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With the advancements in science and technology, datasets become larger and more multivariate, which
warrants the need for programming tools for fast data processing and multivariate statistical analysis.
Here, the MATLAB-based Toolbox for Environmental Research "TEnvR" (pronounced “ten-ver”) is
introduced. This novel toolbox includes 44 open-source codes for automated data analysis from
a multitude of techniques, such as ultraviolet-visible, fluorescence, and nuclear magnetic resonance
spectroscopies, as well as from ultrahigh resolution mass spectrometry. Provided are codes for
processing data (e.g., spectral corrections, formula assignment), visualization of figures, calculation of
metrics, multivariate statistics, and automated work-up of large datasets. TEnvR allows for efficient data
analysis with minimal "by-hand” manual work by the user, which allows scientists to do research more

efficiently. This manuscript is supplemented with a detailed tutorial, example data, and screenshots,
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Accepted 21st September 2023 which collectively provide instructions on how to use all codes. TEnvR is novice-friendly and experience

in programming with MATLAB is not required. TEnvR fulfills the need for a concise MATLAB-based

DOI: 10.1038/d3ay00750b toolbox for working with environmental data and will be updated annually to keep pace with the latest
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Introduction

With the exponential development of technology, more and
more advances in analytical chemistry occur, which in turn
quickly translates into applications to various fields, including
the environmental sciences. The development of ultrahigh
resolution mass spectrometry (namely Fourier transform - ion
cyclotron resonance - mass spectrometry, FT-ICR-MS) is an
example of a ground-breaking technology that revolutionized
the analysis of natural organic matter (NOM)."* Increasingly,
institutions are purchasing these instruments, but it takes
a significant amount of time for researchers to start effectively
using them. This is largely because FT-ICR-MS data is
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internal functions and supporting documentation, TEnvR tutorial (.pdf), and
TEnvR tutorial screenshots provided as a Microsoft PowerPoint .pptx file.
Included in the toolbox are also example raw data for testing: unpublished
UV-VIS, EEM, and FT-ICR-MS spectra of fluvial NOM that had been irradiated
by simulated sunlight; NMR spectra of biochars published by Wozniak,* and
UV-VIS/EEM spectra of biochar water extracts published by Bostick’” and
Goranov.* See DOI: https://doi.org/10.1039/d3ay00750b
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advances and needs for computational work in the environmental sciences.

challenging to work with: for example, there are various unin-
tuitive stages of data processing to progress from raw instru-
mental output (peak list of m/z values and corresponding
magnitude values) to the processed data (a list of molecular
formula assignments). The resultant molecular catalogs are
highly multivariate, and it often requires exploratory multivar-
iate statistics, such as principal component analysis (PCA), for
seeking trends across the dataset.® Due to the high complexity
of FT-ICR-MS data analysis, many of the computational steps
are impractical to be done “by hand” in commercial software
programs (e.g., Microsoft Excel). This complication introduced
the need for computer scientists to develop software for the
efficient processing of such multivariate data. Though inde-
pendent software packages for analyzing FT-ICR-MS data
already exist,*® these are based on other programming
languages, which can be a significant obstacle for environ-
mental researchers who use MATLAB, abbreviation of “matrix
laboratory”, a commonly used programming platform with its
own language.

Additionally, it has become common for research projects to
acquire data on large sets of samples. This can be troublesome,
because even if a particular research project deals with relatively
simple types of data (e.g., ultraviolet-visible absorption spectra),
if there are many (100+) samples, it would be inefficient to
process and evaluate each sample individually in Microsoft
Excel or another commercial software. Thus, automation
programs for analyzing large datasets must be developed.

