
Methods Ecol Evol. 2017;1–9.	 wileyonlinelibrary.com/journal/mee3	 	 | 	1© 2017 The Authors. Methods in Ecology and 
Evolution © 2017 British Ecological Society

Received:	10	February	2017  |  Accepted:	15	May	2017
DOI: 10.1111/2041-210X.12822

A P P L I C A T I O N

elementr: An R package for reducing elemental data from  
LA- ICPMS analysis of biological calcified structures

Charlotte Sirot1  | Franck Ferraton1 | Jacques Panfili1 | Amber-Robyn Childs2 |  
François Guilhaumon1* | Audrey M. Darnaude1*

*Co-last	authors

1MARBEC,	UMR	IRD-CNRS-UM-IFREMER	
9190,	Université	Montpellier,	Montpellier,	
France
2Department	of	Ichthyology	&	Fishery	
Science,	Rhodes	University,	Grahamstown,	
South	Africa

Correspondence
Charlotte	Sirot
Email:	charlott.sirot@gmail.com

Handling	Editor:	Nick	Golding

Abstract
1.	 Elemental	 analysis	 of	 biological	 calcified	 structures	 (e.g.	 fish	 otoliths,	 mollusc	
shelves,	coral	skeletons	or	fish	and	shark	bones)	provides	 invaluable	 information	
regarding	ecological	processes	for	many	aquatic	species.	Despite	this	importance,	
the	reduction	of	the	raw	data	obtained	through	Laser-ablation	Inductively	Coupled	
Plasma	Mass	Spectrometry	(LA-ICPMS)	(i.e.	the	conversion	of	the	machine	raw	sig-
nal	into	elemental	concentrations)	remains	a	challenge	as	the	tools	developed	so	far	
for	carrying	out	this	task	have	important	limitations	for	aquatic	ecologists.

2.	 Here,	we	introduce	the	elementr	R-package	which	provides	a	handy,	reliable	and	
transparent	way	to	reduce	elemental	data	acquired	from	spot	or	transect	LA-ICPMS	
analysis	of	biological	calcified	structures.	This	free	and	open-source	software,	im-
plemented	based	on	state-of-the-art	literature,	handles	data	from	both	standards	
and	samples,	allowing	fast	and	simultaneous		calculations	of	concentration	for	any	
chemical	element,	correction	for	potential	machine	drift,	and	realignment	and	aver-
aging	for	sample	replicates	when	needed.

3.	 The	major	attributes	of	elementr	are:	(i)	its	user-friendly	graphical	interface	which	
provides	widgets	to	set	all	the	reduction	settings	(i.e.	no	programming	skills	are	re-
quired	to	run	it),	(ii)	its	reactivity	whereby	the	software	continuously	observes	any	
setting	change	made	by	the	user,	re-calculates	and	displays	all	updated	results,	al-
lowing	therefore	users	to	visually	check	the	validity	of	their	settings	and	to	tune	
them	if	needed	and	(iii)	an	object	oriented	underlying	that	facilitates	subsequent	
handling	of	LA-ICPMS	data	in	R.

4.	 Despite	the	elementr	design	being	most	suited	to	the	needs	of	aquatic	ecologists,	
its	 use	 could	 be	 broadened	 to	 other	 research	 fields	 (i.e.	 geology,	 material	
	engineering)	due	 to	 its	 flexibility.	Moreover,	 the	open-source	approach	used	 for	
programming	 this	 software	 allows	 its	 expansion	 in	 order	 to	 refine	 calculation	
	procedures	or	to	add	new	functionalities.
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1  | INTRODUCTION

