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Abstract
Several	North	American	 trees	 are	 hypothesized	 to	 have	 lost	 their	 co-	evolved	 seed	
disperser	during	the	late-	Pleistocene	extinction	and	are	therefore	considered	anach-
ronistic.	We	tested	this	hypothesis	for	the	American	persimmon	(Diospyros virginiana)	
by	studying	the	effects	of	gut	passage	of	proposed	seed	dispersers	on	seedling	sur-
vival	and	growth,	natural	fruiting	characteristics,	and	modern	animal	consumption	pat-
terns.	We	tested	gut	passage	effects	on	persimmon	seeds	using	 three	native	 living	
species,	the	raccoon	(Procyon lotor),	Virginia	opossum	(Didelphis virginiana),	and	coyote	
(Canis latrans),	and	two	Pleistocene	analogs;	the	Asian	elephant	(Elephas maximus)	and	
alpaca	(Vicugna pacos).	Persimmon	seeds	excreted	by	raccoons,	coyotes,	and	elephants	
survived	gut	transit.	Gut	passage	did	not	affect	sprouting	success,	but	did	tend	to	de-
crease	time	to	sprout	and	increase	seedling	quality.	Under	field	conditions,	persimmon	
fruits	were	palatable	on	the	parent	tree	and	on	the	ground	for	an	equal	duration,	but	
most	fruits	were	consumed	on	the	ground.	Seven	vertebrate	species	fed	upon	persim-
mon	fruits,	with	the	white-	tailed	deer	(Odocoileus virginianus)—a	species	not	capable	of	
dispersing	persimmon	seeds—comprising	over	90%	of	detections.	Conversely,	poten-
tial	living	seed	dispersers	were	rarely	detected.	Our	results	suggest	the	American	per-
simmon	evolved	to	attract	a	variety	of	seed	dispersers	and	thus	is	not	anachronistic.	
However,	human-	induced	changes	 in	mammal	communities	could	be	affecting	suc-
cessful	seed	dispersal.	We	argue	that	changes	in	the	relative	abundance	of	mammals	
during	the	Anthropocene	may	be	modifying	seed	dispersal	patterns,	leading	to	poten-
tial	changes	in	forest	community	composition.
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1  | INTRODUCTION

Several	 North	American	 plants	 are	 hypothesized	 to	 be	 anachronis-
tic	 (Barlow,	 2001),	 in	 that	 they	 lack	 living	 seed	 dispersers	 (Janzen,	
1982;	 Janzen	 &	 Martin,	 1982).	 It	 has	 been	 hypothesized	 that	 the	

end-	Pleistocene	 extinction	 event	 in	North	America—particularly	 the	
disappearance	of	numerous	large	mammals—resulted	in	the	loss	of	co-	
evolved	 plant–animal	 relationships.	 For	 instance,	 several	 trees	 have	
fruits	that	offer	a	high	potential	energy	reward,	yet	appear	to	have	no	
living	dispersers	(Barlow,	2001).	This	loss	of	potential	seed	dispersers	
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may	have	affected	the	distance	seeds	 travel	 from	parent	plants	and	
may	explain	why	 the	 realized	 range	 (without	human	assistance)	was	
often	smaller	than	the	potential	range	of	these	species	(Berry,	1916;	
Burton,	 1990;	 Murphy,	 2001;	 Skallerup,	 1953).	 For	 example,	 the	
Osage	 orange	 (Maclura pomifera	 Raf.)	was	 historically	 found	 (at	 the	
time	of	European	settlement)	in	small	areas	of	Texas,	Oklahoma,	and	
Arkansas,	but	today	it	has	spread	by	human	dispersal	throughout	most	
of	 temperate	North	America	 (Barlow,	 2000).	 Some	 species	 (squash,	
Curcubita	spp.)	may	even	have	been	on	a	pathway	to	extinction	in	the	
post-	Pleistocene	world	because	of	 their	 reduction	 in	seed	dispersal,	
but	 survived	 through	 domestication	 by	 aboriginal	 humans	 (Kistler	
et	al.,	2015).

