA to distinguish between historical land 
uses opens the potential for improved source attribution and commen-
surately, a need to verify any improvement. Artificial and virtual mix-
tures of known source soil proportions have been successfully used to 
test or validate different fingerprinting methods and models, or test the 
accuracy of apportioning methods (Fatahi et al., 2022; Gibbs, 2008; 
Lizaga et al., 2019; Palazón et al., 2015). They could, therefore, provide 
a basis for selecting tracers that can deliver more accurate source 
discrimination and apportionment. 

This study: i) uses multiple types of biomarkers (n-alkane ratios and 
SC-NLFA) and their CSSIs to estimate the proportional contribution of 
land use sources to streambed sediment mixtures and ii) explores the use 
of virtual mixtures to determine if addition or removal of tracers can 
improve relative error in source discrimination. Soil samples from four 
land uses from a Scottish catchment (Loch Davan) were used i) as 
sources to generate virtual sample mixtures and ii) to characterise the 
sources for SF. The catchment has four major land uses (arable, pasture, 
forest and moorland) which are all potential sources of sediment within 
catchment streams. The aims of this study were to i) use virtual mixtures 
and a Bayesian un-mixing model to determine which combination of 
tracers provided the best capacity for land use source discrimination by 
reproducing known source apportionments and ii) use the best set of 
tracers to estimate the proportional contribution of each land use to the 
catchment streambed sediments. 

2. Material and methods 

2.1. Study site 

The Dee is a major river in north-east Scotland whose catchment 
covers an area of about 2100 km2 on predominantly Precambrian 
metamorphic and igneous rocks. The Dee flows for over 130 km from its 
headwaters in the Cairngorms and reaches the North Sea on Scotland’s 
east coast at Aberdeen. The Dee catchment is a designated Special Area 
of Conservation (SAC) due to the presence of species such as freshwater 
pearl mussel, Atlantic salmon and otter (https://sac.jncc.gov.uk/site/ 
UK0030251) and is an important source of drinking water (Jenkins, 
1985). Loch Davan is a shallow (mean depth 1.2 m) throughflow lake 
located within the Muir of Dinnet National Nature Reserve (NNR) and 
drains through Davan Burn to the River Dee between Ballater and 
Aboyne (Jenkins, 1985). The main water input to Loch Davan is via 
Logie Burn and its feeder streams, and derives primarily from over-land 
surface flows (Smith et al., 2018a). Loch Davan’s catchment covers an 
area of ca. 34 km2 in which Logie Burn and its feeder streams drain a 
variety of land uses including higher elevation moorland (29%) and 
forest (22%: a mix of commercial woodland consisting of Scots pine, 
Norway spruce and Sitka spruce and semi-natural sparse native birch, 
rowan, alder and pine) and arable (10%) and pasture (31%) at lower 
elevation (Fig. 1b). The catchment reaches a maximum elevation in the 
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west (750 m a.s.l.) gradually decreasing to the east and south to a 
minimum at Loch Davan (165 m a.s.l.). Areas of steepest slope (13–37◦: 
Fig. 1c) are found under moorland and forest land cover to the west and 
north-west of the catchment, with arable and pasture land cover domi-
nating the relatively flat (typically <3◦slope) lowlands. The catchment 
mean annual precipitation is 780 mm with average annual minimum 
temperature of 3.5 ◦C and average annual maximum temperature of 
12.2 ◦C (Met Office, 2021). The major soil types observed in the 
catchment are mineral podzols (49%), brown soils (22%), and alluvial 
soils (11%) with around 5% of soils being peat or peaty gleys/podzols 
(“1:25,000 Hutton Soils Data” copyright and database right The James 
Hutton Institute (2018); Fig. 1d). The lake area of Loch Davan has been 
significantly reduced over the last century, likely due to inputs of 
nutrient rich sediment due to land use intensification (Addy et al., 
2012); between 2007 and 2018, the loch and its main feeder stream, 
Logie Burn, were classified as having poor to moderate ecological status 
(SEPA, 2021). 

2.2. Sample collection 

In this study, a field campaign was carried out in June 2019 to collect 
soil and sediment samples within the Loch Davan catchment and Logie 
Burn stream network. Soil samples from four land uses (arable, pasture, 
forest and moorland) were collected to characterise potential sediment 
sources for SF. Streambed samples were collected at three locations to 
estimate the proportional contribution of each of the land use source to 

the streambed sediments in two tributaries and a joint outlet (Fig. 1b). 

2.2.1. Source sampling 
Replicate soil samples were taken to characterise each of the four 

land uses arable (n = 16), forest (n = 16), moorland (n = 18) and pasture 
(n = 19) at sites shown with a cross (+) in Fig. 1b. Sampling sites were 
chosen on the basis of likely hydrological connectivity and were strati-
fied by land use and soil type (Table 1). For each sampling point, three 
replicates were chosen at random within a 2 m radius. Each sample was 
taken with a steel cylinder (6 cm depth and 6 cm diameter) and litter was 
removed before taking the sample. All samples were georeferenced by 
using a GPS device (horizontal accuracy sub-meter real-time), stored in 
plastic bags and freeze-dried on return to the laboratory. The samples 
were then passed through a 2 mm sieve to remove stones and larger 
organic material before being ground. A composite sample was formed 
for each site by adding an equal weight of each of the three finely ground 
samples. Samples were stored in sealed containers at room temperature 
until required for analysis. 

2.2.2. Streambed sampling 
Bed sediment samples were taken at 3 locations (Fig. 1b), repre-

senting two tributaries and a joint outlet. The locations were carefully 
chosen above their joint junction in the stream network so the contri-
butions from each tributary could be assessed. Logie Burn originates in 
two main headwaters (Fig. 1) with the northern most branch (BS1) 
supporting similar cover of pasture (30%), forest (29%) and moorland 

Fig. 1. Loch Davan study catchment. a) Study catchment location, b) Land use of the Loch Davan catchment (34 km2), suspended and streambed sediment sampling 
locations (red dots. Sites 1, 2 and 3, referred to as BS1, BS2 and BS3) and terrestrial soil sampling locations (black crosses),based upon Corine land cover 2012 for the 
UK, Jersey and Guernsey (Cole et al., 2015), c) catchment slope (degrees) derived from OS Terrain 5 © Crown copyright and database rights 2021 Ordnance Survey 
(100025252)(Ordnance Survey, 2021), d) Catchment soils based on “1:25,000 Hutton Soils Data” copyright and database right The James Hutton Institute (2018). 
Used with the permission of The James Hutton Institute. All rights reserved. 

Table 1 
Number of soil samples taken for each land use and soil type combination.   

Alluvial soils Brown soils Mineral gleys Mineral podzols Peaty gleys Peaty podzols No data Montane soils Total 

arable 2 3 2 9 0 0 0 0 16 
forest 2 2 2 10 0 0 0 0 16 
moorland 3 4 4 3 1 1 1 1 18 
pasture 4 3 4 7 1 0 0 0 19 
Total 11 12 12 29 2 1 1 1   
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(28%) with around 10% arable land. The western branch (BS2) pre-
dominantly passes though moorland (78%) with around 14% of the land 
use being pasture, <5% forest and no arable land. A third site (BS3) was 
located close to the outlet of Logie Burn to Loch Davan integrating input 
from the whole catchment. At each site three samples of bed sediments 
were taken with a steel cylinder (6 cm depth and 6 cm diameter) along a 
transect across the streambed and composited. All samples were 
georeferenced using GPS, stored in plastic bags and freeze-dried on re-
turn to the laboratory. The samples were then passed through a 2 mm 
sieve to remove stones and larger organic material before being ground 
and stored at room temperature until further analysis. 

2.3. Laboratory analysis 

2.3.1. Extraction of n-alkanes 
To isolate the hydrocarbon fraction of the samples for analysis, total 

lipid extraction was followed by lipid fractionation (Dove and Mayes, 
2006). For quality and quantification control purposes, 50 µl of alkane 
standard solution (docosane (C22) and tetratriacontane (C34) in decane) 
was added to the samples prior to extraction. First 3 ml of 1 M Ethanolic 
KOH solution was added to each sample in a tube before they were 
capped and heated for 16 h at 90 ◦C in a dry-block heater. The following 
steps were then repeated twice: 3 ml heptane was added to each tube 
which were capped and swirled before 1 ml of deionised water was 
added and the tubes re-capped and shaken vigorously; after separation 
into two liquid layers, the top (non-aqueous) layer was transferred to a 
new glass tube. The resulting solution was evaporated to dryness on a 
dry-block heater fitted with a sample concentrator blowing nitrogen 
(N2) into the tube. The resultant was re-dissolved in 0.3 ml heptane with 
warming before transferring the sample to SPE-Si cartridge, adding 2 ml 
heptane and collecting the elution in a 1.5 ml autosampler vial. Solution 
in the vial was then evaporated to dryness. 