Over	the	last	decade,	elemental	microchemistry	of	biological	calcified	
structures	(e.g.	fish	otoliths,	fish	and	shark	bones,	mollusc	shelves	or	
coral	 skeletons)	 has	 become	 one	 of	 the	 top	 reference	methods	 for	
studying	aquatic	organism	 life	cycles	and	past	environmental	condi-
tions	(Morrongiello,	Thresher,	&	Smith,	2012).	Regarding	fish	ecology,	
this	approach	has	already	proved	its	worth	for	identifying	key	lifetime	
habitats	 (Vasconcelos	et	al.,	 2008,	2010),	 discriminating	populations	
and	stocks	 (Campana,	Chouinard,	Hanson,	Fréchet,	&	Brattey,	2000;	
Edmonds,	Caputi,	&	Morita,	1991;	Kerr	&	Campana,	2013),	 tracking	
individual	 migration	 (Jessop,	 Shiao,	 Iizuka,	 &	 Tzeng,	 2002;	 Mercier,	
Mouillot,	 Bruguier,	Vigliola,	&	Darnaude,	 2012)	 or	 assessing	 habitat	
connectivity	 (Gillanders,	 2005;	 Reis-	Santos	 et	al.,	 2012).	 Moreover,	
numerous	 studies	 demonstrated	 that	 the	 elemental	 composition	 of	
mollusc	shelfs	or	coral	skeletons	can	be	used	as	reliable	archives	for	
detecting	water	pollution	(Price	&	Pearce,	1997;	Runnalls	&	Coleman,	
2003)	 and	 more	 generally	 for	 reconstructing	 environmental	 shifts	
in	 aquatic	 ecosystems	 through	 time	 (e.g.	 sea	 surface	 temperature—	
Sinclair,	Kinsley,	&	McCulloch,	1998;	salinity—Corrège,	2006).	In	most	
of	 these	 cases,	 the	 elemental	 composition	 of	 calcified	 structures	 is	
measured	through	a	mass	spectrometer	coupled	with	a	laser	ablation	
system	 (LA-	ICPMS	 for	 Laser	 Ablation	 Inductively	 Coupled	 Plasma	
Mass	Spectrometry)	as	this	technique	combines	reliability,	 laser	pre-
cision,	 timeliness,	 high	 sensitivity	 and	 minimal	 sample	 destruction	
(Durrant,	1999;	Liu,	Hu,	Li,	&	Gao,	2013;	Thomas,	2004).	In	this	LA-	
ICPMS	technique,	a	laser	beam	is	focused	on	the	sample	surface	and	
generates	fine	particles	by	ablation	(Figure	1).	These	particles	are	then	
transported	by	a	gas	stream	into	the	ICPMS	to	be	separated	by	their	
mass-	to-	charge	ratio	and	counted	by	a	detector	translating	the	num-
ber	of	ions	striking	its	surface	into	an	electrical	signal	whose	intensity	
(in	counts	per	second,	cps)	 represents	 the	elemental	composition	of	
the	analysed	material	(Thomas,	2004)	(Figure	1).	Finally,	the	signal	is	
returned	as	a	spreadsheet	to	user	for	 interpretation	(Figure	1).	 In	an	
ecological	context,	two	modes	are	classically	used	(even	if	more	types	
of	analysis	could	be	performed):	a	spot	mode	(one	or	more	single	points	
analysed,	e.g.	Longmore	et	al.,	2010;	in	order	to	investigate	precisely	
a	given	part	of	the	individual	life)	or	a	transect	mode	(one	continuous	
segment	or	broken	line	analysed,	e.g.	Tabouret	et	al.,	2011,	to	study	
elemental	concentrations	deposited	throughout	an	individual’s	life).

In	order	to	interpret	the	signals	recorded	by	the	mass	spectrome-
ter,	final	outputs	from	LA-	ICPMS	must	be	reduced,	that	is,	the	machine	
signal	has	to	be	converted	from	counts	per	second	(cps)	to	elemental	
concentration	 relatively	 to	 a	 standard	 chemical	 element	 (ppm/ppm	
or	Mol/Mol).	This	data	transformation	 involves	numerous	steps	 (e.g.	
standard	and	sample	reduction,	machine	drift	correction)	already	de-
tailed	in	the	literature	(Elsdon	&	Gillanders,	2002;	Milton	&	Chenery,	
2001).	In	addition,	as	ecologists	usually	analyse	several	replicates	per	
sample,	the	common	reduction	procedure	is	most	of	the	time	followed	
by	an	additional	 important	step	dedicated	 to	 realign	 (i.e.	a	 temporal	
translation	 to	match	 replicate	 curves)	 and	average	data	 from	differ-
ent	 replicates.	This	multiplicity	of	 calculations	makes	data	 reduction	
generally	quite	tedious,	especially	for	large	datasets	as	those	obtained	

with	the	LA-	ICPMS	technique.	Finally,	the	complexity	of	the	calcula-
tions	pipeline	may	result	in	a	significant	source	of	variations	and	thus	
of	uncertainty	between	studies	 carried	out	 in	different	 laboratories.	
Consequently,	the	reduction	of	elemental	data	from	LA-	ICPMS	analy-
sis	of	calcified	structures	remains	a	challenging	task	for	ecologists	and	
should	be	standardized	and	automatized	as	far	as	possible.