This journal is © The Royal Society of Chemistry 2023
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The field of environmental research is overall at a point
where new tools are needed, and they are more computational
than instrumental. In this article, the MATLAB-based Toolbox
for Environmental Research “TEnvR” (pronounced “ten-ver”) is
introduced. It includes 44 tools (referred to as “scripts” or
“codes”) that were developed for working with several different
types of data: (1) ultraviolet-visible (UV-VIS) absorption spectra;
(2) excitation-emission matrix (EEM) fluorescence spectra; (3)
ultrahigh resolution mass spectrometry peak lists (from FT-ICR-
MS or Orbitrap instruments); and (4) one-dimensional nuclear
magnetic resonance (NMR) spectra. A toolbox with such multi-
instrumental capabilities has not been available until now to
environmental researchers who often need to employ a variety
of advanced analytical platforms in order to understand the
complexities inherent to environmental samples. This innova-
tive open-source toolbox includes data processing codes, which
involve various computational steps for converting raw data
output from instruments into processed data files (also referred
to as “final” data files). Then, these processed data can be
visualized, mined for various metrics, and used in multivariate
statistics. Several automation routines in TEnvR process
samples and compile data reports in a time-efficient manner,
eliminating the need for “by-hand” processing. Several scripts
for performing exploratory multivariate statistics are also
provided. The accompanying tutorialf of unprecedented detail
(100+ single-spaced pages) is supported by 200+ screenshots
showing the execution of each code. Researchers that success-
fully follow through the tutorial files will not only learn how to
process, visualize, and evaluate data from different analytical
techniques, but also will advance their knowledge and experi-
ence with MATLAB programming. Thus, using TEnvR will be
particularly useful for researchers that are not experienced with
a programming language and for young/uprising scientists who
are just learning the workflows of environmental data analysis.
The toolbox and its tutorialf are free of charge (for non-
commercial purposes) and can be found as a supplement to
this paper, downloaded from GitHub (https://github.com/alex-
goranov/TEnvR), MathWorks File Exchange (https:/
www.mathworks.com/matlabcentral/fileexchange/136090-
tenvr-toolbox-for-environmental-research), or from TEnvR's
website (https://www.tenvr.net/). While TEnvR was developed
for exploring NOM data, the codes herein can be useful to
other analytical subfields (e.g., metabolomics) upon the
appropriate code modifications.

Ultraviolet-visible (UV-VIS) absorption
spectroscopy

Ultraviolet-visible (UV-VIS) absorption spectroscopy is funda-
mental for studies requiring quantitative information on light-
absorptive DOM, operationally defined as chromophoric (or
colored) dissolved organic matter (CDOM). There are 7 scripts
in TEnvR for working with UV-VIS spectrophotometric data, and
their capabilities are described below and depicted in Fig. 1.
The raw data output from the instrument is generally a two-
dimensional matrix (or in MATLAB language, a double array)

This journal is © The Royal Society of Chemistry 2023
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Fig.1 TEnvR pipeline for processing, visualizing, and data mining UV-
VIS data.

of absorbance measurements at a range of wavelengths. The
raw data is processed into final data using the UVVIS_Process
script,i which performs blank-correction,'®** rescales the
spectrum to account for any dilution, and performs spectral
corrections to eliminate effects from light scattering and devi-
ations in baseline, temperature, and refractive index."** Lastly,
the code performs a cuvette-pathlength normalization. The
code is versatile and can be altered by the user to enable or
disable any of these steps.

Once the UV-VIS data is processed, it can be used to calculate
spectral parameters (hereafter referred to as metrics) for the
characterization of CDOM, including: various proxies for CDOM
quantity such as specific UV absorption at 254 nm (SUVA,54)** or
the area under the spectrum in the range of 250-450 nm;*
spectral ratios (e.g., E,:E3)" or spectral slopes (e.g., slope
between 275-295 nm, S,,5_,95) indicative of CDOM molecular
weight.™ The script UVVIS_Metrics calculates these parameters
and produces an Excel file reporting the results for an individual
UV-VIS spectral file. In addition, the whole spectra can be used
to calculate derivative and differential spectra (using the