2.3.2. Extraction of NLFAs 
The samples (5–10 g) were analysed by lipid extraction with a single 

phase chloroform mixture before fractionation on a SPE Si column and 
mild methanolysis. The solvents chloroform and methanol (1:2) were 
used in lipid extraction and, in addition, 0.15 M of citrate buffer (0.8:1:2 
of citrate buffer: chloroform: methanol (Bligh and Dyer (B&D) solvent 
ratio)). 15–20 ml B&D solvent was added to the sample in a glass media 
bottle (closed using PTFE lined cap) which was then sonicated for 30 
min (in ultrasonic bath). This was followed by centrifuge at 700 RCF for 
10 min before the upper layer was poured into a clean glass media 
bottle. Chloroform (4 ml) and citrate buffer (4 ml) were added before 
centrifuging at 700 RCF for 10 min. Successful separation was indicated 
by both layers appearing clear and the upper (aqueous) layer was 
aspirated and discarded leaving the bottom organic layer. The glass 
bottle was then placed in an evaporator at 37 ◦C and dried under N2. 

The neutral lipids were then separated from the lipid extract by 
fractionation (Solid Phase Extraction (SPE)). SPE columns were pre-
pared with ~0.5 g anhydrous sodium sulphate (Na2SO4) and chloroform 
before the lipid extracts were added along with 1 ml chloroform. Five ml 
of chloroform was used to elute the neutral lipids (sterols). These were 
collected in a clean glass bottle placed in an evaporator at 37 ◦C and 
dried under N2 for 4–5 h. To quantify the subsequently produced FAMEs 
an internal standard, 60 µl of C19:0 methyl ester (Methyl nonadecanoate 
in methanol: 25 mg/l) was added to the dried phospholipid fraction after 
SPE and evaporated to dryness under N2. 

The samples were then methylated by adding 1 ml of toluene: 
methanol (1: 1) (stored on Na2SO4) and 1 ml of 0.56 g potassium hy-
droxide in 50 ml methanol to the neutral lipid fraction (NLF). This was 
swirled and incubated @37 ◦C for 30 min. Subsequently, 0.25 ml of 
acetic acid 59 ml l−1, 5 ml of hexane:chloroform (4: 1)(v/v) and 3 ml 
deionised water were added and the NLF glass bottle was centrifuged at 
700 RCF for 10 min. The upper organic phase was collected in a Gilson 
pipettor and the lower aqueous phase discarded. The resultant liquid 

was dispensed through 10 ml pipette tip packed with glass-wool and 
Na2SO4 into clean glass bottle and rinsed with a few ml of hexane. The 
glass bottle was placed in an evaporator at 20–25 ◦C and dried under N2. 
The dried FAMEs were then stored in a freezer at −20 ◦C. 

2.3.3. Analysis of n-alkanes and FAMES by GC-C-IRMS 
Individual n-alkane and FAMEs were quantified and their δ13C values 

determined by GC-C-IRMS using a Trace GC Ultra gas chromatograph 
(Thermo Finnigan, Bremen, Germany) equipped with a GC PAL auto-
sampler (CTC Analytics AG, Zwingen, Switzerland) following the 
method described in Thornton et al., (2011). 

2.3.4. Quality control and assurance 
The apportionment of upstream sources of the river sediments used 

relative rather than absolute concentrations of both alkanes and neutral 
lipids. An assumption was made that the percentage recovery of indi-
vidual alkanes was similar and correspondingly that of individual 
neutral lipids was similar. 

For both n-alkanes and neutral lipids, every batch of samples 
extracted contained a solvent blank taken through the extraction pro-
cedure which allowed assessment of any potential contamination issues; 
none being observed. Additionally, a quality control soil sample was also 
extracted with each sample batch. Typical concentration values for the 
quality control soil were for the alkane tetracosane (C24) 0.50 ± 0.07 
nmoles g−1 soil (mean ± sd, n = 5) and for the lipid 18:1w7 = 135 ± 6 
nmoles g−1 soil (mean ± SD, n = 8). 

For δ13C analysis by GC-C-IRMS, reference materials, run with every 
sample batch, with certified δ13C values were used to normalise the δ13C 
values of the neutral lipids and alkanes onto the VPDB scale. The 
reference materials used were Hexadecanoic acid methyl ester (C16:0) 
#1 (δ13C = −30.74 ‰) and Icosanoic acid methyl ester (C20:0) #Z3 
(δ13C = −1.54 ‰) for neutral lipids and Hexacosane (C26) #2 (δ13C =
–32.94 ‰) for alkanes. All reference materials were obtained from the 
Schimmelmann laboratory Indiana University. Long term monitoring, 
over several months, of Nonadecanoic acid methyl ester (C19:0) used as 
a quality control material gave δ13C values of −30.6 ± 0.6 ‰ (mean ±
SD, n = 160). 

2.4. n-alkane and SC-NLFA tracers 

2.4.1. n-alkanes 
The n-alkane concentrations and δ13C were obtained for carbon chain 

lengths C21 to C38 where δ13C is defined as: 

δ13C = R(13C/12C)sample/R(13C/13C)ref − 1 (1)  

where R(13C/12C)sample and R(13C/12C)ref are the absolute isotope ratios 
of a sample and the reference material (in this case - Vienna PeeDee 
Belemnite) respectively. 

The data was sub-set (Fig. 2a) to include only those biomarkers that 
were present in all soil and sediment samples. This sub-set included 
carbon chain lengths C23-C31 from which ratios were then calculated 
for use as tracers: the relative percentage of n-alkanes C27, C29 and C31 
(Torres et al., 2014); the C27 to C31 ratio (Puttock et al., 2014); Paq, to 
understand aquatic versus terrestrial plant input (Ficken et al., 2000); 
the Odd-to-Even Predominance (OEP) (Zech et al., 2013; and the 
Average Chain length (ACL) (Fang et al., 2014) (Table 2). 

2.4.2. SC-Nlfa 
Seven of the 36 SC-NLFA biomarkers analysed in this study were 

found in both streambed sediments and all terrestrial soil samples: i15:0, 
a15:0, 16:0, 10-Methyl-16:0, 12-Me-16:0, 18:2ω6,9, and 18:0. The 
relative concentration of these seven SC-NLFA was then obtained by 
dividing the measured concentration by the sum of all concentrations. 
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2.4.3. Tracer selection 
Tracers should i) discriminate between all the potential sediment 

sources and, (ii) be conservative (remain stable during transport and 
deposition (Collins et al., 2020; Hirave et al., 2020a)). Tracer values of 
all source (land use) groups were first checked for normal distribution 
using the Kolmogorov-Smirnov test. A Kruskal- Wallis (KW) and posthoc 
Dunn’s test was then carried out to select tracers which showed signif-
icant differences between land use sources (Fig. 2b). The tracers which 
passed the KW test were then assessed using box plots (Excel) to ensure 
biomarker values from all mixtures were within the full range of cor-
responding land use sources (Fig. 2c). In addition, δ13C biomarker 
tracers were only selected if their corresponding concentration values 
were within the range of stream sediment mixtures (Collins et al., 2020). 
The full range (excluding outliers) was used for the range test as, ac-
cording to Bayesian inference, best practice suggests comparison of full 
distributions for hypothesis testing (Fenton and Neil, 2018). The 
streambed sediment mixtures are represented by a single measurement 
without any knowledge of the potential mean and distribution. This 
single measurement could represent a value close to the maximum or 
minimum of the possible tracer values rather than the mean and 
therefore selecting tracers based solely on the means and inter-quartile 
range of the sources was considered too restrictive. 

Unless otherwise stated, all MixSIAR runs, statistical and error ana-
lyses were carried out in R (version 3.6.3) (R Core Team, 2020) and 
RStudio (version 1.1.463) (RStudio Team, 2018). 

2.5. Bayesian unmixing model (MixSIAR) implementation 

The MixSIAR model was first developed for ecological studies but is 
increasingly being applied in catchment sediment fingerprinting 
research (Lachance et al., 2020; Smith et al., 2018b; Stenfert Kroese 
et al., 2020). Tracer properties can be characterised using the mean and 
standard deviation and the model is fitted using Markov chain Monte 
Carlo (MCMC). Source means and standard deviations used in the 
mixture likelihood are allowed to deviate from user specified values 
with the amount of deviation dependent on source sample sizes. A full 
description of this model can be found in Stock and Semmens (2016) and 
Stock et al. (2018). 

