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Abstract

Adequate biogeochemical characterization and monitoring of aquatic ecosystems, both for scientific purposes and for
water management, pose high demands on spatial and temporal replication of chemical analyses. Near-infrared reflectance
spectroscopy (NIRS) may offer a rapid, low-cost and reproducible alternative to standard analytical sample processing
(digestion or extraction) and measuring techniques used for the chemical characterization of aquatic sediments. We
analyzed a total of 191 sediment samples for total and NaCl-extractable concentrations of Al, Ca, Fe, K, Mg, Mn, N, Na, P, S, Si,
and Zn as well as oxalate- extractable concentrations of Al, Fe, Mn and P. Based on the NIR spectral data and the reference
values, calibration models for the prediction of element concentrations in unknown samples were developed and tested
with an external validation procedure. Except Mn, all prediction models of total element concentrations were found to be
acceptable to excellent (ratio of performance deviation: RPD 1.8-3.1). For extractable element fractions, viable model
precision could be achieved for NaCl-extractable Ca, K, Mg, NH;"-N, S and Si (RPD 1.7-2.2) and oxalate-extractable Al, Fe and
P (RPD 1.9-2.3). For those elements that showed maximum total values below 3 g kg~ ' prediction models were found to
become increasingly critical (RPD <2.0). Low concentrations also limited the performance of NIRS calibrations for extracted
elements, with critical concentration thresholds <0.1 g kg™' and 3.3 g kg™ for NaCl and oxalate extractions, respectively.
Thus, reliable NIRS measurements of trace metals are restricted to sediments with high metal content. Nevertheless, we
demonstrated the suitability of NIRS measurements to determine a large array of chemical properties of aquatic sediments.
The results indicate great potential of this fast technique as an analytical tool to better understand the large spatial and
temporal variation of sediment characteristics in an economically viable way.
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Introduction information for the understanding of biogeochemical key processes
in aquatic systems and wetlands related to major issues such as

Soils and sediments of natural systems not only show high eutrophication and toxicity [9,10], and can therefore be used for

spatial and temporal variation in physical and chemical charac-
teristics, but also in fluxes of elements among this compartment,
the hydrosphere and the atmosphere [1,2]. Given the importance
of soils and sediments, e.g. with respect to their functioning as a
fundamental nutrient resource for primary production (including
crop production) and their regulatory and filtering services for
surface water and groundwater, there is a strong need for spatial
mapping and regular monitoring in order to be able to detect
patterns and changes in biogeochemical characteristics of soils and
sediments [3,4,5]. Particularly in aquatic ecosystems and wetlands,
information on the distribution and retention of elements in the
sediments is of crucial importance because of the strong
interactions between the sediment and the surface water with
respect to nutrients and contaminants [6,7,8].

Aquatic sediments can act both as a source and as a sink from
which element ions and charged molecules can be released or
immobilized. Thus, sediment characteristics provide indispensable

the prediction of the fast biotic response to environmental change
(within a timeframe of days to weeks), e.g. after restoration
measures have been taken [8,11]. One of the biogeochemical key
processes causing massive eutrophication is sulfate-mediated
phosphate mobilization in the sediment [10,12]. In this context,
knowledge about sediment phosphorus, sulfur and iron contents
including differently extracted fractions add particularly valuable
information for process understanding and the selection of
appropriate measures to counteract massive sulfate-mediated
phosphate release. Geurts et al. [8] for instance showed that the
iron to sulfur ratio of the bulk sediment was a strong indicator for
the release of phosphorus to the surface water. Next to
determining nutrient release or immobilization rates, the chemical
characteristics of sediments strongly affect the sorption of
contaminants [13] and the degree of acidification and concomitant
release of metals upon desiccation [14]. Therefore, the element
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Figure 1. Mean NIR spectral absorbance (Log 1 R™', R=reflectance) of sediment samples. Solid line mean spectra of all samples, upper
dashed line mean spectra of samples with >30% organic matter, lower dashed line mean spectra of samples with <30% organic matter.

doi:10.1371/journal.pone.0070517.g001

composition of sediments provides important information about
their biogeochemical role in aquatic systems.