Until	recently,	only	two	solutions	were	given	to	ecologists	for	this.	
The	 first	was	 to	 use	 existing	 commercially	 licensed	 softwares,	 such	
as glitter®	(van	Achterbergh,	Ryan,	&	Griffin,	1999)	or	 iolite®	(Paton,	
Hellstrom,	 Paul,	 Woodhead,	 &	 Hergt,	 2011).	 This	 solution	 offers	
many	advantages	(e.g.	ready-	made,	standardized	procedures)	but	also	
presents	strong	constraints,	as	these	softwares	do	not	allow	users	to	
upgrade	 their	 functionalities	 nor	 to	 reach	 details	 about	 calculation	
procedures.	 Because	 purchasing	 these	 softwares	 or	 their	 environ-
ment	(e.g.	matlab	 for	the	FatHom	Toolbox,	Jones,	2015)	 is	also	quite	
expensive,	 ecologists	 traditionally	 used	 spreadsheet	 softwares	 (e.g.	
libreoffice or ms excel®)	to	conduct	data	reduction	manually.	However,	
this	approach	is	generally	highly	time-	consuming,	repetitive	and	error-	
prone	 because	 of	 the	multiplicity	 of	 the	 steps	 required.	 Recently,	 a	
third	alternative	appeared	with	the	release	of	free	softwares	designed	
for	 la-icPms	 data	 reduction,	 e.g.	 laicPms	 (Rittner	 &	 Müller,	 2012)	
or uPb-age	 (Solari	&	Tanner,	2011),	both	R	packages,	 that	 are	unfor-
tunately	 not	 maintained	 anymore,	 Lamtrace	 (Jackson,	 2008)	 or	 the	
Java	written	Analysis	Management	System	(AMS)	software	(Mutchler,	
Fedele,	&	Bodnar,	2008).	However,	the	schemes	usually	conducted	in	
these	softwares	(e.g.	for	AMS	microthermometry)	do	not	fully	match	
the	needs	or	the	classical	procedures	used	by	ecologists.	To	our	knowl-
edge,	no	completely	free	and	open-	source	environment	for	reducing	
elemental	data	 from	LA-	ICPMS	analysis	currently	 fits	optimally	with	
ecologists’	requirements	(e.g.	handling	both	spot	and	transect	data	or	
conducting	transect	realignment).	Here,	we	propose	to	fill	in	this	gap	
by	making	available	a	new	open-	source	software,	elementr	(here	pre-
sented	in	its	version	1.3.2),	developed	in	the	R	language	(R	Core	Team	
2017),	based	on	an	Object-	Oriented	set	of	classes	(R6	classes,	Chang,	
2016)	 and	 providing	 a	 reactive	 graphic	 user-	friendly	 interface	 (GUI)	
for	facilitating	and	standardizing	the	reduction	of	elemental	data	from	
LA-	ICPMS	analysis	of	calcified	structures.

2  | FRAMEWORK REQUIRED 
FOR REDUCING ELEMENTAL DATA 
THROUGH e l e m e n t r

The	data	reduction	process	performed	by	elementr is based on a ses-
sion	 framework	 to	 ensure	 efficient	 data	 reduction	 while	 allowing	
both	to	correct	potential	machine	drift	with	time	and	to	average	the	
ICPMS	signal	 among	 several	 replicates.	To	define	 the	 term	of	 “ses-
sion	framework”	properly,	it	is	important	to	consider	the	methodology	
for	LA-	ICPMS	analysis	(Figure	1).	First,	prepared	samples	are	attached	
on	a	glass	slide	which	is	then	placed	in	the	ablating	cell	for	analysis.	
Besides	these	samples,	calibration	materials	(thereafter	called	“stand-
ards”	e.g.	NIST	612,	see	for	instance	Arai,	Hirata,	&	Takagi,	2007)	are	
also	attached	and	analysed	regularly	between	samples	in	order	to	(1)	
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calibrate	the	conversion	between	cps	and	ppm	and	(2)	check	for	ma-
chine	drift.	Optionally,	 reference	materials	 (e.g.	MACS-	3)	could	also	
be	added	to	this	session	in	order	to	assess	the	correctness	of	the	ob-
tained	 concentrations	 (see	 for	 instance	Warburton,	Reid,	 Stirling,	&	
Closs,	 2016).	A	 session	of	 analysis	 therefore	 comprises	 all	 the	data	

collected	from	the	standard	and	samples	on	a	single	glass	slide.	This	
design	could	be	extended	to	the	collection	of	data	from	the	analysis	of	
several	slides	that	comprise	calibration	material	and	samples.