Running MixSIAR using isotopic tracers provides the proportional 
contribution of the sources to the isotopic tracer in the mixture. As it is 
the proportional contribution of the sources to the sediment mixture 
which is of interest here, the MixSIAR model was run as concentration 
dependant taking into account differences in the concentration of 

individual isotopic tracers (here n-alkanes or FAs) (Upadhayay et al., 
2018). Sediment source proportions were estimated using 3000 MCMC 
simulations with MixSIAR formulated using a process error term (no 
residual error), an uninformative prior and three chains. Initially for 
each run the MCMC parameters were set to those for a “normal” run with 
chain length = 100,000, burn = 50,000, thin = 50. The Gelman-Rubin 
and Geweke diagnostic tests were used to evaluate convergence of all 
models (Stock and Semmens, 2016). Regarding the Gelman-Rubin, in 
each case none of the variables were >1.01 indicating that the between 
chain variance was small, chains were mixing around the stationary 
distribution and longer burn-in was not required. For cases where the 
Geweke diagnostic indicated individual chains were not convergent, the 
model was run again with MCMC parameters progressively set to those 
for a “long” run (chain length = 300,000, burn = 200,000, thin = 100), 
“very long” run (chain length = 1,000,000, burn = 500,000, thin = 500) 
and in rare cases “extreme” run (chain length = 3,000,000, burn =

1,500,000, thin = 500) until all chains converged (Stock and Semmens, 
2016). 

2.6. Virtual mixtures 

Land use discrimination was assessed using “virtual” mixtures with 
50/50 contributions from each of the four sources (arable, pasture, 
forest and moorland) by taking the mean of two sources to represent a 
50% contribution from each (Collins et al., 2020). This resulted in six 
virtual 50/50 mixtures: Arable-Forest (AF50), Arable-Moorland 
(AM50), Arable-Pasture (AP50), Forest-Moorland (FM50), Forest- 
Pasture (FP50) and Moorland-Pasture (MP50). Errors were calculated 
as mean absolute differences between the modelled and virtual mixture 
composition. 

3. Results and discussion 

3.1. n-alkane ratios 

Plants produce a range of n-alkanes with a strong odd-over-even 
predominance (OEP) and one or two dominant chain lengths: trees 
and shrubs are characterised by C27 or C29, grass is characterised by 
C31 or C33 (Bush and McInerney, 2013; Meyers, 2003; Zech et al., 2013) 
and lower plants, macrophytes and mosses by C23 and C25. Surpris-
ingly, C31 was the most abundant homologue in arable, moorland and 
forest land (Fig. 3). The relative proportions of the homologues were 
very similar in arable and forest soils giving them a very similar n-alkane 

Fig. 2. Summary of tracer selection methodology.  

Table 2 
N-alkane ratios considered as tracers for land use discrimination.  

n-alkanes ratios Indicative of: Reference 

C27/C31 C27 to C31 ratio estimating the proportion of wood to grass derived organic matter (Puttock et al., 2014) 

%Ci =
Ci

(C27 + C29 + C31)

% of alkane “i” (Torres et al., 2014) 

Paq =
C23 + C25

C23 + C25 + C29 + C31 
Relative contribution of higher aquatic vs. terrestrial plants (Ficken et al., 2000) 

OEP =
C27 + C29 + C31
C26 + C28 + C30 

Organic matter degradation: 
odd-over-even predominance (OEP) 

Adapted from (Zech et al., 
2013) 

ACL =

25 × C25 + 27 × C27 + 29 × C29 + 31 × C31
C25 + C27 + C29 + C31  

Average chain length (ACL) - weight-averaged number of carbon atoms of the higher plant 
C25–C31 n-alkanes 

Adapted from (Jeng, 2006)  
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signature. The moorland and pasture soil n-alkane signatures were more 
distinctive with moorland dominated by C31 and pasture land surpris-
ingly dominated by C23 with a relatively small contribution from C31 
(even though C31 is usually dominant in grassland). It is possible that, in 
this catchment, pastures are located in wetter areas with more mosses 
contributing to higher C23 abundance. In contrast, the bed sediment n- 
alkane signatures (BS1, BS2 and BS3) reach a peak for the C27 and C29 
homologues with relatively smaller contributions from C31. 

The values of the n-alkane proxy for aquatic versus terrestrial plant 
input (Paq) were similar in arable and forest soils (0.38 ± 0.15 and 0.35 
± 0.17 respectively), higher in pasture soils and streambed sediments 
(0.58 ± 0.12 and 0.43 to 0.55, respectively) and lower in moorland soils 
(0.18 ± 0.14) (Table 3; Fig. 4). These values for Paq are larger than those 
ascribed by Ankit et al. (2022) to terrestrial vegetation (<0.1) and 
actually lie predominantly in the range attributed to emergent macro-
phytes (0.1–0.4) (Ankit et al., 2022). Although, it seems unlikely that 
aquatic macrophytes would make a significant contribution to terrestrial 
soils across the catchment, their presence could account for the rela-
tively higher Paq and C23/C25 contribution in streambed sediments and 
possibly in pasture soils if these are located in wetter areas. Although the 
differences in Paq between soil types were not significant (Kruskal-Wallis 
p < 0.05), alluvial soils (recent riverine and lacustrine alluvial deposits) 
showed a relatively larger Paq (Fig. 5). The number of soils samples taken 
on alluvial soils for each land use (Table 1: arable 2 of 16 = 12.5%; forest 
2 of 16 = 12.5%; moorland 3 of 18 = 17% and pasture 4 of 19 = 21%) is 
unlikely to account for the differences in Paq seen for those land uses as 
moorland and pasture had similar percentages of alluvial soil samples 
but had the lowest and highest values of Paq respectively. 

OEP is often used as a measure of organic matter degradation with 

lower OEPs indicative of higher degradation (Zech et al., 2013). Stout 
(2020) found the OEP was relatively lower for soil compared to the less 
degraded leaves/litter and in addition found preferential and progres-
sive degradation of the more abundant C27/C29 homologues relative to 
the less abundant C31/C33 from fresh leaves, through litter to the cor-
responding soil; the %C31 was relatively higher for soil compared to the 
less degraded leaves/litter. In this study, the OEP values of both 
streambed sediments and pasture soils were much smaller than those in 
arable, forest or moorland soils, which could suggest that they were 
more degraded. However, their corresponding %C31, which (particu-
larly for the bed sediments) are relatively lower would suggest the 
opposite. The n-alkane ratios for alluvial soils had significantly larger % 
C27 and lower %C31 than other soil types (Fig. 5). The range of values 
for these ratios seen in the alluvial soil type was similar to that seen in 
streambed sediments which also showed relatively large %C27 and 
lower %C31. Light soil fractions can exhibit relatively higher amounts of 
mid-chain n-alkanes with low CPI values compared to bulk soil (Carbon 
preference index (CPI) is another n-alkane ratio proxy for the predom-
inance of odd over even, similar to OEP) (Griepentrog et al., 2016). As 
finer sediments are more likely to be mobilised during water run-off than 
coarser sediments (Sirjani et al., 2022), sediments reaching the streams 
could be derived primarily from the finer fraction of terrestrial soils. This 
finding could account for the relatively large proportions of n-alkanes 
C25-C29 compared to C31 (Fig. 3) as well as the low OEP values (Fig. 4) 
seen in streambed sediments. 

Although contribution from aquatic macrophytes/lower plants and 
mosses could account for the relatively higher C23/C25 (and Paq) 
contribution in streambed sediments, equally elevated values were 
found in pasture soils. A larger input of pasture soil (relative to other 
land uses) to streambed sediments could account for their relatively 
higher C23/C25. When studying emergent aquatic plants, He et al. 
(2020) found that long chain n-alkanes (e.g., C29) were predominantly 
derived from leaves rather than roots in wetland surface sediments/ 
soils, but the contribution from mid-chain n-alkanes (e.g., C23) from 
roots may be equal to or greater than those from leaves. Griepentrog 
et al. (2016) also found the relative abundance of n-alkanes differed 
depending on the specific origin of the OM. For forest vegetation, they 
found root biomass was characterized by a higher relative abundance of 
mid-chain n-alkanes (<C26) and low CPI, whereas leaves had much 
higher CPI since they consisted almost exclusively of C27 and C29. 
Therefore, if a similar characterisation of the relative abundance of n- 
alkanes is found in pasture vegetation, a larger contribution of n-alkanes 
from roots rather than leaves could be contributing to relatively higher 
C23 abundance in pasture soils. It is possible this could be driven by the 
preferential removal of leaf material by grazers. 