} Codes of TEnvR are in bold for clarity.
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UVVIS_Derivative and UVVIS_Differentiation scripts, respec-
tively). Derivative and differential spectra have utility in
studying CDOM sourcing, fate after degradation (e.g., photo-
chemical), binding between CDOM and metals, and other
biogeochemical processes.*

Additionally, a simple script for rescaling UV-VIS spectra was
developed (UVVIS_Dilution), which can be used to correct for
a dilution factor or normalize the absorbance values to an
external parameter (e.g., dissolved organic carbon content). A
script for reformatting UV-VIS spectra specifically acquired on
HORIBA Aqualog instruments is also provided (UVVIS_Re-
formatAqualog). Lastly, the UVVIS_Automation script is capable
of processing, differentiating, and computing the metrics of
a whole dataset of multiple UV-VIS spectra. The automation
code will generate an Excel file containing a summary of all
metrics for all samples, as well as all decadic, Napierian, and 1*
derivative spectra aligned in a matrix that can be used for
subsequent manual plotting and evaluation by the researcher in
Excel. The code also creates a matrix of data normalized to total
spectral intensity that can be further utilized in multivariate
statistical analyses as described further below.

Fluorescence spectroscopy

Spectrofluorometry is another fundamental technique in envi-
ronmental research. It is used for characterizing the fluoro-
phoric (or fluorescent) DOM component (FDOM). Excitation—
emission matrices (EEMs) are commonly acquired as they
provide a representative three-dimensional spectrum of FDOM.
EEMs are acquired by exciting the sample at a range of excita-
tion wavelengths, and the corresponding emission is recorded
at a gradient of emission wavelengths.

The field of aquatic fluorescence was revolutionized by the
development and publication of the N-way, DOMFluor,
FDOMcorr, and drEEM MATLAB-based toolboxes.”?> These
tools are capable of fully processing raw EEM data into “final”
spectra and then performing parallel factor analysis (PARAFAC),
a powerful statistical technique for data deconvolution that
allows for identification and quantification of multiple
components in the complex FDOM mixture.>® Murphy et al.*®
have kept up with the needs of the community by constantly
improving the scripts and adding new functionalities, with the
6" version of the drEEM toolbox being released in 2020. Addi-
tionally, an online repository system for PARAFAC models was
recently developed (OpenFluor), where researchers can upload
their PARAFAC models and cross-reference their PARAFAC
components with previously published models.>* After the
publication of these toolboxes, many more research groups
began using EEM data and utilizing PARAFAC in their research.
Thus, Murphy and colleagues® paved the way to sharing data
and using programming scripts in the environmental research
community. Recently, tools for EEM analysis have also been
developed in R**” and Python.”® Because of the existing tools
for EEMs data within the MATLAB-based drEEM toolbox, there
were limited needs to further develop tools within TEnvR. Our
developed scripts complement the drEEM toolbox, and their
capabilities are described below and in Fig. 2.
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Fig. 2 TEnvR pipeline for processing, visualizing, and data mining
excitation—emission matrix (EEM) data.

The first step for working with EEM data is the processing,
where data are processed externally. We show an example using
the codes in drEEM, but this could be also done by other soft-
ware products. For example, certain spectrofluorometers, such
as HORIBA Aqualogs, are able to perform these steps using their
own software right after EEM acquisition. Briefly, data are
imported into MATLAB using drEEM's readineems code. While
this code is capable of importing EEMs from various instru-
ments (HORIBA Jobin Yvon Fluoromax and Aqualog models,
Varian, Hitachi, Shimadzu, etc.), data from the ThermoFisher
Scientific Lumina 3 and Shimadzu RF-6000 spectrofluorometers
that we have used in our research cannot be directly imported.
Thus, the scripts EEM_ThermoReformat and EEM_-
ShimadzuReformat were developed to convert the instrument-
output data from these instruments into a readable format by
readineems. Once imported in MATLAB, spectra are aligned
with a log file for organizational purposes, adjusted for
instrument-specific responses,* corrected for the inner-filter
effect,® normalized either to Raman (RU)* or quinine sulfate
(QSU)* units, and blank-corrected using the FDOMcorrect
code.™ After these corrections, EEM data have to be rescaled to