These examples demonstrate the importance of a comprehen-
sive chemical characterization of sediments in aquatic systems,
both for scientific and for applied issues including water
management. However, an integrated assessment of the spatial
distribution of sediment quality data is often lacking [3,5], most
likely due to financial constraints as sample processing (digestion
and extraction methods) and chemical analyses of large numbers
of samples and their different chemical properties are costly and
time consuming. Moreover, seasonal variability may additionally
affect element exchange rates between sediment and water and
add a temporal dimension to these environmentally relevant
processes [2]. Thus, a rapid, inexpensive and reproducible method
for the determination of various chemical properties of sediments
would be very useful for many environmental studies and
monitoring programs related to aquatic systems and wetlands.

Near-infrared reflectance spectroscopy (NIRS), being a fast and
low-cost analytical technique, has this potential to offer a reliable
alternative to traditional chemical analyses, without the need of
elaborate and costly sample preparation including microwave
digestion or extractions with various solvents [15]. Near infrared
analysis is an indirect method that estimates the chemical
component of interest by linking spectral characteristics to the
known chemical composition. The analyses of unknown samples
can subsequently be carried out with a calibration model that has
to be developed using multivariate regression procedures [16].
NIRS is routinely used for the analysis and quality control of
pharmaceutical and agricultural products [17,18]. Recently, the
great potential of this technique for environmental and soil
ecological ~ studies  has  increasingly = been  recognized
[19,20,21,22,23,24]. However, although research on NIR/MIR
spectroscopy for soil analysis has experienced a boom over the last
10 years [25], the NIRS technology is still relatively unpopular in
soil science, probably due to the fact that the method is largely
unknown to a considerable part of the scientific community
concerned [26].

Near infrared spectroscopy is primarily based on absorbance
characteristics caused by vibrations of covalent bonds between H,
C, O and N, which are the main constituents of organic matter
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[27]. Therefore, it was proven to be a feasible method for the
substitute measurement of organic soil constituents such as C and
N contents or of more complex substance classes such as fibres and
phenolics [28,29]. Although metals and other mineral compounds
such as phosphorus do not absorb radiation in the NIR region
they may still be detectable via their association with organic
matter, oxides, hydroxides or clays that absorb light in the NIR
wavelength range [26,30]. However, for the measurement of
various total and exchangeable chemical substances NIRS
calibration models have been shown to perform with great
variability among different studies [4,31,32], showing that
additional research is required.

Here, we present NIRS calibration models for the measurement
of various chemical properties of aquatic sediments sampled at 191
locations across The Netherlands. These samples showed a strong
variation in organic matter content and in concentrations of target
variables, which is vital for a reliable study. Our analyses included
1) total element concentrations of Al, C, Ca, Ie, K, Mg, Mn, N,
Na, P, S, Si and Zn, 2) NaCl-extractable concentrations of Al, Ca,
Fe, K, Mg, Mn, NH4-N, NO3-N, P, S, Si and Zn, and 3) oxalate-
extractable Al, Fe, Mn and P. Different prediction models are
evaluated and the applicability for fundamental and applied
environmental research is discussed.

Materials and Methods

Ethic statement

We got permission from in total 11 different waterboards to
conduct the study on the 191 different locations. These water-
boards gave permission on the following locations:

Hoogheemraadschap van Delfland (location 1-17, 86-99),
Waternet (location 18-33, 100-109, 154-158), Hoogheem-
raadschap van Schieland en Krimpenerwaard (location 34-40),
Waterschap Brabantse Delta (location 41-43), Wetterskip Fryslan
(location 46-50, 66-75, 129-133), Waterschap Reest en Wieden
(location 51-55), Waterschap de Veluwe (location 5665, 134—
143), Waterschap Hunze en Aa’s (location 76-85, 110114, 159—
163), Hoogheem raadschap van Rijnland (location 115-128, 181-
192), Hoogheemraadschap de Stichtse Rijnlanden (location 144—
153, 171-180), Waterschap Rivierenland (location 164-170).
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There was no private land involved, and there were no
endangered or protected species involved.