When	 the	 user	 launches	 elementr	 and	 uploads	 the	 session	 to	
be	 reduced,	 elementr	 creates	 an	 elementR_project	 object	 (R6	 class	

F IGURE  1 General	procedure	for	reducing	elemental	data	from	calcified	structures.	The	red	stars	indicate	the	steps	carried	out	by	the	
elementr	software	(R1,	R2,	…,	Rn	are	Replicate	1,	Replicate	2,	…	Replicate	n	respectively)
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type	 object,	 Chang,	 2016)	which	 contains	 all	 the	 data	 belonging	 to	
the	running	session,	this	object	being	structured	as	the	session	itself	
(Appendix	S1).	The	main	benefit	of	this	design	is	that	users	can	eas-
ily	and	quickly	save	the	current	session	and	all	associated	results	by	
exporting	this	single	elementR_project	object	at	any	stage	of	the	pro-
cedure.	Moreover,	 they	can	re-	open	the	saved	session	for	 finalizing,	
checking	or	editing	results	by	re-	loading	this	single	object	within	the	
graphical	elementr	user	interface	or	directly	in	the	R	environment	to	
perform	 further	 statistical	 analyses	 on	 the	 reduced	 data	 (e.g.	 using	
classification	methods	such	as	random	forest	or	discriminant	analyses,	
Mercier	et	al.,	2012;	Tournois	et	al.,	2013;	Vasconcelos	et	al.,	2008).

3  | PROCEDURE FOR DATA REDUCTION 
PERFORMED BY e l e m e n t r

3.1 | General data reduction procedure

The	 successive	 steps	 followed	 by	 elementr	 to	 reduce	 a	 session	 of	
elemental	 data	 are	 commonly	 used	methodologies	 for	 geochemical	
data	reduction	(Halter,	Pettke,	Heinrich,	&	Rothen-	Rutishauser,	2002;	
Heinrich	 et	al.,	 2003;	 Jones,	 2015;	 Longerich,	 Jackson,	 &	 Günther,	
1996;	Rittner	&	Müller,	2012;	Solari	&	Tanner,	2011)	while	meeting	
the	 specific	needs	of	 aquatic	ecologists	 (Elsdon	&	Gillanders,	2002;	
Fowler,	Campana,	Thorrold,	&	Jones,	1995;	Milton	&	Chenery,	2001;	
Thorrold,	Jones,	&	Campana,	1997).	This	method	adopted	for	reduc-
ing	a	session	therefore	comprises	first	a	reduction	of	 the	data	from	
the	standard,	a	verification	and	correction	of	the	possible	LA-	ICPMS	
drift	with	time	(and	consequently	mass	bias—Cottle,	Kylander-	Clark,	
&	 Vrijmoed,	 2012),	 then	 a	 reduction	 of	 the	 data	 from	 the	 samples	
and	 optionally	 a	 realignment	 (only	 if	 sample	 is	 analysed	 in	 transect	
mode)	and	averaging	of	the	sample	replicates	 if	available	(Longerich	
et	al.,	1996;	Rittner	&	Müller,	2012).	The	procedure	for	data	reduction	
presented	here	for	otolith	samples	can	be	applied	to	any	type	of	bio-	
mineral	and	easily	extended	to	any	type	of	hard	material.

Irrespective	 of	 the	 type	 of	 material	 being	 analysed	 (samples	 or	
standards),	the	classical	procedure	for	data	reduction	starts	with	a	cor-
rection	for	the	baseline	noise	specific	to	the	machine,	which	consists	
in	evaluating	the	signal	recorded	by	the	LA-	ICPMS	when	the	laser	is	
not	operating	(i.e.	when	no	ablated	material	is	sent	to	the	spectrom-
eter),	 and	 to	 take	 this	 permanent	 baseline	 noise,	 hereafter	 called	
“background,”	 into	 account	 in	 the	 calculation	 of	 samples’	 elemental	
concentrations.	To	this	aim,	elementr	computes	both	the	background	
average	value	 (BAV)	and	the	 limit	of	detection	 (LOD	= n × SD	of	 the	
BAV,	n	being	an	 integer	usually	3	or	6	Longerich	et	al.,	1996)	of	the	
machine.	The	next	step	consists	of	subtracting	the	BAV	from	the	sig-
nal	(i.e.	the	signal	recorded	during	laser	ablation,	hereafter	called	“pla-
teau”)	(Figure	1a)	and	comparing	the	obtained	values	to	the	LOD,	the	
values	<LOD	being	generally	discarded	(Figure	1c).	The	ratio	of	each	
element	relative	to	the	internal	standard	is	then	calculated	(generally	
calcium	for	calcified	structures)	(Figure	1d).	The	next	step	of	the	data	
reduction	 consists	 of	 detecting	 possible	 outliers	 generally	 through	
three	types	of	outliers	detection	(Jones,	2015):	via	the	standard	devi-
ation	criterion	(the	points	that	fall	beyond	2	standard	deviations	from	

