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Bark	 provides	 trees	 with	 many	 important	 functions,	 such	 as	 nutrient	 transport	 and	
protection,	yet	the	Pacific	madrone	(Arbutus	menziesii)	regularly	exfoliates	its	bark.	The	
mechanism	 for	 this	 exfoliation	 is	 largely	 unknown,	 but	 is	 possibly	 due	 to	 biotic	
pressures,	 such	 as	 epiphyte	 or	 poison	 oak	 (Toxicodendron	 diversilobum)	 growth,	 or	
abiotic	 pressures,	 like	 solar	 radiation	 exposure.	 In	 order	 to	 test	 potential	 drivers	 of	
shedding,	we	surveyed	49	madrones	and	neighboring	oaks	at	Hastings	Natural	History	
Reserve.	For	each	sampled	tree,	we	counted	surrounding	poison	oak	stems,	poison	oak	
vines,	 estimated	 epiphytic	 cover,	 and	 measured	 total	 height	 and	 bark	 height	 of	
madrones.	We	found	no	association	between	poison	oak	and	madrone	bark	exfoliation,	
and	no	differences	between	the	bark	cover	on	the	north	and	south	sides	of	madrones.	
Epiphytic	cover	was	lower	on	oaks	than	madrones,	but	the	epiphytic	cover	on	oaks	had	
no	 effect	 on	 the	 amount	 of	 bark	 shed	 on	 neighboring	 madrones.	 Epiphytic	 pressure	
does	 not	 directly	 influence	 exfoliation,	 but	 bark	 may	 be	 shed	 to	 proactively	 remove	
epiphytes.	The	cause	of	madrone	bark	exfoliation	is	still	unknown,	and	could	be	due	to	a	
number	 of	 untested	 mechanisms,	 such	 as	 mammal	 or	 invertebrate	 predation	
prevention.	
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INTRODUCTION		

Bark	 is	a	vital	structure	for	woody	plants,	
and	makes	many	important	contributions	to	
tree	fitness	and	survival.	Inner	bark	plays	an	
essential	 role	 in	 transporting	 nutrients	 and	
compounds	 throughout	 the	 tree,	 while	
outer	 bark	 has	 numerous	 structural	 and	
protective	 functions	 (Pfanz	 and	 Aschan	
2001).	 The	 outer	 bark,	 which	 is	 composed	
of	 dead	 cells,	 protects	 the	 tree	 against	
pathogenic	 entry,	 provides	 stability,	
reduces	 water	 loss,	 and	 protects	 against	
harsh	 weather	 and	 wildfire	 (Niklas	 1999,	
Paine	et	al	2010,	Vines	1968,	Pausas	2015).		

Most	trees	have	a	visible	outer	bark	layer,	
but	the	Pacific	madrone	(Arbutus	menziesii),	
hereafter	 referred	 to	 as	 madrone,	 is	 an	
anomaly.	 Madrones	 are	 characterized	 by	
rough	thin	layers	of	red	peeling	bark,	which	
are	exfoliated	annually	to	expose	a	smooth	
bark	 layer	 (Tarrant	 1958).	 Madrone	 bark	
morphology	 starkly	 contrasts	 with	 that	 of	
other	 common	woodland	 tree	 species,	 like	
oaks,	 which	 raises	 questions	 about	
potential	 fitness	 benefits	 of	 having	 an	
exfoliating	 bark	 layer.	Madrones	 are	 found	
in	fire-	and	drought-prone	ecosystems,	and	
would	 therefore	 be	 expected	 to	 benefit	
from	 a	 layer	 of	 outer	 bark,	which	 in	 other	
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species	provides	protection	from	water	loss	
during	 drought	 and	 fire	 damage	 (Tarrant	
1958).	 However,	 their	 lack	 of	 a	 consistent	
outer	 bark	 layer	 suggests	 that	 there	 are	
alternative	benefits	of	bark	exfoliation.	
While	 no	 studies	 have	 focused	 on	 the	