Sampling and chemical analysis

From 191 locations distributed over The Netherlands sediment
samples (0-10 cm) were collected from lakes and ditches using a
piston sampler (Ejjkelkamp Agrisearch Equipment, Giesbeek, The
Netherlands). Samples were gathered during two years: between
the 18" of June and the 19™of July 2010 and between the 7™ of
June and the 14™ of July 2011. All samples were kept in air tight
bags and immediately transported in a cool-box to the laboratory
for further analyses.

To determine total element concentrations, sediment samples
were dried for 48 h at 60°C and then ground in liquid nitrogen.
Total nitrogen and carbon concentrations were measured with a
CNS analyzer (type NA1500; CarloErba Instruments, Milan,
Italy). Total concentrations of all other elements were considered
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Table 1. Statistical summary of the sample dataset.
Calibration data set (N=153) Validation data set (N =38) Total data set (N=191)
Range Mean SD Range Mean SD Range Mean SD
Total concentrations [g kg™']
Al 0.13/16.15 4.51 3.63 0.32/12.61 4.77 3.39 0.13/16.15 4.56 3.57
C 1.6/471.3 128.2 1183 1.9/449.9 130.8 118.2 1.6/471.3 128.7 117.9
Ca 0.29/106.90 15.48 19.85 0.47/79.99 17.14 19.56 0.29/106.90 15.81 19.75
Fe 0.10/33.61 11.64 8.89 0.80/30.07 12.63 8.32 0.10/33.61 11.84 8.76
K 0.03/3.10 0.79 0.76 0.04/2.48 0.75 0.68 0.03/3.10 0.78 0.74
Mg 0.08/6.85 1.71 1.62 0.10/5.10 1.88 1.57 0.08/6.85 1.74 1.61
Mn 0.01/1.32 0.38 0.38 0.01/1.29 0.38 0.38 0.01/1.32 0.38 0.38
N 0.12/26.70 9.09 7.72 0.35/22.75 9.50 7.78 0.12/26.70 9.17 7.72
Na 0.00/1.12 0.20 0.25 0.00/0.93 0.20 0.22 0.00/1.12 0.20 0.24
P 0.02/2.48 0.65 0.61 0.02/2.30 0.68 0.61 0.02/2.48 0.65 0.61
S 0.24/34.29 6.50 8.58 0.45/32.26 7.09 8.58 0.24/34.29 6.61 8.55
Si 0.02/2.76 0.52 0.58 0.02/2.22 0.53 0.54 0.02/2.76 0.52 0.57
Zn 0.00/1.28 0.10 0.17 0.00/0.67 0.11 0.15 0.00/1.28 0.10 0.17
NaCl-extractable concentrations [mg kg™ ']; * [g kg ']
Al 0.00/6.45 0.69 1.03 0.00/3.00 0.67 0.72 0.00/6.45 0.67 0.97
Ca* 0.00/8.98 295 233 0.12/7.75 293 227 0.00/8.98 292 2.29
Fe 0.00/13.45 0.85 221 0.00/9.27 0.67 1.64 0.00/13.45 0.82 2.11
K 0.00/335.46 125.02 90.05 0.00/309.12 12291 88.02 0.00/335.46 124.60 89.41
Mg* 0.00/1.01 0.31 0.25 0.00/1.94 0.34 0.27 0.00/1.01 0.32 0.26
Mn 0.01/78.00 18.32 18.73 0.03/63.84 17.96 18.47 0.01/78.00 18.24 18.47
N-NH, 0.35/369.47 71.90 91.45 1.34/333.92 81.06 96.52 0.35/369.47 73.76 92.30
N-NO; 0.04/10.02 1.16 1.70 0.06/7.14 1.19 1.71 0.04/10.02 117 1.70
P 0.00/13.73 0.90 2.01 0.02/5.58 0.64 1.00 0.00/13.73 0.84 1.84
S* 0.00/1.55 0.28 0.30 0.01/0.90 0.26 0.26 0.00/1.55 0.27 0.29
Si 0.01/188.45 46.80 45.86 0.71/166.99 46.37 45.90 0.01/188.45 46.71 45.74
Zn 0.00/3.24 0.50 0.57 0.01/2.77 0.51 0.59 0.00/3.24 0.50 0.57
Oxalate-extractable concentrations [g kg~ ']
Al 0.10/3.27 1.14 0.81 0.12/3.09 1.19 0.80 0.10/3.27 1.20 1.14
Fe 0.17/58.72 9.55 11.64 0.33/45.35 9.46 10.68 0.17/58.72 9.53 11.42
Mn 0.00/3.34 0.40 0.53 0.01/1.89 0.35 0.36 0.00/3.34 0.39 0.50
P 0.01/2.93 0.64 0.62 0.02/2.19 0.69 0.59 0.01/2.93 0.65 0.61
doi:10.1371/journal.pone.0070517.t001