This journal is © The Royal Society of Chemistry 2023
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account for pre-analysis dilution (e.g., using drEEM's undilute
code). Rayleigh and Raman scattering removal (the smootheem
code) and spectral trimming (using the subdataset and zap
codes) for denoising purposes follow, after which the data is
considered fully processed and can be exported. In TEnvR, two
scripts for processing EEMs data are provided depending on the
spectrofluorometer they were acquired on: HORIBA Aqualog
(EEM_Process_Aqualog) and other (e.g., Thermo/Shimadzu)
spectrofluorometers (EEM_Process_Generic). These scripts
solely serve as examples and complement the already published
tutorials on EEM data processing (Appendix A and tutorial
script drEEM_demo_020 of Murphy et al.*®). Once processed,
EEMs can be further utilized in the drEEM pipeline for decon-
volution by PARAFAC? or used by the codes in TEnvR.

Once spectra are fully corrected and processed, they can be
visualized using drEEM's visualization code eemview or using
TEnvR's EEM_Visualize script. A differential spectrum can be
obtained between two spectra using the EEM_Difference script,
which is a useful approach for comparing EEMs of two different
samples.* Also provided here are scripts for transposing EEM data
(EEM_Transposition); a scaling script (EEM_Dilution) that can be
used to scale up (“undilute”), scale down (“dilute”), or normalize/
denormalize EEM data to an external parameter (e.g., dissolved
organic carbon content); a script for reformatting water Raman
spectra acquired on HORIBA Aqualog spectrofluorometers
(EEM_WaterRamanReformatAqualog); and a script for averaging
replicate water Raman scans (EEM_WaterRamanAverage). Analo-
gous to UV-VIS data, fluorescence data historically has been used
for calculating various metrics, such as the humification (HIX),***
freshness (BIX),***” and fluorescence (FI)*** indices (and many
others). This can be done with TEnvR's EEM_Metrics code.

The previously published MATLAB-based toolboxes for
working with EEMs do not include scripts for other statistical
analyses, such as hierarchical cluster analysis (HCA) and prin-
cipal component analysis (PCA). While PARAFAC is a much
more powerful statistical technique for evaluating EEMs,** HCA
and PCA can still be valuable in cases when a successful PAR-
AFAC model cannot be built. Thus, the TEnvR script EEM_Fold
takes multiple EEM files in .csv format, folds them (converts
each 3D EEM into a two-dimensional double array), and collates
the whole dataset into an alignment matrix that can be further
used in the HCA and PCA scripts described below. After PCA
analysis, the produced loadings in 2D format can be reformat-
ted back to a 3D format by the EEM_Unfold script and then
visualized by EEM_Visualize.

Ultrahigh resolution mass
spectrometry

Ultrahigh resolution mass spectrometry, mainly Fourier trans-
form - ion cyclotron resonance — mass spectrometry (FT-ICR-
MS), has been revolutionary to the environmental sciences.
This technique is capable of resolving the mass spectral signals
corresponding to thousands of ionized molecules in complex
environmental matrices and providing accurate and precise
mass-to-charge measurements. Unique molecular formulas can

This journal is © The Royal Society of Chemistry 2023

View Article Online

Analytical Methods

be assigned to each of these detected ions allowing for the
molecular characterization of NOM.* The processing of FT-ICR-
MS data is highly involved, includes many computational steps,
the data itself is highly complex and multivariate, and overall
FT-ICR-MS data can be overwhelming to a novice researcher.
The different stages of data processing are listed in Fig. 3 and
briefly described below. Once processed, the final data is of
such high dimensionality that it is also often difficult to inter-
pret and mine for trends, thus multivariate exploratory statistics
must be involved.