The ranges of n-alkane ratios in streambed sediments were outside 
the maximum and minimum values for the land use sources for C27/C31 
and %C31 (Fig. 4). The difference in range between the streambed 

Fig. 3. Relative mean proportions for mid and long-chain n-alkane homologues for the soils of land uses, arable, forest, moorland, and pasture and streambed 
sediments BS1, BS2 and BS3. Where present, error bars +/- 1SD. 

Table 3 
Mean (+/- 1SD) values of n-alkane ratios for forest, pasture, arable and moor-
land land uses and streambed sediment sources (BS1, BS2 and BS3).   

C27/ 
C31 

%C27 %C29 %C31 OEP Paq ACL 

arable 
(16) 

1.10 
±

0.99 

30.63 
± 9.65 

34.10 
± 2.54 

35.27 
± 9.69 

4.26 
±

2.72 

0.38 
±

0.15 

28.38 
± 0.55 

forest (16) 1.02 
±

1.01 

29.90 
±

12.78 

29.42 
± 3.56 

40.68 
±

13.02 

3.76 
±

2.09 

0.35 
±

0.17 

28.55 
± 0.74 

moorland 
(18) 

0.45 
±

0.56 

17.60 
± 9.95 

30.24 
± 5.53 

52.17 
±

12.63 

7.22 
±

3.40 

0.18 
±

0.14 

29.34 
± 0.66 

pasture 
(19) 

1.20 
±

0.55 

35.07 
± 6.26 

33.55 
± 1.62 

31.38 
± 5.20 

0.87 
±

0.93 

0.58 
±

0.12 

28.03 
± 0.36 

BS 1 3.59 52.73 32.56 14.70 1.23 0.55 27.42 
BS 2 1.72 39.83 37.02 23.15 1.71 0.43 27.93 
BS 3 3.08 47.13 37.54 15.32 1.82 0.49 27.64  
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sediment n-alkanes and those of the terrestrial land uses was primarily 
due to the relatively lower and higher %C31 and %C27 respectively in 
the streambed sediments which commensurately reduced the average 
chain length (ACL) and increased the C27/C31 ratio (Table 3). On 
average, pasture soils also showed a lower and higher %C31 and %C27 
relative to the other land uses, respectively (Table 3), however, the 
smallest %C31 and largest %C27 and ratios were found in forest soils 
(Fig. 4). Within a forest environment, both leaves and needles show 
increased C27/C31 ratio compared with soil, with C27 being particu-
larly dominant in leaves. Hence, the higher C27/C31 ratio seen in forest 
soil samples could be due to a higher contribution of less degraded 
leaves/needles or litter (Griepentrog et al., 2016). An input of less 
degraded leaves/needles or litter to the streams could also account for 
the relatively high C27/C31 ratio found in streambed sediments. How-
ever, the relatively higher %C31 of less degraded leaves/litter would 
also be accompanied by a corresponding increase in OEP (Stout, 2020), 
which was not observed in streambed sediments in this study. An 
alternative explanation could be related to bacterial sources of n-al-
kanes, with distribution patterns ranging from C11 to C35 often without 

an increase in OEP (Ladygina et al., 2006). A microbial n-alkane pool 
could be responsible for mid and long-chain n-alkanes with low OEP in 
leaf litter samples (Zech et al., 2011). Grimalt et al. (1988) found that, 
when sediments from a previously freeze-dried core were stored under 
water for a month, the n-alkane profiles previously ranging between C25 
and C33 with high OEP were transformed into mixtures of C22-C29 n- 
alkanes with negligible OEP. They suggested this could be due to mi-
crobial transformations either due to n-alkane sources of bacterial 
origin, or to the re-working of organic matter by bacteria. Increased 
presence or activity of microbes due to the presence of water could ac-
count for the lower presence of long-chained n-alkanes (C31) and low 
OEP in the streambed sediment samples and possibly in the alluvial soils. 
The low OEP and relatively low %C31 seen in pasture soils cannot be 
directly linked with water sources and are interspersed with arable land 
throughout the catchment (Fig. 1b). However, soil sampling sites were 
chosen on the basis of likely hydrological connectivity with the streams, 
i.e. located on accumulated flow lines, so these locations could be ex-
pected to support high soil moisture content. However, this explanation 
is confounded by the fact that similar reduction in OEP was not observed 

Fig. 4. Range of n-alkanes ratios C27/C31, %C27, %C29, %C31, OEP, Paq and ACL from forest, pasture, arable and moorland land uses and streambed sediment 
sources. The box is extended from the 25–75 percentiles, the line is plotted at the median and whiskers show the maximum to minimum range excluding out-
liers (dots). 
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Fig. 5. Range of n-alkanes ratios %C27 and %C31 from different soil types (Alluvial, Brown soils, Mineral Gleys, Mineral Podzols, Peaty Gleys, Peaty Podzols and 
Montane soils) and streambed sediment sources BS1, BS2 and BS3 The box is extended from the 25–75 percentiles, the line is plotted at the median and whiskers 
show the maximum to minimum range excluding outliers. 
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in samples taken in other land uses, which were also preferentially 
located in hydrologically well-connected locations. 

In summary, the n-alkane values of the streambed sediments are 
similar to the forest soils in terms of their lower %C31 and higher %C27 
values and similar to the pasture soils in their low OEP. Tracer conser-
vativeness relies on these characteristics having the same source, that is, 
the high C27/C31 and low OEP are due to the presence of forest soil and 
pasture soil respectively in the streambed sediments and not signifi-
cantly to the direct input of leaves/litter and/or microbial trans-
formations as discussed above. As the streambed sediment mixtures are 
represented by a single measurement without any knowledge of the 
potential mean and distribution, the single measurement could repre-
sent a value close to the maximum or minimum of the possible tracer 
values rather than the mean. Although in this study three bed samples 
were taken across the burn and combined (yielding a single measure-
ment) to have a representative stream sample, it is still possible changes 
occur within relatively short distances up- or downstream and therefore 
it is recommended in future fingerprinting studies to take a larger 
number of samples to represent the streambed sediments. In addition, 
the conservativeness of tracers is always of concern in fingerprinting 
studies and there is a reliance on the assessment of corresponding soil 
and sediment tracers ranges. In future studies, an assessment of variation 
in biomarkers at different stream hydromorphological locations (near- 
bank, channel centre, behind a log-jam etc.) might allow some assess-
ment of in-stream (non-soil) tracer sources. In this way, the stream 
sediments could be more reliably compared with those of the terrestrial 
sources. More confidence that n-alkane ratios in the streambed sedi-
ments show the same range as the land use soils would lead to more 
confidence in rejecting alternative sources for streambed OC. The 
following tracer selection was carried out on the assumption that any 
tracer for which all streambed sediment samples fell within the full 
range of corresponding land use sources could be classed as 
conservative. 

3.1.1. Tracer selection 
All n-alkane ratios showed significant differences between land use 

sources (Table 4). The ranges of C27/C31 and %C31 ratios in streambed 
sediments were outside the maximum and minimum values for the land 
use sources (Fig. 4). Hence the remaining five n-alkane ratios (%C27, % 
C29, OEP, Paq and ACL) were selected as tracers. Individually, only OEP 
and Paq ratios could discriminate between most land uses, however 
together, these five biomarkers could discriminate between all land 
cover class combinations (Table 4). To distinguish four land use sources, 
a minimum of three tracers is required (Phillips and Gregg, 2003). The 
availability of five conservative n-alkane biomarkers confirms they 
could be used to provide a baseline scenario against which n-alkane and 
SC-NLFA biomarker combinations could be compared. 