as the concentration after digestion with HNO3 and HyOs, thus
not including the element fraction present in the mineral matrix of
particles [9]. Concentrations were determined by digesting
200 mg of dried material in sealed Teflon vessels in a Milestone
microwave oven (Ethos D microwave labstation; Milestone S.r.l.,
Sorisole, Italy) after addition of 4 mL HNO; (65%) and 1 mL
HyOy (30%). After dilution of the digests, element concentrations
were determined by ICP-AES (IRIS Intrepid II; Thermo Electron
Clorporation, Franklin, MA, USA).

The concentrations of amorphous Fe-, Mn- and Al oxides,
which are supposed to represent the amorphous (non-crystalline)
fractions of these elements that are able to adsorb P, and the
adsorbed P were determined by oxalate extraction: 2.5 g of
sediment was shaken (100 rotations per minute) for 2 h with 50 ml
of a solution containing ammonium oxalate (115 mmol L") and
oxalic acid (85 mmol L™') [33]. To determine the NaCl-
extractable ion concentrations, 17.5 gram of fresh sediment was
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Figure 2. Exemplary observed vs. NIR predicted values for total concentrations of N, Fe, P, and S. Open circles calibration data set, filled

circles external validation.
doi:10.1371/journal.pone.0070517.9g002

shaken (100 rotations per minute) for 2 h with an anoxic solution
(50 ml) containing 250 mmol L™" NaCl [34]. Element concen-
trations were determined by ICP-AES (IRIS Intrepid II; Thermo
Electron Corporation, Franklin, MA, USA). Concentrations of
nitrate and ammonium were measured colorimetrically using a
Traacs 800+ auto-analyzer as described by Tomassen et al. [35].

NIRS analysis

Prior to spectral analyses, air dried samples were screened
through a sieve with 2 mm mesh wire. To ensure equal sample
moisture, samples were additionally dried for 2 h at 60°C.
Subsequently, NIR spectral data was recorded with a Spectra
Star 2400 (Unity Scientific, Columbia, Maryland, United States).
Each scan consisted of 24 single measurements, which were
averaged to one spectrum. Measurements were made at 1 nm
intervals over a range of 1250 to 2350 nm. Spectral data were
recorded as absorbance (logl R™', where R = reflectance) and first
(1D) derivative of absorbance. For each parameter, the total
sample set was divided into two groups: a calibration group and an
external validation group. Samples for validation were selected by
arranging the respective parameters in ascending order and taking
each fifth sample. The remaining samples were used for
calibration. This selection procedure ensured the representative-
ness of both the calibration and the validation set along the range
of observed values.

PLOS ONE | www.plosone.org 4

Prior to the calibration procedure, spectra were mathematically
corrected for light scattering using the standard normal variate
correction. Calibrations were calculated by partial least-squares
regression using CalibrationWorkshop (SensoLogic software
GmbH, Norderstedt, Germany). After cross validation with 50
segments, the standard error of cross validation (SECV) was used
to determine the number of factors used for calibration. This was
usually the case when the first minimum of SECV occurred.
Calculating calibrations, several samples were identified as
outliers. These outliers were characterized by a high residual
error compared to reference measurements or spectral dissimilar-
ity to the total data set. Where appropriate, prediction models
were optimized by excluding such outliers from calibration.
However, in order not to overestimate the applicability of NIRS,
the maximum number of outliers removed was set to five.