the	mean	of	the	computed	values,	that	is,	after	having	substracted	the	
BAV	to	the	plateau,	comparing	 these	values	 to	 the	LOD	and	having	
done	the	ratio	to	the	internal	standard),	Grubb’s	test	or	Rosner’s	test.

3.2 | Procedure for session reduction performed 
by elementr

3.2.1 | Initial settings and data verification (step 1)

This	first	step	aims	to	set	all	the	settings	of	the	analysed	session	(e.g.	
upload	data—one	 file	 per	 standard	or	 sample	 analysis—and	 indicate	
the	sequential	order	of	each	standards	and	samples	within	the	session,	
that	is,	ordinal	numbers.	The	user	can	also	choose	to	replace	this	order	
by	the	time	of	analysis	in	minutes	elapsed	since	the	beginning	of	the	
ICPMS	session).	When	 the	user	has	provided	 the	 required	 informa-
tion,	 the	data	 intended	 to	be	 reduced	are	automatically	 scanned	 to	
check	possible	structural	errors	in	the	elementr	object	created	(e.g.	any	
problem	in	file	format	or	the	presence	of	non-	numeric	characters	in	
the	elemental	data).	If	no	error	is	found,	elementr	automatically	guides	
the	user	through	the	second	step	of	the	procedure	(i.e.	standard	data	
reduction,	Figure	1).	This	step	is	also	the	opportunity	for	users	to	de-
cide	which	type	of	settings	they	want	to	apply	to	the	whole	session	
(e.g.	LOD	=	n × SD	of	 the	BAV,	n	being	determined	by	the	user,	 the	
value	to	replace	in	case	of	outliers	or	values	<	LOD).

3.2.2 | Standard data reduction (step 2)

In	 this	 step,	all	data	 from	standard	will	be	 successively	 reduced	ac-
cording	 to	 the	 procedure	 explained	 in	 Section	 3.1.	 This	 can	 be	
achieved	easily	 by	 graphically	 selecting	blank	 and	plateau	 limits	 for	
each	standard	analysis	using	the	sliders	displayed	in	the	elementr user 
interface	(Figure	2).	This	task	is	facilitated	by	the	automatic	detection	
of	 the	plateau	 and	background	 limits	 by	 elementr	 based	on	 respec-
tively	a	clustering	method	(kmean	method,	kmean	function	of	the	stats 
r-	package)	and	on	the	derivative	value	(i.e.	the	first	points	of	the	back-
ground	is	the	first	point	of	the	analysis,	and	the	last	point	of	the	back-
ground	is	the	last	point	before	the	maximum	derivative	value)	of	the	
internal	standard	element,	the	derivative	function	being	computed	as	
follows:

where,	Inteni+1	and	Inteni	are	respectively	the	intensity	of	the	meas-
urement	at	two	consecutive	times	(i+1 and i),	and	ti+1	and	ti	the	time	
elapsed	since	the	beginning	of	the	ICPMS	session	at	two	consecutives	
moments.

Although	 this	 automatic	 delineation	of	 the	background	 and	pla-
teau	 is	 generally	 time	 saving,	 the	 users	 have	 the	 choice	 to	 change	
these	limits	if	they	do	not	agree	with	this	automatic	detection.

When	these	limits	are	delineated,	all	further	steps	of	the	data	re-
duction	(Figure	1b–f)	are	automatically	performed	by	elementr	and	the	
processed	data	are	then	displayed	for	user	validation	(see	4	in	Figure	
2):	 the	user	can	visually	check	the	relevance	of	 the	background	and	

Derivative value =

Inteni+1 − Inteni

ti+1 − ti
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plateau	 limits	and	eventually	change	these	settings	until	optimal	 re-
sults	are	obtained.	The	outlier	detection	is	performed	either	by	the	SD 
function	(for	the	standard	deviation	criterion),	by	grubbs.test	(from	the	
“outliers”	r-	package—Komsta,	2011)	or	by	rosnerTest	(from	“envstats”	
R-	package—Millard,	2013).