The first stage for processing FT-ICR-MS data is peak picking
and calibration. This can be done using Bruker's data-
processing software (e.g., Bruker Compass DataAnalysis) or
other open-source software.*” If this is done using DataAnalysis,
peaks are picked based on a signal-to-noise (S/N) threshold,
which is defined by the user and selected using approaches
described previously.** The picked peaks are then internally
calibrated using a list of naturally present compounds (mainly
fatty acids and compounds belonging to various CH, homolo-
gous series), which are identified within the sample.** Then,
a peak list consisting of m/z, magnitude, and S/N values of the
calibrated peaks is exported as a text (.txt) file.

Calibrated peak lists are first processed using the
FTMS_RefinementPeaks script. This code identifies peaks
present in a blank sample, peaks of inorganic origin (“salt”
peaks),**** doubly-charged peaks,* and isotopologue peaks
(3¢, 3%s, 3*Fe, *7Cl, 2°°Hg). The code removes these peaks and
creates a mass list that is now refined and can be used for
formula assignment. Optionally, the code can limit the peak list
to a specific mass range (e.g, m/z 300-800) or trim peaks below
a certain S/N threshold. The refined list is then loaded into the
FTMS_FormulaAssignment code that generates candidate
molecular formulas using a previously published algorithm
from our research group.*® Formulas may contain C, H, O, N, S,
and P, as well as one (optional) heteroelement such as *>Cl,
202He or N depending on research project specifics.*8
Assigning **Na and *°K is also possible, as the inclusion of these
elements is critical for samples analyzed in positive ionization
mode.

During formula assignment, it is common that more than
one molecular formula is computed for an individual m/z value.
These ambiguous formula assignments must be refined to
obtain a final formula list with unambiguous assignments (one
molecular formula per peak). This is done using the FTMS_Re-
finementFormulas script employing refinement
approaches: (1) filters formulas using elemental constraints* to
remove molecular assignments that are chemically impossible
or abnormal for NOM; (2) selects unambiguous assignments
(also referred to as “unique” assignments), i.e., peaks that have
only one possible assigned molecular formula within a given
error range; (3) extracts molecular formulas using isotopic
refinement™ (applicable only for peaks that have an associated
13C isotopologue peak); (4) refines ambiguous assignments
based on Kendrick mass defect (KMD) homologous series;*** (5)
refines remaining ambiguous assignments based on their
composition (chooses simple type of formulas, i.e., CHO, CHON,
CHOS, and CHOP preferably over complex types of formulas, i.e.,

several

Anal. Methods, 2023, 15, 5390-5400 | 5393


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ay00750b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 September 2023. Downloaded on 6/29/2026 12:10:53 PM.

(cc)

Analytical Methods

Raw Data

302.030760 6676532 14.0
302.059871 9876547 219
302.067096 4644935 9.0
302.075072 4319307 8.2
302.088178 4183122 7.9
302.096401 7273559 15.5
302.233642 5400735 10.9

!

Calibrated Data
fo) o
0.4 0]
0.2 .
0.0 3 ; /
0:2 “H\m.l.n...ﬁ /
400 600 m/fz /
1 /
/
Data Processing
C15H1009
miz / C,o,H,50,N,S,P
—
333.025229 1oTsEs T
C1oH;04NgP,
\
} \
Processed \
(Final) Data \

4 |

View Article Online

Technical Note

/| Removal of blank, inorganic, doubly-
/ charged, and isotopologue peaks

/
/ !
/ Assignment of
/ Molecular Formulas

Initial filtering using Elemental
Constraints

!

Selection of
13C-validated formulas

Selection of
Unique formulas

!

Refinement using
KMD Series analysis

l

Refinement using
Elemental Composition

!