The optimum calibration equations were selected based on a
high coefficient of multiple determinations (R), a low standard
error of calibration (SEC) and a low SECV. The SECV is a
measure for the difference between the actual and the predicted
values calculated over all cross-validation calibrations. The SEC is
exclusively based on spectra used for calibration. It indicates the
theoretical precision of the calibration to predict samples of
unknown composition. The reliabilities of the different models
were additionally tested by independent validation samples. The
coefficient of determination for prediction (r) and the standard

July 2013 | Volume 8 | Issue 7 | e70517
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Table 2. Calibration and validation statistics of partial least-squares regression models.

Transf. No. factors R® SEC SECV r? SEP RPD RPIQ Corr. OM

Total concentrations [g kg~ ']

Al abs 13 0.86 1.44 1.62 0.84 1.35 25 3.8 0.04

C 1D 10 0.89 39.8 48.7 0.85 45.6 26 4.0 0.92

Ca 1D 10 0.87 7.55 9.47 0.77 9.45 2.1 22 0.01

Fe 1D 11 0.86 3.50 4.25 0.80 3.73 22 3.6 0.10

K 1D 9 0.83 0.33 0.37 0.82 0.32 22 2.6 0.10

Mg 1D 11 0.87 0.60 0.74 0.81 0.72 22 3.6 —0.05

Mn 1D 12 0.69 0.22 0.29 0.45 0.28 14 15 0.09

N 1D 11 0.93 2.1 258 091 2.49 3.1 5.6 0.88

Na 1D 4 0.80 0.11 0.12 0.72 0.12 1.9 18 0.29

P abs 9 0.79 0.29 0.32 0.76 0.31 20 25 0.00

S 1D 11 0.86 3.27 4.08 0.83 3.84 22 3.2 0.44

Si 1D 14 0.85 0.24 0.32 0.70 0.30 1.8 22 —0.01

Zn abs 5 0.68 0.10 0.12 0.74 0.09 1.8 1.1 —0.02
NaCl-extractable concentrations [mg kg~ ']; * [g kg']

Al abs 15 0.74 0.49 0.64 0.28 0.79 0.9 1.0 0.30

Ca* abs 14 0.83 1.02 1.27 0.77 1.14 2.0 3.2 0.82

Fe abs 15 0.55 1.56 2.04 0.01 2.26 0.7 0.2 —0.03

K abs 13 0.81 41.56 51.91 0.80 39.67 22 3.6 0.55

Mg* abs 14 0.82 0.11 0.14 0.76 0.13 2.1 3.0 0.75

Mn abs 8 0.49 13.74 15.10 0.27 15.56 1.1 1.5 0.29

N-NH, 1D 4 0.75 48.77 51.38 0.78 47.18 2.1 2.1 0.36

N-NO3; 1D 8 0.60 1.11 1.31 0.44 1.26 1.4 0.8 0.42

P abs 9 0.58 134 1.54 0.30 1.21 0.8 0.5 0.06

S* abs 17 0.84 0.13 0.18 0.72 0.15 1.8 2.1 0.41

Si Abs 14 0.78 22.73 28.55 0.71 26.76 1.7 2.1 0.63

Zn 1D 6 0.45 043 0.50 0.31 0.49 1.2 1.2 0.26
Oxalate-extractable concentrations [g kg™ ']

Al abs 13 0.84 0.35 0.41 0.84 0.34 23 35 0.43

Fe abs 10 0.86 4.55 5.18 0.82 4.59 23 22 0.10

Mn abs 14 0.71 0.30 0.40 0.30 0.39 1.1 1.1 0.11

P abs 10 0.78 0.30 0.33 0.72 0.31 1.9 29 —0.04

Transf: transformations for regression analyses.

Abs: Log1/R (R=reflectance).

1D: first derivative.

R?: coefficient of multiple determination (calibration).

SEC: standard error of calibration.

SECV: standard error of cross validation.

r%: regression coefficient NIRS predicted vs. observed values.
SEP: standard error of prediction (validation).

RPD: ratio of SD of reference values (validation) to SEP.