The	 scope	of	 possible	 large	mammal	 seed	dispersers	 during	 the	
Pleistocene	is	extensive.	It	has	been	suggested	that	nonruminant	her-
bivores,	 such	as	mastodons,	mammoths,	gomphotheres,	horses,	and	
giant	ground	sloths,	because	of	their	high	mobility	and	relatively	mild	
guts,	would	have	made	particularly	effective	seed	dispersers	 (Boone	
et	al.,	 2015;	 Janzen	 &	Martin,	 1982).	 Today,	 there	 are	 no	 surviving	
large,	 nonruminant	mammals	 in	 temperate	North	America,	with	 the	
exception	 of	 the	 collard	 peccary	 (Pecari tajacu	 L.)	 in	 the	 southwest	
United	States.	Ruminant	mammals	also	suffered	high	Pleistocene	ex-
tinction	rates,	but	still	exist	in	moderate	diversity	throughout	temper-
ate	parts	of	the	continent.	However,	ruminants	are	largely	considered	
poor	seed	dispersers	for	many	plant	species	because	of	their	complex	
digestive	process	(Barlow,	2000;	Cosyns,	Delporte,	&	Hoffman,	2005;	
Prasad,	Krishnaswamy,	Chellam,	&	Goyal,	2006;	but	see	Janzen,	1982).

Experimental	 studies	 indicate	 that	 the	 seeds	 of	 some	 proposed	
anachronistic	fruits	sprout	and	produce	higher	quality	seedlings	after	
passing	through	the	guts	of	Pleistocene	ecological	analogs	(e.g.,	Asian	
Elephant,	Elephas maximus	L.,	Boone	et	al.,	2015),	while	others	have	
shown	that	native	extant	mammals	could	also	be	effective	seed	dis-
persers	 for	 these	plants	 (Cypher	&	Cypher,	 1999;	Roehm	&	Moran,	
2013).	Several	 studies	 indicate	 that	animals	of	 the	Order	Carnivora,	
which	often	 consume	 large	 amounts	of	 fruit,	may	be	 the	 important	
dispersers	 for	 fruits	 that	 are	 considered	 anachronistic	 (Bustamante,	
Simonetti,	&	Mella,	1992;	González-	Varo,	López-	Bao,	&	Guitián,	2013;	
Koike,	Morimoto,	Goto,	Kozakai,	&	Yamazaki,	 2008;	Willson,	 1993).	
For	many	proposed	anachronistic	plant	species,	however,	there	is	lit-
tle	 information	 on	 current	 fruit	 consumption	by	 extant	 animals	 and	
there	are	few	experimental	studies	on	gut	passage	effects	on	survival,	
sprouting,	and	seedling	growth	rates.

The	American	 persimmon	 (Diospyros virginiana	 L.)	 has	 fruits	 de-
scribed	as	“moderately	anachronistic”	(Barlow,	2001).	The	fruit	is	large	
(2–6	cm	 diameter,	 Figure	1),	 fleshy,	 sweet,	 and	 offers	 high	 caloric	
value	(USDA,	2016a).	There	is	little	information	on	which	animal	spe-
cies	 contribute	 to	 persimmon	 fruit	 consumption	 and	 seed	 dispersal	
rates	in	the	wild,	and	there	are	no	records	of	persimmon	seed	dispersal	
by	obligate	herbivorous	mammals.	The	fruit	is	also	too	large	for	almost	
any	bird	to	swallow,	although	several	species	are	known	to	consume	
the	pulp	of	the	fruit	 (Skallerup,	1953).	 It	 is	readily	eaten	by	multiple	
species	of	Carnivora	(and	one	omnivorous	marsupial),	although	there	
is	 conflicting	 evidence	 about	 seed	dispersing	effectiveness	of	 these	
species	 (Boone	et	al.,	 2015;	Chavez-	Ramirez	&	Slack,	 1993;	Cypher	

&	Cypher,	1999;	Everitt,	1984;	Martin,	Zim,	&	Nelson,	1951;	Roehm	
&	Moran,	2013;	Worth,	1975).	So	while	the	fruit	of	D. virginiana	has	
some	characteristics	of	an	anachronism,	observational	and	experimen-
tal	studies	testing	this	hypothesis	are	limited.

