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Abstract	

Whether	trees	have	the	ability	to	refill	embolised	xylem	conduits	and	possibly	to	
do	it	under	tension,	i.e.	in	a	physiologically	active	state,	has	been	a	topic	of	research	and	
debate	for	many	years.	However,	direct	experimental	evidence	for	embolism	refilling	
remains	 scarce.	 Combining	 traditional	 tree	 hydraulic	 methods	 (e.g.	 hydraulic	
conductance	measurements	on	excised	stems),	new	approaches	(cut	end	of	a	branch	
placed	 in	 contact	with	water	held	 in	an	agar	matrix),	and	newer	 technology	 (X-ray	
microtomography),	we	tested	the	potential	of	silver	birch	branches	to	refill	embolised	
xylem	conduits	even	under	negative	water	potential.	The	hydraulic	method	suggests	
that	 refilling	 of	 embolised	 xylem	 can	 occur	 even	 under	 negative	 pressure.	 The	
successful	ability	of	birch	 to	refill	xylem	was	confirmed	by	X-ray	microtomography.	
Furthermore,	 our	 results	 suggest	 that	 refilling	 is	 unlikely	 to	 be	 driven	 osmotically	
given	 the	 small	difference	measured	between	 sap	and	 the	osmolality	of	 the	 source	
water	 (tap	water,	agar).	Finally,	our	 results	have	direct	 influence	on	 the	method	of	
choice	when	studying	the	vulnerability	of	silver	birch	to	cavitation.	
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INTRODUCTION	
A	tree’s	ability	to	refill	embolised	xylem	conduits	is	a	central	question	in	predicting	how	

they	will	be	able	to	cope	with	drought.	However,	the	issue	remains	highly	controversial	and	
while	several	mechanisms	have	been	proposed	to	explain	potential	xylem	refilling	(Nardini	et	
al.,	 2011),	 experimental	 evidence	 remains	 scarce,	 possibly	 due	 to	 the	 lack	 of	widespread	
affordable	methods.	X-ray	microtomography	has	been	used	to	









X-ray	microtomography	
Compared	 to	 the	 fully	 embolised	 branch	 prior	 to	 water	 contact,	 the	 living	 sample	

showed	a	97	%	decrease	 in	embolised	xylem	area	 four	hours	after	 the	contact	with	water	
(Figure	 3	A	and	B),	while	 the	killed	sample	showed	no	decrease	 in	embolised	xylem	area	
(Figure	3	C	and	D),	confirming	our	 findings	 that	embolism	recovery	occurred	 in	 the	 living	
sample,	but	not	in	the	killed	one.		

	
Figure	3.	X-ray	tomography	cross-section	of	a	living	and	dead	birch	twig	tested	for	refilling.	

Living	branch	 is	shown	fully	embolised	(A)	and	four	hours	after	the	xylem	at	the	
bottom	of	the	twig	has	been	placed	in	contact	with	water	(B).	Dead	branch	is	shown	
fully	embolised	(C)	and	four	hours	after	the	xylem	at	the	bottom	of	the	twig	has	been	
placed	 in	contact	with	water	(D).	Higher	density	materials	appear	whiter	on	 the	
picture,	with	black	dots	in	the	sapwood	showing	embolised	xyelm	conduits,	while	
grey	ones	(not	always	easy	to	distinguish	from	the	rest	of	the	tissue)	show	conduits	
filled	with	water.	Black	bar	represents	1mm.	

	
DISCUSSION	

Our	 results	 show	 that	 excised	 branches	 of	 silver	 birch	 successfully	 refilled	 fully-
embolised	non-conductive	xylem	conduits	and	restored	hydraulic	conductivity.	Furthermore,	



a	birch	twig	was	able	to	refill	from	-4	MPa	to	0	MPa	under	a	small	negative	water	potential	
(i.e.,	under	tension)	similar	to	what	a	tree	might	experience	at	night.	