\ Refinement using
\ Assignment Error

\ }

\l Quality Control

Molecular evaluation

Bulk evaluation using whole peak list

« Compound Classes
» Oligopeptide screening

* KMD series analysis

*  Metrics *

Visualization (Plotting)
Presence-Absence Analysis
Statistics (HCA, PCA)
Spearman Correlation

Fig. 3

CHONS, CHONP, CHONSP, etc.);** and (6) refines any remaining
ambiguous assignments based on assignment error by choosing
the formula with the smallest error (the difference in parts per
million, ppm, between the measured m/z value and the calcu-
lated m/z value for the formula candidate). It must be noted that
these refinement steps can be controlled by the user, and the
selection criteria can be fine-tuned and tailored per the sample/
dataset specifics as needed. All refinement steps are explained in
detail in the toolbox tutorial.

5394 | Anal. Methodss, 2023, 15, 5390-5400

TEnVR pipeline for processing, visualizing, and data mining FT-ICR-MS data.

The pipeline described above for processing FT-ICR-MS data
in total involves the application of three codes for each indi-
vidual sample. This “manual” pipeline has been specifically
designed for “difficult” samples that need to be processed
carefully, when the output of each processing step needs to be
evaluated by the researcher as it occurs. In our experience, NOM
from rainwater, aerosols, ice cores, marine oil snow, and bio-
char leachates have been shown to be problematic. For such
samples, automation without manual checking at each stage is

This journal is © The Royal Society of Chemistry 2023
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often not recommended. TEnvR includes a second, “auto-
mated” pipeline for processing FT-ICR-MS data that is generally
successful for processing less problematic NOM samples, such
as terrigenous (riverine, lake, swamp) and marine (estuarine,
coastal, marine, deep ocean) DOM samples, as well as various
soil extracts and their humic/fulvic fractions.

The automated pipeline for processing FT-ICR-MS data incor-
porates the three codes described above (FTMS_RefinementPeaks,
FTMS_FormulaAssignment, and FIMS_RefinementFormulas).
To employ this processing route, calibrated peak lists of the
sample and blank are loaded using the FTMS_Process script, and
it automatically performs all operations of the previously
described scripts.

The final processed data consisting of assigned molecular
formulas (i.e., formula lists) are exported into Microsoft Excel files.
The FTMS_RefinementFormulas code (also part of FTMS_Process)
exports a figure containing quality control information about the
refinement of peaks and formulas (see slides 103 and 116 of the
TEnvR Tutorial Slides filef). It is critical that the molecular
formula assignments are assessed and validated by the user as the
TEnvR pipeline is not universal for all kinds of NOM.

Once assigned and refined, formula catalogs are highly
comparable to those obtained by other software products. This
entire process of molecular formula assignment using TEnvR
was validated in a recent publication® by comparing data (from
numerous acquisitions) obtained on Suwannee River fulvic acid
to the formulas published by Hawkes et al.** In addition, TEnvR
was utilized on data published by Yi et al.,* and the obtained
molecular catalogs were very consistent with those obtained
from other software products such as ICBM-OCEAN.* A
comprehensive description of these comparisons is provided in
the tutorial within the ESL{

Once the FT-ICR-MS data is processed into its final form, it is
generally used in several ways (Fig. 3). First, various metrics can
be calculated using the FTMS_Metrics script. This script
calculates averages and standard deviations of various param-
eters, such as elemental ratios (e.g., oxygen- and hydrogen-to-
carbon averages), various double-bond equivalency (DBE)
parameters (e.g., H-normalized DBE), and others. In addition to
averages of metrics computed from the molecular formula sets
(also known as number-based averages), the code also produces
magnitude-weighted averages, which allows for characterizing
the molecular composition of the sample considering the
spectral magnitude of the formula-assigned peaks.

Another common approach is to categorize formulas into
different classes of compounds (e.g., condensed aromatic
compounds, proteins, tannins, etc.). Due to the variety of
possible structural isomers for each molecular formula,"*® these
classifications are not unambiguous but have been shown to be
useful for interpreting FT-ICR-MS data.* > The script
FTMS_CompoundClass evaluates the elemental composition of
all formulas in a provided formula list and will assign them to
a compound class defined by the user. It will provide several
useful figures and an Excel report file with the different classes
separated into different sheets.