Corr. OM: Pearson correlation with organic matter content.
doi:10.1371/journal.pone.0070517.t002

error of prediction (SEP) were used to additionally evaluate the
precision of the NIRS model. For evaluation purposes the ratio of
performance deviation (RPD = standard deviation of reference
values/SEP) and the ratio of the interquartile distance of reference
values to SEP (RPIQ) were calculated [36].

The final evaluation of the calibration models was based on the
suggestions given by Saeys et al. [37]. Prediction models were
considered to be excellent when the RPD value and r? (and R?)

PLOS ONE | www.plosone.org

Calibrations were evaluated as follows (Saeys et al (2005): excellent (R¥/r* = 0.9, RPD = 3.0), reliable quantitative predictions (R%/r* = 0.75 and <0.9, RPD = 2.0 and
<3.0), differentiation between high and low values (R*/r* = 0.65 and <0.75, RPD = 1.5 and <2.0, unsuccessful (R%/r> <0.65, RPD <1.5).

RPIQ: ratio of the interquartile distance 1Q (=Q3-Q1) of reference values (validation) to SEP.

were >3.0 and 0.90, respectively. Values from 2.0 to 3.0 (RPD)
and >0.75 (r’, R? were indicative for calibration models that
allow for good to approximate quantitative predictions. The
possibility to distinguish between high and low concentrations
within the range of observed values is revealed by values between
1.5 and 2.0 (RPD) and >0.65 (%, R?). Unsuccessful predictions
have RPD or r?/R? values lower than 1.5 or 0.65, respectively.

July 2013 | Volume 8 | Issue 7 | e70517
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Figure 3. Exemplary observed vs. NIR predicted values for NaCl-extractable Ca and N-NH, and oxalate-extractable Fe and P. Open

circles calibration data set, filled circles external validation.
doi:10.1371/journal.pone.0070517.g003

Results and Discussion

The mean absorbance values of the analyzed sediment samples
revealed three prominent peaks around 1400, 1900, and 2200 nm
and small absorption peaks around 2300 and 2350 nm (Fig. 1).
The spectral bands found in this study are consistent with data
reported in literature, where absorbance around 1400 and
1900 nm was attributed to O-H bonds and absorbance around
2200 nm was found to be related to absorption by C-H bonds
[19,38]. As organic matter and soil minerals have multiple
absorption bands >2100 nm, a definite assignment of the two
small peaks around 2300 and 2350 nm to specific functional
groups is not possible [28,39]. Both samples with high and with
low organic matter content showed the same runs of the curves,
but samples with high organic matter content had clearly higher
NIR-optical density (see Fig. 1). This was in accordance with the
study of Chang and Laird [28], who found weak reflectance
(strong absorbance) of dark colored humic acids in the visible and
NIR wavelength range between 400 and 2500 nm.

The analyzed sediment samples showed a high variability in the
measured chemical soil properties, which was good because this
made them representative for a wide range of aquatic sediments
(Table 1). Sufficiently high variation in the constituent values is a
precondition for the development of feasible NIRS calibrations
[30]. This variation particularly includes a wide range in organic
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matter contents (as determined by loss on ignition) from <0.1 to
>85%. Percentage organic matter and total C (and total N) were
highly correlated (r=0.92 [C] and r=0.88 [N]), indicating that
total C of the analyzed samples was almost entirely originating
from organic compounds. Except for S (r=0.48), all other total
element concentrations hardly showed any correlation with the
organic matter content. Contrary, remarkable correlations were
observed between some NaCl-extractable element fractions and
the organic matter content (r=0.82 [Ca], r=0.55 [K], r=0.75
[Mg]; Table 2), which may be explained by the important role of
organic matter in the cation exchange capacity of sediments.

Measurement of total element concentrations

The calibration for nitrogen was excellent and consistent with
the quality reported in literature for NIRS measurements for total
N of soils and sediment samples (Fig. 2) [28,40,41]. The R* was
0.93 and the SEC as well as the SECV were <2.5 g kg~ '. The
external validation confirmed the high predictive power of the
model (RPD: 3.1, see Table 2). Good prediction accuracy was also
achieved for total C concentrations, which is in accordance with
NIRS calibrations for aquatic sediments presented by others
[42,43,44]. However, literature also shows examples of poor NIRS
prediction model quality for C concentrations in soils, which could
mainly be traced back to (1) an insufficient number of samples for
calibration and (2) missing spectral representativeness for a defined
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sample population [26]. Our large sample set covering a broad
range of spectral and chemical sediment characteristics demon-
strated the general ability of the NIRS technique to accurately
measure total C concentrations when these two requirements are
met.