Working	with	excised	branches	 to	study	 refilling	has	 recently	been	challenged	 (e.g.,	
Knipfer	et	al.,	2017;	Wheeler	et	al.,	2013).	It	has	been	suggested	that	the	refilling	in	excised	
branches	occurs	due	to	capillary	relocation	of	water,	and	that	such	refilling	does	not	take	place	
in	intact	trees.	We	argue	that	this	issue	is	not	likely	to	be	a	problem	when	working	with	birch	
branches,	and	that	our	results	on	cut	branches	can	be	extrapolated	to	the	whole	tree	for	the	
following	reasons.	Firstly,	as	stated	above,	the	ability	of	birch	to	refill	winter-embolised	xylem	
by	creating	positive	pressure	 in	 the	xylem	 in	spring	has	been	known	 for	a	 long	 time	(e.g.,	
Merwin	and	Lyon,	1909).	It	has	been	shown	that	in	mature	birches,	both	root	pressure	and	
pressurisation	of	the	sap	at	the	top	of	the	trees	are	involved	(Westhoff	et	al.,	2008).	Secondly,	
earlier	work	as	shown	 that	 intact	partially	embolised	 –	 in	contrast	 to	our	 fully	embolised	
branches	-	birch	saplings	have	been	shown	to	refill	(Suuronen	et	al.,	2013).	Thirdly,	we	prove	
that	the	refilling	as	observed	here	cannot	be	the	result	of	purely	physical	processes,	such	as	
capillarity	for	three	reasons:	1)	Refilling	of	fully	embolised	xylem	by	capillary	forces	would	
take	tens	of	hours	(Yang	and	Tyree,	1992),	much	 longer	than	the	time	observed	here	even	
with	the	refilling	under	negative	water	potential,	2)	The	capillary	rise	cannot	be	responsible	
for	 the	 refilling	 at	 -0.1	MPa	 as	 it	 should	 theoretically	be	 stopped	 at	 ~	 -0.01	MPa,	 and	3)	
Refilling	did	not	occur	in	killed	samples.			

Contrary	 to	 our	 hypothesis,	 xylem	 sap	 osmolality	 was	 found	 to	 be	 rather	 small,	
corresponding	to	a	water	potential	of	~	-0.1	MPa.	This	hints	towards	refilling	not	occurring	
by	the	“osmotic	refilling	mechanism”,	since	the	water	potential	of	the	xylem	sap	collected	was	
only	slightly	more	negative	than	the	water	potential	of	the	agar	solution.	However,	it	has	been	
proposed	that	xylem	sap	osmolality	could	be	involved	in	the	refilling	without	a	bulk	increase	
in	sap	osmolality,	because	the	solutes	would	be	taken	back	by	the	living	cells	shortly	after	the	
refilling	was	 completed	 (Wegner,	 2014),	 but	 experimental	 support	 for	 such	 a	 process	 is	
lacking.	

Our	results	also	have	practical	implication	for	studying	birch	hydraulic	properties,	and	
in	particular	to	construct	xylem	vulnerability	curves	for	birch.	Traditional	methods,	such	as	
hydraulic	conductance	measured	by	putting	the	sample	in	contact	with	water	under	a	slight	
positive	pressure,	 led	 to	 the	 restoration	of	 the	hydraulic	conductance	within	 less	 than	90	
minutes	in	our	experiment	even	for	samples	that	were	fully	embolised.	Hence,	building	PLC	
(Percent	 loss	 conductivity)	 curves	 proved	 impossible	 for	 birch	with	 traditional	methods.	
More	modern	methods,	such	as	the	Cavitron	(Cochard	et	al.,	2005)	or	X-ray	microtomography	
(Cochard	et	al.,	2015)	are	 likely	better	suited	to	study	the	 loss	of	hydraulic	conductance	 in	
birch	branches.	 In	 the	Cavitron	method,	 the	constant	 force	applied	under	 tension	 through	
spinning	 might	 prevent	 or	 delay	 the	 refilling	 on	 embolised	 vessel,	 while	 conductance	
calculation	based	on	the	amount	and	dimension	of	embolised	vessels	in	a	twig	obtained	with	
X-ray	microtomography	 can	be	done	without	putting	 the	sample	 into	contact	with	water,	
therefore	without	triggering	refilling.		
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