specific	 advantages	 of	 peeling	 bark	 to	
madrone	fitness,	there	are	several	potential	
biotic	 explanations	 for	 this	 unique	
characteristic.	 Epiphytes	 may	 reduce	 the	
fitness	of	 colonized	 trees.	 Epiphytic	 lichens	
can	penetrate	the	xylem	of	a	host	tree	and	
release	 photosynthetically	 disruptive	
compounds	 (Legaz	 et	 al.	 2004).	 The	
disruption	 of	 photosynthesis	 initiates	 leaf	
defoliation,	 which	 is	 detrimental	 to	 host	
tree	 fitness.	 Lichens	 can	 also	 affect	 bark	
health;	 one	 lichen	 species,	 Lecanora	
carpinea,	 reduces	 the	 rate	 of	
photosynthesis	 in	 the	 bark	 of	 European	
aspen	 (Populus	 tremula)	 (Solhaug	 et	 al	
1995).		
Additionally,	 exfoliating	 bark	 may	 limit	

the	growth	of	woody	climbing	vines	known	
as	 lianas.	 In	 tropical	 systems	 lianas	 affect	
host	 trees	 by	 competing	 for	 access	 to	
nutrients	 and	 sunlight	 (Sfair	 et	 al	 2016).	
These	 findings	 have	 been	 partially	
corroborated	 in	 temperate	 ecosystems	 of	
the	Eastern	US.	In	the	2009	study	by	Ladwig	
and	 Meiners,	 the	 liana	 eastern	 poison	 ivy	
(Toxicodendron	 radicans)	 was	 found	 to	
negatively	affect	host	trees	through	growth	
suppression.	Poison	ivy	is	not	present	in	the	
temperate	 woodland	 ecosystems	 of	 the	
Western	US,	but	the	closely	related	western	
poison	 oak	 (Toxicodendron	 diversilobum),	
hereafter	 referred	 to	 as	 poison	 oak,	 is	
present	 and	 can	 also	 grow	 as	 a	 liana.	
Because	 lianas	 reduce	 tree	 fitness	 in	 other	
systems,	madrones	may	 shed	 their	 bark	 in	
order	to	reduce	the	abundance	or	height	of	
poison	oak	cover.	

Madrone	 bark	 peeling	 may	 also	 be	 a	
response	to	abiotic	conditions.	Bark	peeling	
may	 reduce	 the	 heat	 load	 of	 the	 tree	 and	
act	 as	 a	 cooling	 mechanism,	 but	 this	
remains	 uncertain	 (Bressette	 and	Hamilton	
1999).	 Possible	 evidence	 to	 support	 this	
claim	 includes	 the	 finding	 that	 madrone	
bark	 peels	 more	 when	 exposed	 to	 direct	
sunlight	(Coe	1983).	Bark	on	the	north	side	
of	madrones	is	also	thicker	than	bark	on	the	
south	 side,	 which	 indicates	 that	 abiotic	
factors	like	temperature,	sunlight	exposure,	
and	humidity	may	play	a	role	in	determining	
the	extent	of	bark	exfoliation	(Bressette	and	
Hamilton	1999).			
Exfoliation	may	be	an	adaptation	 to	 limit	

biotic	 competition,	 a	 response	 to	 abiotic	
factors,	 or	 both.	 We	 predicted	 that	 1)	
madrones	would	have	fewer	epiphytes	than	
nearby	 oak	 trees	 because	 of	 the	 annual	
shedding	of	 their	bark;	2)	madrones	would	
have	 fewer	 and	 shorter	 poison	 oak	 vines	
growing	on	their	trunks	than	oak	trees,	also	
because	of	the	bark	shedding;	3)	madrones	
that	 are	 in	 areas	 of	 higher	 epiphytic	 or	
poison	oak	cover	will	have	more	exfoliated	
bark;	 and	 4)	 there	 will	 be	 greater	 bark	
exfoliation	 on	 the	 south	 side	 of	 the	 tree	
than	the	north	side,	due	to	higher	amounts	
of	solar	radiation	from	the	south.	