The other elements analyzed do not have a primary response in
the NIR region, but may be predicted by means of NIRS owing to
their correlations with spectrally active constituents [26]. Beside
organic matter, sulphate, carbonate and OH groups of soil
minerals are reported to have distinct absorption characteristics in
the NIR region and may explain successful prediction models of
elements without primary response in the NIR region [38]. We
were able to obtain calibration models that enable reliable
quantitative predictions within the range of observed values for
total Al, Ca, Fe, K, Mg, Pand S (R? 0.79-0.87, r* 0.76-0.84, RPD
2.0-2.5; see Table 2 and Figure S1). For total Na, Si and Zn
concentrations NIRS prediction models were at least able to
distinguish between high and low concentrations within the range
of observed values (R? 0.68-0.85, r* 0.70-0.74, RPD 1.8-1.9).
The calibration for total Mn appeared to be unsuccessful (R? 0.69,
2 0.45, RPD 1.4).

In literature, the information about the applicability of NIRS to
accurately measure alkali metals, alkaline earth metals, heavy
metals and several non-metals is highly arbitrary. Malley and
Williams [30] and Malley et al. [44] reported high prediction
accuracy for Ca, K, Mg, Na, P, S, Mn, Fe and Zn with R? values
between 0.86 and 0.97, and very high RPD values. However,
these promising results might have overestimated the true
potential of the NIRS technique to measure these elements, as
the distributions of the observed element concentrations were
strongly uneven with many close to zero values, which can lead to
erroneously high R? values. Bellon-Maurel et al. [36] therefore
proposed an index based on inter-quartile distances (RPIQ) — ratio
of the interquartile distance of reference values to SEP) to prevent
this overestimation of calibration qualities due to log-normal
distributed variables, which are common in soil science. For our
data set, this novel index did not change the general evaluation
about whether element concentrations can be measured by means
of NIRS or not. Mostly the RPIQs were markedly higher than the
RPDs (see Table 2), suggesting a higher potential of the NIRS
technique. As most of the element concentrations were relatively
evenly distributed across the range of observed values, in our case
the RPD value seemed to be the more reliable measure to evaluate
calibration quality. Even for the calibration model of total S,
where the sample set was divided in two groups of high and low
concentrations (see Fig. 2), the RPD appeared to be the more
conservative and reliable evaluation measure (see Table 2). To
improve prediction accuracy of total S, we tested local calibrations
comprising either low or high values. For the sample set with S
concentrations below 6.5 g kg~ ', the R SEC and SECV were
0.74, 0.66 gkg ' and 0.86 gkg ', respectively. For the sample set
with S concentrations above 13.75 g kg~ ', we obtained R? SEC
and SECV values of 0.77, 3.30 g kg™ ' and 4.07 g kg~ '. Although
R? values were lower compared to the total data set, the prediction
errors were significantly reduced, particularly for low-concentrated
samples (Table 2). These findings indicate that particularly in cases
where sample values show uneven distribution, the development of
local calibrations can be an option to improve the prediction
quality.

Cozzolino et al. [38] presented accurate NIRS calibrations for
total K, Ca, Mg and Fe in soil material across a wide range of soil
types, which were roughly in accordance with the results presented
here. Contrary, Reeves and Smith [31] concluded that NIR
spectroscopic calibrations at a continental scale are generally not
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possible. However, based on their large data set R? values >0.75
were achieved for Ca and Mg, which do allow at least for
approximate quantitative estimations. Poor prediction quality was
reported for Al, Fe, K, Na, P, S and Zn. Except for Mn, our results
demonstrate that the NIRS technology does have the potential to
reliably measure total concentrations of the analyzed elements
across a wide range of aquatic sediments. However, care has to be
taken at the low ranges, as the predictive power was lower or
absent. This suggests at least two preconditions for NIRS
measurements: (1) a defined sample population covering a wide
range of spectral and chemical characteristics and (2) sufficient
high element concentrations [26]. Thus, reliable NIRS measure-
ments of trace metals may be restricted to sediments with high
metal contents (e.g. contaminated sites).