To	test	the	hypothesis	that	the	American	persimmon	is	anachro-
nistic,	 we	 performed	 replicated	 controlled	 field	 experiments	 where	
we	measured	 the	 sprouting	 success	 and	 quality	 of	 plants	 produced	
from	persimmon	seeds	that	had	passed	through	the	digestive	system	
of	a	variety	of	hypothesized	past	and	current	dispersers.	These	spe-
cies	 included	 native	 extant	 small/medium	 sized	mammals	 and	 large	
mammals	 that	 represented	 analogs	 of	 extinct	 Pleistocene	 species.	
We	also	measured	the	animal	visitation	rates	at	individual	persimmon	
trees,	 fruit	 ripening	 and	palatability	patterns,	 and	 fruit	 consumption	
rates	 under	 natural	 conditions.	The	 experimental	 field	 studies	were	
designed	to	compare	seed	dispersal	success	of	modern	species	com-
pared	to	extinct	potential	dispersers,	while	the	observational	studies	
were	designed	to	determine	how	the	modern	animal	fauna	affects	po-
tential	 seed	dispersal	 success.	 If	D. virginiana	has	anachronistic	 fruit,	
we	predict	higher	sprouting	success,	higher	seedling	survival,	and/or	
higher	seedling	quality	for	those	seeds	that	passed	through	the	guts	of	
our	Pleistocene	analogs	while	field	observations	would	indicate	poor	
dispersal	rates.

2  | MATERIALS AND METHODS

2.1 | Study site

We	 conducted	 our	 observations	 and	 field	 experiments	 in	 Conway,	
Perry,	and	Faulkner	counties	of	central	Arkansas.	 In	 this	 region,	 the	
American	 persimmon	 (D. virginiana)	 is	 fairly	 common	 in	 disturbed	
areas	and	along	forest-	pasture	boundaries.	The	native	vegetation	 in	
the	 region	 is	mixed	 oak/hickory/pine	 forest.	Most	 native	mammals	
are	present,	with	the	exception	of	wolves	(Canis lupus	L.),	elk	(Cervis 
canadensis	Erxleben),	and	bison	(Bison bison	L.).	The	region	is	mostly	
rural—with	native	forest	and	pastures	covering	~80%	of	the	landscape	
in	roughly	equal	amounts—and	smaller	amounts	of	row	crops	and	de-
veloped	areas	(Moran,	Cox,	Wells,	Benichou,	&	McClung,	2015).

F IGURE  1 The	American	persimmon	(Diospyros virginiana)	fruit
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2.2 | Seed survival and growth field experiments