METHODS	

This	 study	 was	 conducted	 at	 Hasting	
Natural	 History	 Reserve	 in	 Carmel	 Valley,	
California	 in	 early	 November	 2020.	 Carmel	
Valley	 is	 characterized	 by	 a	 temperate	
Mediterranean	 climate	 and	 oak	 woodland	
ecosystems,	 and	encompasses	 a	portion	of	
the	southern	range	of	the	madrone	(Tarrant	
1958).	 Poison	 oak,	 and	 a	 variety	 of	 lichens	
and	mosses,	 including	California	 lace	 lichen	
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(Ramolina	menzeisii)	are	also	found	in	these	
ecosystems.		
We	 sampled	 49	 pairs	 of	 trees,	 each	

composed	of	a	madrone	and	a	neighboring	
oak	 of	 similar	 size.	 Oak	 species	 included	
blue	oak	(Quercus	douglasii),	valley	oak	(Q.	
lobata),	 and	 coastal	 live	 oak	 (Q.	 agrifolia).	
Trees	 in	 each	 pair	 were	 no	 more	 than	 20	
meters	 from	 each	 other.	 Tree	 height	 was	
measured	 for	both	madrones	 and	oaks.	 To	
quantify	 biotic	 variables,	 we	 visually	
estimated	 the	 percent	 cover	 of	 epiphytes	
on	the	trunk	and	the	lowest	three	branches	
of	 each	 tree.	 Additionally,	 we	 counted	 the	
number	and	measured	the	height	of	poison	
oak	vines	growing	at	least	0.5	meters	up	the	
tree.	 We	 also	 counted	 the	 number	 of	
poison	 oak	 stems	 growing	 within	 a	 one-
meter	 radius	of	 the	 tree	 trunk.	To	quantify	
abiotic	 variables,	 we	 recorded	 madrone	
bark	height	on	the	north	and	south	side	of	
the	 tree.	 We	 used	 ImageJ	 (v.	 1.52q)	 to	
measure	 tree	 height,	 poison	 oak	 vine	
height,	and	bark	height	of	the	madrones.	
All	 statistical	 analyses	 were	 performed	

during	 using	 JMP	 (v.14)	 software.	 We	 ran	
paired	 t-tests	 to	 compare	 differences	 in	
poison	 oak	 variables	 (number	 of	 stems,	
number	 of	 vines,	 and	 vine	 height)	 and	
epiphyte	variables	(percent	cover)	between	
madrones	and	oaks.	A	paired	t-test	was	also	
used	to	compare	the	heights	of	peeled	bark	
in	 the	 north	 and	 south	 sides	 of	madrones.	
We	 used	 linear	 regression	 models	 to	 test	
the	 effects	 of	 poison	 oak	 variables	 on	 the	
height	 of	 madrone	 bark,	 as	 well	 as	 the	
effect	of	neighboring	oak	epiphytes	on	bark	
exfoliation.		

RESULTS	

Madrones	 host	 a	 lower	 percent	 cover	 of	
epiphytes	 than	 oaks	 (N	 =	 49,	 t	 =	 9.62,	 p	 =	
0.0001;	 Figure	 1).	 Overall,	 no	 measures	 of	
poison	oak	differed	between	madrones	and	
oaks.	 The	number	of	 stems	within	a	meter	
of	each	tree	type	(N	=	49,	t	=	0.18,	p	=.043),	
the	 number	 of	 vines	 on	 the	 trunks	 of	
madrones	versus	oaks	(N	=	49,	t	=	1.40,	p	=	
0.08),	and	the	height	of	poison	oak	vines	on	
madrones	versus	oaks(N	=	49,	t	=	0.47,	p	=	
0.32)	 did	 not	 differ	 between	 the	 two	
species.	

	

Fig.	1.	Differences	between	epiphyte	percent	cover	
on	madrones	 and	 oaks.	 Epiphyte	 percent	 cover	 on	
madrones	and	other	oak	species.	We	recorded	visual	
percent	 epiphyte	 cover	 on	 each	 surveyed	 tree.	
Pacific	madrones	had	 lower	epiphyte	percent	 cover	
on	 average	 than	neighboring	 oak	 trees	 (N	 =	 49,	 t	 =	
9.62,	p	=	.0001).	Vertical	bars	present	+/-	1	standard	
error	from	the	mean.	