3.2. n-alkane CSSI δ13C 

Five of the 18 CSSI δ13C biomarker signatures measured in this 
fingerprinting study were detected in both streambed sediments and all 
terrestrial soil samples (C23, C25, C27, C29 and C31). The range of n- 
alkane CSSI δ13C values in the soil samples and streambed sediment 
samples were all within those typical of n-alkanes in C3 land plants (ca. 
39-30‰ (Chikaraishi and Naraoka, 2003)) except for C23 which showed 
less depleted values in both terrestrial samples (arable, forest and 
moorland) and streambed sediment samples BS1 and BS2. However, 
some of the streambed sediment CSSI δ13C signatures for C25, C27 and 
C29 chain lengths were less negative than, and outside the maximum 
and minimum values for, the land use sources (Fig. 6). In their study of 
peat deposits, Yan et al. (2021) revealed preferential degradation under 
aerobic conditions of mid-chain n-alkanes relative to their long-chain 
homologs (C29 and C31), resulting in an increase in both the relative 
proportions of long-chain n-alkanes and less depleted δ13C values of 
mid-chain n-alkanes. However, it seems unlikely that this is the cause of 
the less depleted δ13C values of C25-C29 n-alkanes in the streambed 
sediments in this study, as relative proportions of n-alkanes C25-C29, 
indicative of lower plants and woody material, are greater than the 
longer chain C31, indicative of grasslands (Fig. 3). Alternatively, Wang 
et al. (2016) study of n-alkanes in fine and coarse particle fractions of 
surface peat revealed that δ13C values of odd-numbered n-alkanes 
(C23–C33) were generally less negative in the finer fraction. They 
attributed the less negative δ13C to greater heterotrophic reworking 
during degradation within the finer fractions compared to the coarser 
fraction. If finer sediments were preferentially mobilised during water 
run-off, sediment reaching the streams may derive primarily from the 
finer fractions of the terrestrial soil (Nitzsche et al., 2022; Sirjani et al., 
2022). 

3.2.1. Tracer selection 
All the CSSI δ13C in the soil samples were found to distinguish be-

tween land uses (Table 5). However, the CSSI δ13C biomarker signatures 
for C25, C27 and C29 were outside the maximum and minimum values 
for the land use sources (Fig. 6). Hence, only C23 and C31 CSSI signa-
tures were selected as tracers and, together, these two biomarker sig-
natures discriminated between all land cover class combinations except 
between arable and forest, and moorland and forest (Table 5). The 
availability of only two conservative n-alkane CSSI δ13C biomarker 
signatures meant that they could not be used on their own to distinguish 
between four land use sources in this catchment and would not be able 
to discriminate well between forest land cover and either arable or 
moorland. 

3.3. SC-NLFA concentrations 

Seven of the 36 SC-NLFA biomarkers analysed in this study were 
detected in both streambed sediments and all terrestrial soil samples: 
i15:0, a15:0, 16:00, 10-Methyl-16:0, 12-Me-16:0, 18:2ω6,9, 18:00. Of 
these, all SC-NLFA relative concentrations (with the exception of 16:00) 
could distinguish between land uses (Table 6). Biomarkers a15:0 and 12- 
Me-16:0 were outside the maximum and minimum values for the land 
use sources and, therefore, only four SC-NLFA biomarkers (i15:0, 10- 
Methyl-16:0, 18:2ω6,9 and 18:00) were selected as tracers (Fig. 7). 
Together, these four biomarkers could discriminate between all land 
cover class combinations except arable and pasture (Table 6). 

Iso 15:0 (i15:0) is a biomarker for gram-positive bacteria and has 
been used to study trophic relationships in soil food webs (Haubert et al., 
2006) and 10-Methyl-16:0 is characteristic of actinomycetes (Tekaya 
et al., 2021). Actinomycetes are particularly abundant in soils, espe-
cially in alkaline soils and soils rich in organic matter, where they form 
an important part of the microbial population (Barka et al., 2016; Zaitlin 
et al., 2003). Large numbers of actinomycetes enter freshwater from 
land with soil runoff (Zaitlin et al., 2003). NLFA 18:2ω6,9 is present in 

Table 4 
Kruskal- Wallis (KW) and posthoc Dunn’s test: significant differences in n-alkane 
ratios (p < 0.05) distinguished between soil samples from different land use 
sources. Sources in bold indicate n-alkane ratios for streambed sediment within 
the range for terrestrial sediments.   

Significant difference (p < 0.05)  

C27/ 
C31 

% 
C27 

% 
C29 

% 
C31 

OEP Paq ACL 

Arable-Forest   √     
Arable-Moorland √ √ √ √  √ √ 
Arable-Pasture     √ √  
Forest-Moorland √ √   √ √ √ 
Forest-Pasture   √ √ √ √  
Moorland- 

Pasture 
√ √ √ √ √ √ √  
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plant storage lipids and is the dominant fatty acid in most fungi (Olsson 
et al., 2005). Within a forest environment Ferlian et al., (2014) found the 
fungal biomarker 18:2ω6,9 was more abundant in litter as compared to 
soil whereas the opposite was true of bacterial biomarkers such as i15:0 
which were more abundant in the soil. 

The relative mean proportions of SC-NLFA i15, 10-Methyl-16, 
18:2ω6, and 18:0 for forest soil samples were very different from 

samples from other land uses (Fig. 8) with roughly equal contributions 
from all four biomarkers (i15:0 0.32, 10-Methyl-16:0 0.22, 18:2ω6,9 
0.21 and 18:0 0.25). Arable and moorland show a similar signature 
dominated by the fungal biomarker 18:2ω6,9 (0.5 and 0.59 respectively) 
with correspondingly smaller contributions from the bacterial bio-
markers i15:0 and 10-Methyl-16:0 (combined proportion of 0.18 and 
0.19 respectively) and biomarker 18:0 (0.32 and 0.22 respectively) 
ubiquitous in both bacteria and plants. The relative mean proportions of 
SC-NLFA in pasture land soil samples had a larger contribution from the 
bacterial biomarkers i15:0 and 10-Methyl-16:0 (combined proportion of 
0.29) than those in arable/moorland soils and a correspondingly smaller 
proportion from the fungal biomarker 18:2ω6,9 (0.37). The study of 
Zaitlin et al. (2003) found actinomycetes are particularly abundant in 
runoff from terrestrial sources with faecal contamination, suggesting an 
increased contribution of bacterial biomarkers in pasture land relative to 
arable or moorland could be due to the presence of grazing animals. It is 
not known why bacterial biomarkers dominate the distribution in forest 
soils, however, bacterial and fungal communities can vary with nutrient 
availability and particle size fractions (Hemkemeyer et al., 2019; 2018; 
Zhang et al., 2016a) contributing to spatial heterogeneity and bacterial 
diversity between land uses. There is a relatively larger proportion 
bacterial biomarkers in the streambed sediments (BS1 0.29, BS2 0.45, 

Fig. 6. Range of δ13C values (‰) of n-alkanes (C23-C31) from forest, pasture, arable and moorland land uses and streambed sediment sources The box is extended 
from the 25–75 percentiles, the line is plotted at the median and whiskers show the maximum to minimum range excluding outliers (dots). 

Table 5 
Kruskal- Wallis (KW) and posthoc Dunn’s test. significant differences in n-alkane 
CSSI δ13C (p < 0.05) distinguished between soil samples from different land use 
sources. Sources in bold indicate n-alkane CSSI δ13C value for streambed sedi-
ment within the range for terrestrial sediments.   

Significant difference (p < 0.05)  

C23 C25 C27 C29 C31 

Arable-Forest      
Arable-Moorland     √ 
Arable-Pasture √ √    
Forest-Moorland   √   
Forest-Pasture  √ √ √ √ 
Moorland-Pasture  √  √ √  

Table 6 
Kruskal- Wallis (KW) and posthoc Dunn’s test. significant differences in Neutral lipid fatty acid (NLFA) relative concentration (p < 0.05) distinguished between soil 
samples from different land use sources. Sources in bold indicate NLFA concentrations for streambed sediment within the range for terrestrial sediments.   

Significant difference (p < 0.05)  

i15:0 a15:0 16:0 10-Methyl-16:0 12-Methyl-16:0 18:2ω6,9 18:0 

Arable-Forest √   √  √ √ 
Arable-Moorland     √  √ 
Arable-Pasture        
Forest-Moorland √ √  √ √ √  
Forest-Pasture √   √   √ 
Moorland-Pasture  √   √ √ √  
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and BS3 0.37) relative to most of the land uses (arable 0.18, moorland 
0.19, pasture 0.29 and forest 0.54). The sample site for BS2 is within an 
area of forest and it is possible bank overflow or erosion could have 
provided a larger contribution from forest soils to streambed sediments 
at this site. Alternatively, the range of δ13C of n-alkanes suggested 
streambed sediments could have relatively more finer soil particles, and 
in the study of Hemkemeyer et al. (2018) actinobacteria were shown to 
exhibit preference for the fine silt particle fraction. 