The FTMS_Automation code has been developed to incor-
porate FTMS_Process, FTMS_Metrics, and

This journal is © The Royal Society of Chemistry 2023
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FTMS_CompoundClass in an automated routine. The
FTMS_Automation code takes multiple peak lists and applies
the aforementioned codes to them.

Molecular formula catalogs can be evaluated in several other
ways. Data can be visualized using FTMS_Figures, a code that
produces various van Krevelen (vK) diagrams (hydrogen-to-
carbon vs. oxygen-to-carbon ratio scatterplots),®®* histograms,
KMD series plots, as well as plots of various parameters against
the number of carbon atoms per formula. We recognize that
figure design can be highly individual, thus the employed
features in these figures should serve as examples. Users are
welcome to alter these figure scripts and tailor them for their
specific needs. Another capability of TEnvR is the comparison
codes FTMS_Compare, FTMS_Compare3, and FTMS_Com-
pare4, which evaluate 2, 3, or 4 formula lists, respectively. These
codes are based on the presence/absence approach, which
identifies the common formulas among the samples being
compared, as well as the unique formulas of each sample.** The
codes also evaluate the spectral magnitude changes of formulas
common for the samples of interest, which has been deter-
mined to be superior to just presence/absence of unique
formulas.” The comparison codes output a variety of useful
figures®**>** and Excel file reports, allowing custom data anal-
ysis of the unique and common pools of formulas.

For a more detailed assessment of molecular formulas,
TEnvR includes codes for KMD analysis (FTMS_KMD,
FTMS_KMD_Ox, FTMS_KMD2), which can be used to identify
formulas aligning in different homologous series (e.g., CH,,
COO). For samples suspected to contain high quantities of
proteinaceous material, the FTMS_Peptides code can be used to
evaluate if any of the formulas could correspond to simple
oligomeric sequences.

As described earlier, FT-ICR-MS data is of high dimension-
ality, thus it is often necessary to perform exploratory statistics.**
The molecular formula catalogs first need to be aligned using the
FTMS_AlignmentFormulas code, which examines each formula
in each sample and determines if it is present in other samples in
a designated dataset.®® The alignment code produces an align-
ment matrix, in which it is possible to evaluate the changes in
spectral magnitude of each formula in the dataset, especially if it
is present in all samples. This alighment matrix is sequentially
used in statistical analyses as described below. Lastly, two
configuration files (FTMS_ConfigurationAssignment and
FTMS_ConfigurationToolbox) are provided that contain user-
defined parameters (e.g., mass accuracy, precision, presence of
heteroelement, etc.) for all FTMS codes.

Nuclear magnetic resonance (NMR)
spectroscopy

NMR spectroscopy is another tool that is highly utilized in
environmental research; however, we have not developed
a significant number of scripts for processing NMR data. This is
because NMR spectrometers typically come associated with
software capable of a variety of data treatment and processing
steps. Thus, it is easier to use the instrument software for data
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treatment (calibration, phasing, baseline-correction, integra-
tion, etc.) and data mining (integration, multiplet analysis, etc.).
Automation of these processing steps is often not possible as
the data treatment can be sample-specific. If users would like to
explore possible computational routines for processing NMR
data, there are various toolbox software packages that are
already available.®**” However, TEnvR does include an impor-
tant script for automated 1D NMR data processing (NMR_Au-
tomation) into an alignment matrix that can be employed for
figure preparation or in multivariate statistical analyses. The
code first loads NMR spectra that are exported from the NMR
software and interpolates the spectra to make them of equiva-
lent size. Then, the code can denoise the spectra and remove
resonances below a certain noise threshold.® Then, the code
uses a binning algorithm to average several intensity and
chemical shift values across the entire spectrum, which reduces
the size of the data and makes it simpler to plot or use further in
Excel. Data binning can be useful in tandem with the denoising
algorithm to improve the data prior multivariate statistical
evaluation®® without a reduction in peak resolution for NOM
samples.®® Then, the code aligns all spectra, normalizes them to
total spectral intensity, and exports an alighment matrix that
can be used subsequently for statistical analysis.”