Once	satisfied,	the	user	can	validate	these	settings,	and	move	to	
the	reduction	of	the	data	from	the	next	standard.	In	any	case,	the	final	
results	and	all	corresponding	settings	can	be	modified	at	will	through-
out	the	whole	procedure	by	going	back	on	these	steps	and	modifying	
former	choices.	Once	the	limits	are	validated	and	the	calculations	per-
formed	for	all	standards,	the	last	step	consists	in	averaging	the	values	
for	each	standard	in	order	to	check	the	machine	drift.

3.2.3 | Machine drift verification and correction 
(step 3)

The	 version	1.3.2	 of	 elementr	 includes	 two	possible	 procedures	 for	
machine	 drift	 correction	 depending	 on	 the	machine	 drift	 tendency:	
a	 linear	regression	(default	setting)	or	a	nearest	neighbour	approach	
(if	the	drift	is	non-	linear,	i.e.	if	R2	 is	below	a	customizable	threshold)	
among	standard	average	values	(Cottle	et	al.,	2012;	Jones,	2015).

In	the	linear	regression	method,	the	machine	drift	is	characterized	
for	each	element	 as	 a	 function	of	 the	 standards	 sequential	order	 in	
the	analysis	(R	function	lm	of	the	stats r-	package),	the	significance	of	

the	 slope	 of	 the	 regression	 being	 then	 displayed.	 Furthermore,	 the	
normality,	 homoscedasticity	 and	 independence	 of	 the	 residuals	 are	
also	checked	with	respectively	shapiro.test, hmctest and dwtest	func-
tions	of	the	base	and	lmtest	R-	packages	(Hothorn,	Zeileis,	Farebrother,	
Cummins,	&	Mitchell,	2015),	p.value	of	the	slope	is	displayed	(lm and 
summary	functions,	see	Appendix	S1,	Case	1).

If	the	user	considers	that	the	machine	drift	is	non	linear	(i.e.	if	the	
R2	is	under	a	customizable	threshold),	elementr	automatically	changes	
the	machine	drift	correction	from	a	 linear	to	a	nearest	neighbor	ap-
proach.	This	method,	adapted	from	Jones	(2015),	calculates	for	each	
sample	a	theoretical	standard	value	based	on	a	linear	regression	from	
the	two	closest	standard	analysis	(see	Appendix	S2,	Case	2).

In	any	case,	users	have	the	choice	to	correct	or	not	the	temporal	
drift	of	the	LA-	ICPMS	if	they	consider	it	as	relevant.	If	so	and	irrespec-
tive	the	method	of	correction	used,	a	theoretical	standard	value	will	
be	then	calculated	for	each	sample	 (see	the	detail	of	the	calculation	
on	Appendix	S2).

3.2.4 | Sample data reduction (step 4)

In	a	similar	way	 than	 the	standard	data	 reduction,	 this	 step	aims	 to	
reduce	successively	all	 the	data	from	samples	according	to	the	pro-
cedure	described	in	Section	3.1.	Once	these	steps	are	completed,	the	
last	step	consists	in	converting	the	reduced	signal	into	concentrations	

F IGURE  2 Snapshot	of	the	second	step	of	the	data	reduction	procedure	performed	by	elementr	(standard	data	reduction).	To	the	left	(1),	the	
menu	bar	allows	user	to	navigate	quickly	between	the	different	steps	of	the	data	reduction	procedure	and	to	save	and	export	the	project	at	any	
moment.	Along	the	top	of	the	screen	(2)	are	both	the	selector	of	the	data	to	reduce	and	the	widget	saving	its	settings	and	processed	data.	In	the	
box	called	“Blank	and	plateau	limits	selection”	(3)	appears	a	plot	of	the	raw	data	and	showing	blank	(i.e.	the	machine	background,	in	grey	on	the	
plot)	and	plateau	values	(in	blue	on	the	plot).	Below	this	graphic,	two	selectors	(i.e.	blank	and	plateau	limits	selectors)	enable	the	limits	to	be	set.	
For	validating	these	last	settings,	the	user	can	visually	check	the	processed	data,	the	BAV	(blank	averaged	value)	and	the	LOD	(limit	of	detection)	
displayed	in	the	box	called	“Reduced	data	verification”	(4).	Finally,	the	last	box	called	“Graphic	export”	(5)	allows	user	to	export	any	plot	displayed	
in	the	current	page
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relative	 to	 an	 internal	 standard	element	 (ppm/ppm	or	mol/mol,	 de-
pending	on	calibration	file	uploaded	by	the	user	at	the	beginning	of	
the	session)	based	on	the	theoretical	standard	value	whether	or	not	
corrected	by	the	machine	drift	(adapted	from	Longerich	et	al.,	1996):