3.4. SC-NLFA CSSI δ13C 

CSSI δ13C signatures of conservative SC-NLFAs (selected above) (i.e., 
i15:0, 16:00, 10-Methyl-16:0, 18:2ω6,9 and 18:00) (Table 7) were 
considered as potential tracers. Of these, all SC-NLFA CSSI δ13C (with 
the exception of 16:00) could distinguish between land uses (Table 7). 
The CSSI δ13C values for i15:0 and 18:2ω6,9 were outside the maximum 
and minimum values for the land use sources and therefore only 10- 
Methyl-16:0 and 18:00 were selected as tracers (Fig. 9). Together, 
these biomarkers could only discriminate between forest land and the 
other three land uses (Table 7). The availability of only two conservative 
SC-NLFA CSSI δ13C biomarkers and their ability to distinguish a limited 
number of land use classes meant that they could not be used on their 

own to distinguish between the four land use sources in this catchment. 

3.5. Combination of tracers that provided the best land use source 
discrimination 

Six “virtual” mixtures with 50/50 contributions from each of the four 
sources (arable, pasture, forest and moorland) were created to test the 

Fig. 7. Range of SC-NLFA i15:0, 10-Methyl-16:0, 18:2ω6,9 and 18:00 from forest, pasture, arable and moorland land uses and streambed sediment sources BS1, BS2 
and BS3. The box is extended from the 25–75 percentiles, the line is plotted at the median and whiskers show the maximum to minimum range excluding out-
liers (dots). 

Fig. 8. Relative mean proportion for SC-NLFA for the soils of land uses, arable, forest, moorland and pasture streambed sediments BS1, BS2 and BS3. Error bars 
+/- 1SD. 

Table 7 
Kruskal- Wallis (KW) and posthoc Dunn’s test: significant differences in NLFA 
CSSI δ13C (p < 0.05) distinguished between soil samples from different land use 
sources. Sources in bold indicate NLFA CSSI δ13C for streambed sediment within 
the range for terrestrial sediments.   

Significant difference (p < 0.05)  

i15:0 16:00 10-Methyl-16:0 18:2ω6,9 18:00 

Arable-Forest   √ √  
Arable-Moorland      
Arable-Pasture      
Forest-Moorland   √   
Forest-Pasture √  √ √ √ 
Moorland-Pasture √      

C. Wiltshire et al.                                                                                                                                                                                                                               



Geoderma 433 (2023) 116445

12

performance of MixSIAR in distinguishing between land uses when 
using the following tracer combinations; Scenario a) n-alkane ratios 
alone (Nalk), b) n-alkane ratios + CSSI signatures (NalkBoth), c) n- 
alkane ratios + SC-NLFA concentrations (NalkNlfa), d) Scenario c + SC- 
NLFA CSSI signatures (NalkNlfaBoth), e) SC-NLFA concentrations only 
(Nlfa), f) SC-NLFA concentrations + CSSI signatures (NlfaBoth), and g) 
all tracers (Fig. 10, Table 8). 

If the “best” tracer set is defined as minimising the error when dis-
tinguishing between land use sources, then using Scenario e (SC-NLFA 
concentrations (Nlfa); four biomarkers in total) was the best in dis-
tinguishing arable or forest land use from all other land use sources 
(4.3% and 3.7% mean error respectively) (Table 8). The best tracer set in 
distinguishing pasture land from all other land uses was Scenario f (SC- 
NLFA concentrations + CSSI signatures (NlfaBoth)). Using a combina-
tion of n-alkane ratios + SC-NLFA concentrations (NalkNlfa) was the 
best tracer set to distinguish moorland from all other land uses (Table 8). 
To distinguish between all four land uses the best tracer set was Scenario 
f (SC-NLFA concentrations + CSSI signatures (NlfaBoth) (Table 8). If the 
“worst” tracer set is defined as the maximum error when distinguishing 
between land use sources, then Scenario b n-alkane ratios + CSSI sig-
natures (NalkBoth) was the worst tracer set to distinguish between the 
four land uses in this catchment. When distinguishing between all four 
land uses the minimum error was found by not using any n-alkane 

Fig. 9. Range of δ13C values (‰) of SC-NLFA from forest, pasture, arable and moorland land uses and streambed sediment sources The box is extended from the 
25–75 percentiles, the line is plotted at the median and whiskers show the maximum to minimum range excluding outliers (dots). 

Fig. 10. Source proportions modelled for 50/50 virtual mixtures for Scenario a) n-alkane ratios alone (Nalk), b) n-alkane ratios + CSSI signatures (NalkBoth), c) n- 
alkane ratios + SC-NLFA concentrations (NalkNlfa), d) Scenario c + SC-NLFA CSSI signatures (NalkNlfaBoth), e) SC-NLFA concentrations only (Nlfa), f) SC-NLFA 
concentrations + CSSI signatures (NlfaBoth), and g) all tracers. Land use 50/50 combinations. Arable-Forest (af), Arable-Moorland (am), Arable-Pasture (ap), 
Forest-Moorland (fm), Forest-Pasture (fp) and Moorland-Pasture (mp). Dotted line at proportion of 0.5 (50/50). Error bars +/- 1SD. n = number of tracers. 

Table 8 
Mean absolute difference between modelled and virtual mixture composition 
(%) for Scenario a) n-alkane ratios alone (Nalk), b) n-alkane ratios + CSSI sig-
natures (NalkBoth), c) n-alkane ratios + SC-NLFA concentrations (NalkNlfa), d) 
Scenario c + SC-NLFA CSSI signatures (NalkNlfaBoth), e) SC-NLFA concentra-
tions only (Nlfa), f) SC-NLFA concentrations + CSSI signatures (NlfaBoth), and 
g) all tracers. Land use 50/50 combinations: Arable-Forest (af), Arable-Moorland 
(am), Arable-Pasture (ap), Forest-Moorland (fm), Forest-Pasture (fp) and 
Moorland-Pasture (mp). “Best” tracer set is defined as minimising the error when 
distinguishing between land use sources and is highlighted in green.   

arable 
(mean of 
af, am, 
ap) 

forest 
(mean of 
af, fm, 
fp) 

pasture 
(mean of 
ap, fp, 
mp) 

moorland 
(mean of am, 
fm, mp) 

All 
land 
uses 

Nlfa  4.27  3.73  6.27  10.80  6.27 
Nalk  12.40  11.20  17.40  8.33  12.33 
Nlfa both  5.67  5.33  2.47  3.87  4.33 
NalkBoth  19.27  19.07  15.33  13.00  16.67 
NalkNlfa  6.60  9.47  12.27  3.00  7.83 
NalkNlfaBoth  8.87  8.33  12.13  3.60  8.23 
All  12.20  13.07  11.60  9.80  11.67 
Mean all 

tracer sets  
9.90  10.03  11.07  7.49   
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tracers in the MixSIAR source apportionment. For this catchment, where 
discrimination between four different land uses is required, the com-
bined use of SC-NLFA concentrations + CSSI signature tracers (Nlfa-
Both) provided the best capacity for land use source discrimination 
based on the reproduction of known source apportionments. Dis-
tinguishing between arable and pasture land using n-alkane tracers is 
known to be difficult due to agricultural rotation (Glendell et al., 2018; 
Wiltshire et al., 2022). These results suggest that the addition of SC- 
NLFA tracers to n-alkanes or the use of SC-NLFA tracers alone could 
improve the discrimination between these two land uses. 

In previous studies, soil fungal community structures under affor-
estation have been shown to be controlled by original land use practices 
(Xue et al., 2022) and soil biomarkers of bacterial origin have proved to 

be effective, not only in distinguishing current land uses, but also in 
distinguishing soil under land that had changed use decades before (e.g. 
grassland to forest (Lavrieux et al., 2012)). Combining SOC biomarkers 
from different soil communities may allow future studies to achieve 
even more accurate SOC source attribution using multiple source group 
classifications based not just on the current land use but on known 
conversions of land use (e.g., cropland to forest). For example, if SC- 
NLFA could distinguish former grassland under afforestation from 
existing forest and grasslands these tracers could be used to see the effect 
of this land use change on the sources of sediments in nearby streams. 