Epiphytic	 growth	 on	 neighboring	 oak	
trees	did	not	 influence	 the	amount	of	bark	
exfoliation	on	madrones	(N	=	49	or	98,	R2	=	
0.0009,	p	=	0.52).	The	density	of	poison	oak	
also	 had	 no	 effect	 on	 madrone	 bark	
exfoliation	 (N	=	49,	 	 ,	R2=0.028	 ,	p	=	0.25).	
The	 number	 of	 poison	 oak	 vines	 on	 a	
madrone	 did	 not	 affect	 the	 proportion	 of	
the	 tree	with	exfoliated	bark	 (N	=	49,	R2	=	
0.016,	 p	 =	 0.38).	 Lastly,	 madrone	 bark	
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height	was	not	higher	on	 the	north	 side	of	
the	tree	compared	to	the	south	side	of	the	
tree	(N	=	49,	t	=	0.35,	p	=	0.64	).		

DISCUSSION	

Our	predictions	were	largely	unsupported	
by	 our	 results:	 neither	 abiotic	 nor	 biotic	
factors	 were	 predictors	 of	 bark	 exfoliation	
in	 madrones.	 Our	 first	 prediction	 that	
madrone	 bark	 exfoliation	 limits	 epiphyte	
growth	 on	 the	 bark	 surface	 was	 partially	
supported	by	our	result	that	madrones	have	
lower	 epiphytic	 cover	 than	 oaks.	 However,	
our	 proposed	 mechanism	 of	 epiphyte	
pressure	 driving	 exfoliation	 was	 not	
supported.	 Madrones	 near	 oaks	 with	 high	
epiphytic	 cover	 did	 not	 have	 a	 higher	
proportion	 of	 exfoliated	 bark	 than	
madrones	 in	 areas	 of	 low	 epiphytic	
presence.	 There	 is	 an	 indication	 that	
epiphytic	cover	may	be	related	to	madrone	
bark	 exfoliation,	 but	 definitive	 causality	
cannot	 be	 inferred	 from	 the	 difference	 in	
epiphyte	 cover	 between	 madrones	 and	
oaks.	 As	 madrone	 bark	 is	 shed	 annually	
(Tarrant	 1958),	 we	 posit	 that	 bark	
exfoliation	 is	 a	 proactive	 mechanism	 used	
to	 remove	 potential	 epiphytes,	 and	 not	 a	
reactive	mechanism	to	remove	epiphytes	as	
they	 colonize	 the	 bark	 surface.	
Alternatively,	 it	 is	 possible	 that	 the	
difference	 between	 madrone	 and	 oak	
epiphytic	 cover	 is	 unrelated	 to	 bark	
exfoliation,	and	can	instead	be	attributed	to	
other	 bark	 characteristics	 of	 such	 as	water	
content,	 temperature,	 or	 nutrient	
availability.	Bark	pH	is	unlikely	to	be	a	major	
determining	 factor	 since	 madrones	 and	
oaks	both	have	a	pH	of	around	7	(Becker	et	
al.	2006).	
There	 was	 no	 relationship	 between	

madrone	 bark	 exfoliation	 and	 the	

abundance	or	height	of	poison	oak	vines,	so	
our	 second	 biotic	 prediction	 was	 also	
unsupported.	 Poison	 oak,	 unlike	 its	 close	
relative	 poison	 ivy,	 has	 not	 been	 found	 to	
reduce	 host	 tree	 fitness	 (Ladwig	 and	
Meiners	2009).	Therefore,	it	is	possible	that	
madrones	would	 not	 benefit	 strongly	 from	
their	removal.	Conversely,	poison	oak	vines	
may	 reduce	 tree	 fitness,	 but	 bark	
exfoliation	 alone	 may	 be	 an	 insufficient	
mechanism	 in	 limiting	 liana	 growth.	 	 In	
temperate	 systems,	 the	 exfoliation	 of	 bark	
in	 sycamores	 (Platanus	 occidentalis)	 was	
found	 to	 be	 ineffective	 at	 removing	 lianas,	
but	 further	studies	are	needed	to	 translate	
these	experimental	findings	to	systems	with	
poison	oak	(Milks	et	al.	2017).		
Our	 abiotic	 prediction	 that	 there	 would	