Measurement of NaCl- and oxalate-extractable element
concentrations

As for total element concentrations, the performance of NIRS
calibrations to predict NaCl-extractable element concentrations
was found to be mainly driven by the respective concentrations.
Predictions of elements with concentrations <100 mg kg™
appeared to be unsuccessful (Al, Fe, Mn, N-NOs-, P, Zn; R? or
r* <0.65 and RPD <1.5). Reliable quantitative predictions were,
however, obtained for NaCl-extractable Ca, K, Mg, and N-NH,
(R? or r? >0.75 and RPD >2.0), which are important target ions
for which this extraction technique is applied (cations adsorbed at
sediment cation exchange sites). In addition, calibrations that
allow for the differentiation between high and low concentrations
within the range of observed values could be developed for NaCl-
extractable S and Si.

For oxalate-extractable element fractions, good calibration
models were obtained for Al and Fe, which is important to
estimate the amount of amorphous Fe and Al available for P
binding in the sediment (see Table 2 and Fig. 3). The prediction
model for oxalate-extractable P revealed the possibility to
distinguish between high and low concentrations within the range
of observed values (RPD 1.9; R? and r* 0.78 and 0.72,
respectively). Predictions of oxalate-extractable Mn concentra-
tions, however, proved to be unsuccessful. Remarkably, for
oxalate-extractable Al, Fe and P acceptable NIRS prediction
models could be developed, whereas this was not the case for
NaCl-extractable fractions of these elements. This can be
explained by the fact that the amorphic Al and Fe fractions are
not related to cation exchange sites in the sediment, and therefore
not extracted by a NaCl solution. Thus, threshold levels that
determine the analytical limit of the NIRS technique strongly
depend on the type of extractant, as related to the different
sediment fraction involved [19,45].

To our knowledge NaCl- and oxalate-extractable element
fractions in soil or sediment samples have never been measured
before by means of NIRS so far. Therefore, direct comparisons to
prediction models reported in literature are not possible. However,
Chang et al. [19] presented NIRS calibrations for Mehlich III
exchangeable metals and exchangeable cations (ammonium
acetate extraction). According to the criteria applied here, reliable
quantitative prediction models could only be developed for
Mehlich IIT extractable Ca. Model quality was sufficient to
distinguish between high and low values for Mehlich III
extractable Mg and Mn and Ca and Mg extracted with
ammonium acetate, whereas predictions were unsuccessful for
the other tested elements (Mehlich III: Cu, Fe, K, P, Zn;
ammonium acetate: Na, K). Better performance results for NIRS
calibrations to measure exchangeable Ca, Mg and K were
obtained by Zornoza et al. [46] and Chodak et al. [47]. This
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was partly related to strong correlations with the organic matter
content. To some extent, correlations to the organic matter
content might also be responsible for the good performance of the
NIRS models to measure NaCl-extractable Ca and Mg (r>0.7).
However, accurate prediction models with RPD values >2.0
could also be developed for extractable element fractions that are
hardly related to the organic matter content, e.g. oxalate-
extractable Fe (see Fig. 3), whereas predictions were unsuccessful
for e.g. NaCl-extractable N-NOj (r=0.42, see Table 2).

Conclusions

The presented results show that there indeed is a great potential
for NIRS as an analytical tool to improve the understanding of the
large spatial variation of sediment characteristics in aquatic
systems. Depending on the calibrations available, NIRS offers a
rapid and cost-effective alternative to measure multiple important
sediment parameters simultaneously. Within less than two
minutes, which is the time needed to record a NIR spectrum,
various chemical sediment characteristics can be determined. This
would otherwise have required different, more labor intensive and
costly sample preparation techniques and regular chemical
analyses. Moreover, once a spectrum of a sample has been
recorded, NIR spectra can be used to retrospectively predict
parameters for which calibration models are gained later. In
conclusion, the NIRS technology may be highly relevant for
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