Fig. 11. Mean source proportion of four land use sources (arable, forest, moorland and pasture) modelled using sediment fingerprinting (n-alkane ratios, and short 
chain (<C22) NLFA concentrations and CSSI signatures as tracers) and a Bayesian unmixing model (MixSIAR) for three streambed sediment samples (BS1, BS2 and 
BS3) – in each case this accompanied by the corresponding percentage land use cover for the sub-catchments of BS1, BS2 and BS3. Error bars are +/- 1SD. 
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3.6. Contribution of land use sources to catchment streambed sediments 

Each tracer set was used to model the relative land use contribution 
to the three streambed sediment samples (BS1, BS2 (no arable land use 
present) and BS3) using MixSIAR (Fig. 11, Table 9). On average, at every 
streambed sample site, the land use with the smallest modelled source 
proportion was moorland (mean 0.09, 0.14 and 0.07 at sites BS1, BS2 
and BS3 respectively) and the land use with the largest modelled source 
proportion was pasture land (mean 0.49, 0.57 and 0.46 at sites BS1, BS2 
and BS3 respectively) (Table 9). In this study catchment, where 
discrimination between four different land uses was required, the 
combination of SC-NLFA concentrations + their CSSI signatures (Nlfa-
Both) provided the most accurate “best” land use source discrimination 
based on their reproduction of known source apportionment. 
Conversely, the “worst” land use source discrimination was found when 
using the tracer set composed of both n-alkane ratios and n-alkane CSSI 
(NalkBoth). There is a marked difference between the source pro-
portions modelled using the “best”, “worst” and taking the “mean” of all 
the tracer sets (Fig. 11) and a different interpretation could be made of 
the relative contributions of the four land uses to the sediment in the 
streams from these different tracer sets. For example, the “best” tracer 
set predicts relatively similar source proportions from all the land uses 
(arable = 0.25, forest = 0.16, moorland = 0.20 and pasture = 0.39) at 
site BS1, whereas the “worst” tracer set predicts a dominant contribution 
from forest land (0.63), a moderate input from pasture land (0.25) and 
very little input from arable or moorland (0.08 and 0.05 respectively). 
These results suggest that fingerprinting methods using the output of 
unmixing models such as MixSIAR could be improved by the use of 
multiple tracer sets if there is a commensurate way to determine which 
tracer set provides the “best” capacity for land use source discrimina-
tion. In this study, the use of virtual mixtures offered a way to select 
which tracers provided the best capacity for land use source discrimi-
nation by reproducing known source apportionments. The best esti-
mates for source apportionment for the four land uses were arable =

0.25, forest = 0.16, moorland = 0.20 and pasture = 0.39 at BS1, forest =
0.40, moorland = 0.39 and pasture = 0.21 at BS2 (no arable land), and 
arable = 0.23, forest = 0.17, moorland = 0.13 and pasture = 0.47 at BS3 
(Fig. 11). 

Arable land use covered approximately 10% of the BS3 catchment 
area and also of the sub-catchment relating to BS1 (Fig. 11). At both BS1 
and BS3, arable land made a larger contribution to the streambed sed-
iments than would be expected given the amount of arable land within 
those sub-catchments. For ca. 400 m upstream of BS1 the stream passes 
through arable land, some of which is located on steeper slopes (>5◦), 
which could have led to a locally higher level of erosion and input of 
arable soil to the stream (Wischmeier and Smith, 1978). Similarly, 
Pulley and Collins (2018) found sediment sources in close proximity to 
their sediment sampling locations were of the greatest importance in 
their SF study in a UK agricultural catchment, and Lei et al. (2021) found 
that concentrations of nutrients in streams were intensified by steeper 
slopes in agricultural and pasture fields in Germany. These results sup-
port other studies that have found arable land makes a larger contri-
bution to river sediments than would be predicted from the proportion 
of land that it covers within a catchment (Wang et al., 2021). 

At streambed sites BS1 and BS3 30% and 25% of the respective sub- 
catchment land is covered in forest, however forest land contributed 
only 13% and 17% respectively to the streambed sediments. The pro-
portion of sediment originating from forest land in this catchment is not 
high but is higher than that for a similar study carried out in another 
Aberdeenshire catchment (Tarland; Hirave et al., 2020a) which found 
minimal inputs from forest land uses to the headwater stream suspended 
sediment flux (ca. 2%) attributed to high canopy cover and a dense 
organic layer on the soil surface resulting in low erosion rates. Wang 
et al. (2021) also found the contributions from forest and moorland to 
riverbed sediments were considerably smaller than those from arable 
land (forest 8% and moorland 6%: cf. arable 45%). Forest accounts 
for<5% of the land cover in the sub-catchment at BS2 but contributed 
40% of the streambed OC. The forest land in the BS2 sub-catchment is 
located on land at low risk of erosion (Lilly and Baggaley, 2018), how-
ever, all forest land is in close proximity to BS2, suggesting that these 
proximal areas had a large influence on the composition of streambed 
sediments, possibly through direct input of woody material to the stream 
(Lavrieux et al., 2019; Wiltshire et al., 2022). 

When considering BS3, located at the catchment outlet, nearly 30% 
percent of the catchment land cover is moorland, however, the MixSIAR 
model predicted a proportional contribution of only 0.13 from moor-
land. Similarly, at BS2 moorland encompasses nearly 80% of the land 
cover respectively but made a smaller contribution to the streambed 
sediments (proportion 0.39). Moorland covers large areas of the Loch 
Davan catchment and is located on the steepest slopes (Fig. 1c) in areas 
at higher erosion risk (Lilly and Baggaley, 2018). The erosion risk map 
covering this catchment (Lilly and Baggaley, 2018) was constructed by 
estimating the risk of a bare soil being eroded under intense or pro-
longed rainfall, with steeper slopes leading to faster runoff. The minimal 
input of moorland soil to the streambed sediments suggests that despite 
their location on steep slopes the vegetation cover found on these 
moorlands makes this land use relatively resistant to soil erosion. Hirave 
et al., (2020a) also found that moorland contributed marginally to 
suspended stream sediments (<2%), despite covering 16% of the 
catchment area, which they attributed to the thick organic layer 
covering the soil surface for this land use resulting in less erodibility of 
the soil. 

At each streambed site there was a larger contribution from pasture 
land to the streambed sediments (BS1 0.39, BS2 0.21 and BS3 0.47 
respectively: Fig. 11) than would be expected given the amount of 
pasture land within those sub-catchments (30%, 14% and 30% respec-
tively). The results of this study are consistent with those of other studies 
that found a high contribution (annual average 56–79%) of permanent 
grasslands to the suspended sediments and higher soil erosion rate es-
timates from improved grassland (as compared to extensive arable land 
use), for other areas in Scotland (Hirave et al., 2020a; Rickson et al., 
2019). 

4. Conclusion 

Building on previous research that has shown SC-NFLA hold promise 
for distinguishing land use origins of recently eroded sediment, specif-
ically when there is land use change, the collection of new empirical 

Table 9 
Mean, minimum and maximum relative land use contribution to the three streambed sediment samples (BS1, BS2 (no arable land use present) and BS3) using MixSIAR 
and tracers sets a) n-alkane ratios alone (Nalk), b) n-alkane ratios + CSSI signatures (NalkBoth), c) n-alkane ratios + SC-NLFA concentrations (NalkNlfa), d) Scenario c 
+ SC-NLFA CSSI signatures (NalkNlfaBoth), e) SC-NLFA concentrations only (Nlfa), f) SC-NLFA concentrations + CSSI signatures (NlfaBoth), and g) all tracers.   

BS1 BS2 BS3  

mean min max mean min max mean min max 

arable  0.17  0.07  0.26     0.24  0.16  0.38 
forest  0.25  0.11  0.63  0.30  0.12  0.56  0.23  0.06  0.38 
moorland  0.09  0.04  0.21  0.14  0.05  0.39  0.07  0.04  0.13 
pasture  0.49  0.25  0.73  0.57  0.21  0.83  0.46  0.30  0.74  

C. Wiltshire et al.                                                                                                                                                                                                                               



Geoderma 433 (2023) 116445

15

data and novel combinations of biomarkers in this study found that land 
use can be distinguished more accurately in organic sediment finger-
printing when combining n-alkanes and SC-NLFA or using SC-NLFA and 
their CSSI alone. There was a marked difference between the source 
proportions modelled using different tracer sets (Fig. 11) with corre-
spondingly different interpretations of the relative contributions of the 
four land uses to the sediment in the streams. These results suggest that 
fingerprinting methods using the output of unmixing models such as 
MixSIAR could be improved by the use of multiple tracer sets if there is a 
corresponding way to determine which tracer set provides the “best” 
capacity for land use source discrimination. The use of virtual mixtures 
and different combinations of tracers offer a way to select tracers with 
the best capacity for land use source discrimination by reproducing 
known source apportionments and a more reliable “best” estimate of the 
proportional contribution of each land use to the catchment streambed 
sediments. In this study a 50/50 ratio was selected for the virtual mix-
tures to assess which tracer set performed best on average for all the 
individual source combinations without having to make assumptions 
about what the likely source proportions would be. In future studies, 
varying “known” contributions (from the 50/50 ratio used in the virtual 
mixtures in this study) could give additional information on the com-
bined tracer set/mixing model performance at more “extreme” source 
ratios. 