greater	 exfoliation	 on	 the	 south	 side	 of	
trees	 was	 also	 unsupported,	 as	 there	 was	
no	 difference	 between	 north	 and	 south	
bark	height.	This	is	contrary	to	past	studies,	
which	 found	 a	 lower	 degree	 of	 exfoliation	
on	 the	 north	 sides	 of	 trees	 (Bressette	 and	
Hamilton	 1999).	 We	 may	 be	 able	 to	
attribute	 this	 difference	 of	 results	 to	
topography	 of	 the	 sample	 region.	 	We	 did	
not	account	for	topography	in	our	sampling,	
and	 many	 of	 our	 trees	 came	 from	 north-
facing	slopes,	which	effectively	shades	trees	
from	 incident	 sunlight	 from	 the	 south.	We	
may	 not	 have	 seen	 a	 difference	 in	 bark	
exfoliation	on	 the	north	and	south	sides	of	
the	 tree	because	of	 topographical	 shading.	
Further	 future	 studies	 could	 focus	 on	
abiotic	 conditions	 related	 to	 bark	
exfoliation	 by	 accounting	 for	 topographical	
effects	in	their	sampling	method.	
While	our	results	indicate	that	there	is	not	

an	effect	of	poison	oak	or	epiphyte	density	
on	madrone	 bark	 peeling,	 further	 research	
is	 needed	 to	 determine	 the	 relationship	
between	host	madrones	and	epiphytes.	For	
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example,	 a	 fitness	 study	 on	 madrones	
where	 epiphytes	 are	 experimentally	 grown	
on	 both	 bark-covered	 and	 bark-free	
sections	of	madrones	could	be	pertinent	to	
understanding	 the	 effect	 of	 epiphytes	 on	
these	trees.		
There	 is	 also	 a	 possibility	 that	 additional	

biotic	 drivers	 of	 bark	 exfoliation	 exist.	 For	
example,	madrones	may	 exfoliate	 in	 order	
to	 create	 a	 surface	 less	 conducive	 to	
climbing	 by	 seed-predatory	 mammals	 or	
invertebrates.	 On	 one	 occasion	 during	 our	
study	we	observed	a	mouse	unsuccessfully	
attempt	 to	 climb	 the	 smooth	 section	 of	 a	
madrone.	 In	 valley	 oaks,	 rodent	
consumption	 of	 seeds	 decreases	 tree	
recruitment	 (Griffin	 1980),	 and	 frugivorous	
seed	 predators	 may	 have	 a	 similar	 impact	
on	 madrone	 seeds.	 Smooth	 madrone	 bark	
may	 deter	 mammalian	 seed	 predation,	
thereby	reserving	more	 fruits	 for	beneficial	
seed	 dispersers	 like	 birds	 (Gurung	 et	 al	
1999).	 Invertebrates	 may	 also	 be	 deterred	
for	similar	reasons.	In	Rocky	Mountain	pine	
forests,	it	has	been	found	that	smooth	bark	
is	 effective	 at	 decreasing	 bark	 beetle	
infestations	 (Ferrenburg	 and	Mitten	 2014),	
so	madrone	smooth	bark	may	play	a	similar	
role	 in	 decreasing	 invertebrate	 predation.	
Following	 these	 inquiries	may	 yield	 further	
insight	 into	 the	 causation	of	madrone	bark	
exfoliation.	
While	 our	 study	 provides	 limited	 insight	

into	the	causes	of	madrone	bark	exfoliation,	
we	found	confident	 indications	that	certain	
factors,	 like	 poison	 oak	 growth	 and	
epiphyte	 pressure,	 have	 no	 role	 in	 the	
differential	expression	of	this	trait	between	
individual	madrones.	However,	 the	 implied	
fitness	costs	of	exfoliated	bark	suggest	that	
there	are	still	undiscovered	benefits	of	 this	
trait	to	madrone	fitness.		
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