where	C	refers	to	the	concentration	of	the	considered	element	(i),	r re-
fers	to	the	element	used	as	internal	standard,	I	refers	to	the	computed	
signal	intensity	in	cps.

3.2.5 | Realignment of transect sample 
replicates and averaging

If	several	replicates	are	available	for	a	given	sample,	users	have	the	
possibility	(this	step	5	is	optional,	Figure	1)	to	both	detect	and	remove	
outliers	 (following	the	procedure	 in	Section	3.2.2)	and	to	get	an	av-
eraged	 signal	 over	 all	 replicates.	 For	 analysis	made	 in	 “spot”	mode,	
the	 signal	 of	 each	 element	 is	 averaged	 for	 all	 replicates	 to	 get	 its	
final	 concentrations	 (mean	and	 standard	error)	 in	 the	area	analysed	
(Figure	1).	For	analysis	made	in	“transect”	mode	(only	for	this	mode),	
the	 averaging	 requires	 a	 previous	 realignment	 of	 all	 transect	 repli-
cates.	This	realignment	is	performed	visually	using	the	elementr	inter-
face	by	choosing	one	(or	more)	chemical	element(s)	representative	of	
the	temporal	signal	investigated	and	by	sliding	plots	horizontally	until	
the	different	curves	match	(Figure	1).	However,	this	realignment	is	fa-
cilitated	by	the	optional	automatic	realignment	using	the	Fast	Fourier	
Transform	to	compute	open	convolution	of	the	replicates	sequences	
(Brillinger,	1981)	(convolve	function	from	the	stats	R-	package).	Once	
realigned,	 signals	 of	 all	 replicates	 are	 averaged	 to	 get	 final	 succes-
sive	 concentrations	 for	 each	element	 along	 the	 transect	 ablated	by	
the	laser.	Finally,	a	basic	method	to	reduce	autocorrelation	between	
measurement	in	transect	mode	is	proposed	by	deleting	the	overlap-
ping	 ICPMS	successive	measures	based	on	both	 laser	diameter	and	
speed	(Ferraton	et	al.,	2013):

where	P	is	the	frequency	of	measurement	to	keep	(e.g.	only	keeping	
one	every	3	analysis).

A	final	table	(R	data.frame	object)	summarizing	the	results	for	each	
sample,	 obtained	with	 (in	 transect	mode)	 or	without	 (in	 spot	mode)	
realignment,	the	optional	overlap	corrected	data	and	all	associated	re-
alignment	settings	can	be	saved	(and	deleted)	by	users,	when	desired.	
In	any	case,	all	 the	proceeded	spot/transect	data	are	still	preserved	
and	exported	even	after	their	realignment	and/or	averaging.

4  | e l e m e n t r  ASSETS,  NOVELTIES AND 
FUTURE IMPROVEMENTS

To	date,	several	softwares	other	than	elementr	have	been	developed	
for	reducing	LA-	ICPMS	elemental	data.	However,	most	of	them	(e.g.	

comPbcorr,	Andersen,	2008;	uPb.age,	Solari	&	Tanner,	2011;	LamDate,	
Košler,	Forst,	&	Sláma,	2008)	are	dedicated	to	geologic	purposes	and	
do	not	fulfil	the	specific	needs	of	ecologists,	being	highly	specialized	
in	other	types	of	analysis.	Among	the	remaining	ones	(Table	1),	sev-
eral	require	purchasing	a	commercial	license	for	using	them	(e.g.	iolite,	
Paton	et	al.,	2011;	glitter®,	van	Achterbergh	et	al.,	1999)	or	for	run-
ning	their	environment	(e.g.	matlab	and	a	Windows	or	mac	license	for	
the	Fathom	toolbox,	Jones,	2015).	This	 is	not	the	case	for	elementr,	
which	is	open-	source	and	that	can	be	run	under	operating	system	such	
as	Linux	(in	addition	to	Windows	or	Mac).	Therefore,	elementr	should	
not	only	be	accessible	to	the	majority	of	its	potential	users	but	also,	
in	return,	benefits	from	their	comments	and	potential	developments.