This new contribution to the organic sediment fingerprinting field 
highlights that different combinations of biomarkers may be required to 
optimise discrimination between soils from certain land use sources (e. 
g., arable-pasture). The use of virtual mixtures, as presented in this 
study, provides a method to determine if addition or removal of tracers 
can improve relative error in source discrimination. Further studies are 
required to determine whether different sets of biomarkers (n-alkane, 
SC-NLFA, concentrations, CSSI δ13C signatures) are consistent in better 
distinguishing between certain land use combinations (e.g., arable- 
pasture) in varied geographical areas. Combining SOC biomarkers rep-
resenting different soil communities could have a significant impact on 
the identification of recent sources of sediment within catchments and 
therefore on the development of effective management strategies. 
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Sirjani, E., Mahmoodabadi, M., Cerdà, A., 2022. Sediment transport mechanisms and 
selective removal of soil particles under unsteady-state conditions in a sheet erosion 
system. Int. J. Sediment Res. 37, 151–161. https://doi.org/10.1016/j. 
ijsrc.2021.09.006. 

Smeaton, C., Cui, X., Bianchi, T.S., Cage, A.G., Howe, J.A., Austin, W.E.N., 2021. The 
evolution of a coastal carbon store over the last millennium. Quat. Sci. Rev. 266, 
107081 https://doi.org/10.1016/j.quascirev.2021.107081. 

Smith, H.G., Karam, D.S., Lennard, A.T., 2018b. Evaluating tracer selection for 
catchment sediment fingerprinting. J. Soils Sediments 18, 3005–3019. https://doi. 
org/10.1007/s11368-018-1990-7. 

Smith, A.A., Tetzlaff, D., Soulsby, C., 2018a. On the use of storage selection functions to 
assess time-variant travel times in lakes. Water Resour. Res. 54, 5163–5185. https:// 
doi.org/10.1029/2017WR021242. 

Stenfert Kroese, J., Batista, P.V.G., Jacobs, S.R., Breuer, L., Quinton, J.N., Rufino, M.C., 
2020. Agricultural land is the main source of stream sediments after conversion of an 
African montane forest. Sci. Rep. 10, 14827. https://doi.org/10.1038/s41598-020- 
71924-9. 

Stock, B.C., Semmens, B.X., 2016. MixSIAR GUI User Manual. Version 3.1. 10.5281/ 
zenodo.1209993. 

Stock, B.C., Jackson, A.L., Ward, E.J., Parnell, A.C., Phillips, D.L., Semmens, B.X., 2018. 
MixSIAR model description. 

C. Wiltshire et al.                                                                                                                                                                                                                               

https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.orggeochem.2005.01.015
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.orggeochem.2005.01.015
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.scitotenv.2017.10.211
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.envsci.2003.09.004
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.orggeochem.2016.05.005
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.orggeochem.2016.05.005
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+0146-6380(88)90096-4
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+0146-6380(88)90096-4
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+hyp.9466
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.soilbio.2005.11.031
https://extranet.cranfield.ac.uk/S0016-7061(23)00122-2/,DanaInfo=refhub.elsevier.com+h0160
https://extranet.cranfield.ac.uk/S0016-7061(23)00122-2/,DanaInfo=refhub.elsevier.com+h0160
https://extranet.cranfield.ac.uk/S0016-7061(23)00122-2/,DanaInfo=refhub.elsevier.com+h0160
https://extranet.cranfield.ac.uk/10.3389/,DanaInfo=doi.org,SSL+fmicb.2018.00149
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ejsobi.2019.103103
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.scitotenv.2020.142916
https://extranet.cranfield.ac.uk/10.5194/,DanaInfo=doi.org,SSL+bg-2019-205
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.marchem.2006.05.001
https://extranet.cranfield.ac.uk/S0016-7061(23)00122-2/,DanaInfo=refhub.elsevier.com+h0190
https://extranet.cranfield.ac.uk/S0016-7061(23)00122-2/,DanaInfo=refhub.elsevier.com+h0190
https://extranet.cranfield.ac.uk/10.1111/,DanaInfo=doi.org,SSL+1758-5899.12096
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s10661-020-08568-9
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.procbio.2005.12.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.procbio.2005.12.007
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.orggeochem.2012.07.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.orggeochem.2012.07.003
https://extranet.cranfield.ac.uk/10.5194/,DanaInfo=doi.org,SSL+bg-16-2131-2019
https://extranet.cranfield.ac.uk/10.5194/,DanaInfo=doi.org,SSL+bg-16-2131-2019
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ecolind.2020.106940
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ecolind.2020.106940
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jhydrol.2021.126518
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.jhydrol.2021.126518
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.agee.2021.107606
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.agee.2021.107606
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.geomorph.2019.05.015
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.geomorph.2019.05.015
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s00027-014-0344-9
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s00027-014-0344-9
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.geoderma.2013.08.013
https://extranet.cranfield.ac.uk/research/climate/maps-and-data/uk-climate-averages/,DanaInfo=www.metoffice.gov.uk,SSL+gfjuxqwcs
https://extranet.cranfield.ac.uk/research/climate/maps-and-data/uk-climate-averages/,DanaInfo=www.metoffice.gov.uk,SSL+gfjuxqwcs
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+S0146-6380(02)00168-7
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11368-022-03145-8
https://extranet.cranfield.ac.uk/10.1128/,DanaInfo=doi.org,SSL+AEM.71.5.2592-2599.2005
https://extranet.cranfield.ac.uk/10.1128/,DanaInfo=doi.org,SSL+AEM.71.5.2592-2599.2005
https://extranet.cranfield.ac.uk/,DanaInfo=digimap.edina.ac.uk,SSL+
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+rra.878
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+rra.878
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.earscirev.2016.08.012
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.earscirev.2016.08.012
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.scitotenv.2015.05.003
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.scitotenv.2015.05.003
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s00442-003-1218-3
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s00442-003-1218-3
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.scitotenv.2018.04.126
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+2014JG002635
https://extranet.cranfield.ac.uk/10.1002/,DanaInfo=doi.org,SSL+2014JG002635
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.marchem.2015.02.001
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.marchem.2015.02.001
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11356-008-0075-3
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11356-008-0075-3
https://extranet.cranfield.ac.uk/data-visualisation/water-classification-hub/,DanaInfo=www.sepa.org.uk,SSL+
https://extranet.cranfield.ac.uk/data-visualisation/water-classification-hub/,DanaInfo=www.sepa.org.uk,SSL+
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijsrc.2021.09.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.ijsrc.2021.09.006
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.quascirev.2021.107081
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11368-018-1990-7
https://extranet.cranfield.ac.uk/10.1007/,DanaInfo=doi.org,SSL+s11368-018-1990-7
https://extranet.cranfield.ac.uk/10.1029/,DanaInfo=doi.org,SSL+2017WR021242
https://extranet.cranfield.ac.uk/10.1029/,DanaInfo=doi.org,SSL+2017WR021242
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41598-020-71924-9
https://extranet.cranfield.ac.uk/10.1038/,DanaInfo=doi.org,SSL+s41598-020-71924-9


Geoderma 433 (2023) 116445

17

Stout, S.A., 2020. Leaf wax n-alkanes in leaves, litter, and surface soil in a low diversity, 
temperate deciduous angiosperm forest, Central Missouri, USA. Chem. Ecol. 
810–826 https://doi.org/10.1080/02757540.2020.1789118. 

Swales, A., Gibbs, M.M., 2020. Transition in the isotopic signatures of fatty-acid soil 
biomarkers under changing land use: insights from a multi-decadal chronosequence. 
Sci. Total Environ. 722, 137850 https://doi.org/10.1016/j.scitotenv.2020.137850. 

Tekaya, M., Dahmen, S., Ben Mansour, M., Ferhout, H., Chehab, H., Hammami, M., 
Attia, F., Mechri, B., 2021. Foliar application of fertilizers and biostimulant has a 
strong impact on the olive (Olea europaea) rhizosphere microbial community profile 
and the abundance of arbuscular mycorrhizal fungi. Rhizosphere 19, 100402. 
https://doi.org/10.1016/j.rhisph.2021.100402. 
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