Multivariate statistics

Data of high dimensionality (such as FT-ICR-MS molecular
formula catalogs) or large datasets can be difficult to explore
even with the already provided tools in TEnvR. Employment of
multivariate statistics is thus common and often necessary.
TEnvR includes codes for hierarchical cluster analysis (HCA)
and principal component analysis (PCA), tools that are
extremely useful for dimensionality reduction in order to
determine how samples in a dataset differ, as well as which
variables from the provided data are responsible for the
observed variance.”? HCA (Stats_HCA) and PCA (Stats_PCA) can
be performed on the alignment matrices of UV-VIS, EEM, and
NMR spectral data or FT-ICR-MS formula lists. HCA and PCA
can be also performed on matrices of mixed variables from
various instruments (organic carbon content, pH, salinity, UV-
VIS or EEM metrics, etc.).*”””* Such matrices of mixed variables
can be also analyzed by the Stats_CorrMatrix code, which
generates Pearson, Kendall, or Spearman correlation matrices.
Lastly, Spearman correlation has emerged as an important
technique for mathematically coupling FT-ICR-MS data with
external variables from other instruments, such as parameters
from spectroscopic and chromatographic techniques.’*”>7
This statistical technique is essential for comprehensive
analysis studies, where results from the different analytical
platforms need to be statistically compared and correlated.
This analysis is done using the FTMS_SpearmanCorrelation
code that uses the alignment matrix produced by the
FTMS_AlignmentFormulas script and an Excel sheet of
external variables. For all statistical codes, in cases where p-
values are calculated, we have incorporated a previously pub-
lished p-value adjustment algorithm’™ for controlling false
discovery rates, ie., the chance of a p-value determining
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a correlation to be significant when it is not, i.e., accounting for
“false-positive” p-values. The user can change the p-value
threshold (e.g.,, 90% confidence level for 0.01 p-value
threshold, 95% for 0.05 p-value threshold), enable and disable
the p-value correction, and even specify the type of correction
algorhitm (Benjamini & Hochberg, Bonferroni, etc.) as
described in the tutorial documentation.¥

Concluding remarks

The codes of TEnvR are available to use for free for non-
commercial purposes. All codes are licensed under the GNU
General Public License v3.0 or later (GPL-3.0-or-later), and
TEnvR is registered with the U.S. Copyright Office. The codes of
TEnvR can be further modified and open-source redistributed
as long as the copyright statement (© Old Dominion University
Research Foundation) is retained in the description section of
the codes and the toolbox is cited accordingly using this
publication's citation.

The codes of TEnvR will be revisited yearly to include
modifications, improvements of algorithms, enhancement of
capabilities, and/or inclusion of new codes. Researchers are
welcome to contact the corresponding authors with any feed-
back on the present codes or with any requests for new codes or
capabilities to be included in future updates. Future versions of
this toolbox as well as any related announcements will be
published on GitHub (https://github.com/alex-goranov/TEnvR),
MathWorks File Exchange (https://www.mathworks.com/
matlabcentral/fileexchange/136090-tenvr-toolbox-for-
environmental-research), and TEnvR's website
www.tenvr.net/).

Lastly, while TEnvR provides multiple “turn-key” tools for
automated data analysis, we urge users to avoid viewing TEnvR
as a “one-size-fits-all” black box. It is important to know and
understand the underlying workflow and how the data is pro-
cessed. Related to this is that environmental samples often
deviate from normality, and computational routines may have
to be adjusted for particular datasets and/or types of matrices.
Thus, users should utilize appropriate caution and ensure they
have robust quality assurance/quality control checks in place in
order to evaluate results in a reliable fashion.
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