The	open-	source	 feature	of	 elementr	 also	 allows	 flexibility	 (user	
can	 customize	 the	 code)	 and	 total	 transparency	 of	 elementr	 func-
tionalities.	The	only	two	completely	free	and	open-	source	softwares	
available	 so	 far	 to	 deal	 with	 elemental	 data	 reduction	 were	 AMS	
(Java	software	Mutchler	et	al.	2008)	and	laicPms	(R-	package	Rittner	&	
Müller,	2012),	the	 last	one	being	to	our	knowledge	no	longer	main-
tained	nor	available.	The	lack	of	maintenance	and	improvement	is	an	
important	point	for	the	future	of	elementr.	However,	as	the	R	language	
is	 increasingly	 used	by	 ecologists,	we	believe	 that	 these	points	will	
not	be	an	issue	for	this	software.	Moreover,	although	elementr	takes	
in	account	the	main	steps	of	a	state-	of-	art	data	reduction	procedure,	
new	functionalities	present	 in	commercially	 licensed	softwares	such	
as glitter®	(van	Achterbergh	et	al.,	1999)	or	iolite®	(Paton	et	al.,	2011)	
could	be	 implemented	 in	 the	 future.	For	 instance,	one	of	 important	
enhancement	would	be	to	develop	functionalities	that	take	in	account	
a	correction	of	the	down-	hole	fractionation.	Finally,	we	think	that	fur-
ther	considerations	about	potential	methods	to	correct	analysis	auto-
correlation	and	time-	lag	between	element	concentration	calculations	
of	any	chemical	element,	in	transect	mode	are	still	missing	and	their	
implementation	would	be	an	important	added	value	for	elementr	data	
reduction	procedure.

Another	important	asset	of	the	elementr	software	is	its	simplicity	
of	use,	as	the	user	does	not	need	any	programming	skills	to	install	or	
run	the	function	performing	data	reduction	properly.	Indeed,	its	user-	
friendly	graphical	interface	(GUI)	allows	any	graphics	or	instructions	to	
be	displayed	clearly	and	any	settings	to	be	configured	easily	(Figure	2).	
Moreover,	its	object-	oriented	programming	allows	to	export	easily	the	
whole	project	in	a	single	file,	providing	therefore	both	(1)	a	good	por-
tability	 of	 the	 final	 data	 and	 (2)	 a	 traceability	 of	 the	 data	 reduction	
procedure	since	raw,	 intermediate	and	final	data	and	all	data	reduc-
tion	 settings	 are	 saved	 in	 one	 file.	These	 two	 characteristics	 allows	
researchers	to	share	both	final	data	and	the	whole	data	reduction	pro-
cedure	with	only	single	file	(the	output	files	of	elementr,	an.Rdata	file).	
We	therefore	believe	the	structure	of	our	R6	classes	represents	a	good	
starting	point	to	provide	a	standard	structure	for	storing	and	sharing	
reduced	data,	allowing	future	synthesis	and	meta-	analyses	and	paving	
the	way	for	more	reproducible	and	“open”	science	in	the	field.

Perhaps	the	most	 important	novelty	of	elementr	compared	to	 its	
competitors	 is	 its	reactivity,	meaning	that	the	software	continuously	
observes	any	change	made	by	the	user	(e.g.	blank	or	plateau	limits,	re-
alignment	settings),	re-	calculates	and	displays	the	updated	processed	
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data	(and	all	intermediate	data).	This	allows	users	to	continually	visu-
alize	the	consequences	of	their	actions	on	the	final	results	and	thus	to	
finely	tune	all	settings	of	the	reduction	procedure.	Finally	and	in	ad-
dition	to	deal	with	both	spot	and	transect	data	reduction,	the	second	
major	contribution	of	elementr	to	the	data	reduction	procedure	is	that	
it	provides	a	realignment	tool	for	transect	analysis	replicates.	To	our	
knowledge,	elementr	is	thus	the	first	software	dedicated	to	LA-	ICPMS	
data	reduction	providing	both	reactivity	and	possibility	for	realignment	
of	transect	replicates.
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