We	tested	the	germination	rates,	seedling	survival,	and	seedling	growth	
rates	for	seeds	that	passed	through	the	digestive	system	of	three	na-
tive	mammals	and	two	Pleistocene	analogs.	In	modern	times,	the	mes-
opredator	community	has	been	considered	the	most	likely	disperser	of	
persimmons	 (Cypher	&	Cypher,	1999;	Martin	et	al.,	1951;	Skallerup,	
1953).	During	 the	 Pleistocene,	 elephants	 (e.g.,	mastodons,	Mammut 
spp.),	horses	 (Equus	 spp.),	and	camels	 (several	genera)	were	some	of	
the	most	 abundant	megafauna	 in	 the	 southeast	 United	 States,	 and	
therefore	likely	fed	upon	persimmons.	We	had	access	to	modern	ana-
logs	for	each	of	these	extinct	groups	of	animals	using	Asian	Elephants	
(Elephas maximus)	 and	alpacas	 (Vicugna pacos	 L.)	 for	Mastodons	 and	
American	 camels,	 respectively.	 Previous	 studies	 demonstrated	 that	
horses	readily	consume	persimmon	fruits,	but	 the	seeds	do	not	sur-
vive	gut	passage	(Boone	et	al.,	2015),	so	we	excluded	this	Pleistocene	
analog	from	our	study.	For	extant	native	species,	we	tested	the	coy-
ote	(Canis latrans	Say),	raccoon	(Procyon lotor	L.),	and	Virginia	opossum	
(Didelphis virginiana	Kerr),	three	of	the	most	common	mesopredators	
found	 in	our	study	region.	We	collected	seeds	from	dung	 in	captive	
elephants,	 opossums,	 and	 alpacas,	while	 seeds	were	 collected	 from	
dung	in	the	natural	environment	for	raccoons	and	coyotes	since	they	
were	unavailable	 in	 captivity.	On	24	October	2014,	we	 fed	 two	 fe-
male	Asian	elephants	50	persimmons	each.	On	22	October	2015,	we	
provided	a	group	of	six	alpacas	a	total	of	75	ripe	persimmons.	On	19	
October	2015,	we	fed	four	opossums	four	fruits	each.	For	each	of	the	
captive	 animals,	we	 collected	dung	 for	 48	hr	 post-	feeding,	 sorted	 it	
and	recovered	persimmon	seeds	if	present.	This	time	period	is	beyond	
the	normal	gut	passage	time	for	all	species	(Hackenberger,	1987;	Van	
Weyenberg,	Sales,	&	Janssens,	2005).	We	collected	seeds	from	dung	
in	the	wild	on	15–25	October	2015	and	16–27	October	2014	for	rac-
coons	and	coyotes,	respectively.	Raccoon	dung	containing	persimmon	
seeds	was	scarce	 in	2014,	but	more	common	 in	2015,	and	we	only	
had	access	to	opossums	and	alpacas	during	2015,	which	necessitated	
conducting	these	experiments	in	separate	years.

On	 1	November	 2014,	we	 initiated	 a	 field	 experiment	 testing	 the	
sprouting	success	and	growth	rates	of	persimmon	seeds	that	had	passed	
through	the	guts	of	the	elephants	and	coyotes	compared	with	manually	
dissected	seeds	and	whole	fruit.	The	dissected	seed	and	whole	fruit	treat-
ments	were	controls	designed	to	test	seed	removal	from	fruit	(similar	to	
what	occurs	during	animal	digestion)	compared	to	potential	fruit	inhibitory	
effects	on	sprouting	and	growth	(Samuels	&	Levey,	2005).	Fifty	replicates	
of	each	treatment	were	intentionally	interspersed	in	an	8	×	25	array,	each	
planted	0.5	m	apart,	at	a	depth	of	2.5	cm	and	then	uniquely	labeled	with	a	
flag.	We	estimated	the	number	of	seeds	in	the	whole	fruits	treatment	by	
averaging	the	number	of	seeds	present	in	30	laboratory	dissected	whole	
fruits.	We	enclosed	the	array	in	a	0.9-	m-	high	wire	mesh	fence	to	prevent	
disturbance	by	nine-	banded	armadillos	(Dasypus novemcinctus	L.),	which	
are	common	in	the	area	and	tend	to	forage	in	disturbed	soils	M.D.	Moran	
personal	 observation).	 The	 same	 design	was	 initiated	 on	 3	November	
2015	using	seeds	collected	from	raccoon	scat,	dissected	seeds,	and	the	
whole	 fruit	 treatments.	 Alpacas	 and	 opossums	 did	 not	 excrete	 viable	
seeds,	so	were	not	included	the	field	experiments	(see	Results).

After	the	winter	cold	stratification	periods,	we	monitored	the	ar-
rays	daily	for	sprouts.	In	order	to	prevent	competition	from	the	mul-
tiple	 seedlings	 that	 emerged	 from	 the	 whole	 fruit	 treatments,	 we	
removed	all	sprouts	after	the	first	seedling	emerged,	so	that	we	had	at	
most	one	plant	per	replicate	for	all	treatments.	Four	times	during	the	
growing	season,	early	June,	early	July,	early	August,	and	 late	August	
(exact	dates	varied	slightly	between	the	2014,	2015,	and	2015,	2016	
experiments),	we	measured	three	variables	as	indicators	of	plant	qual-
ity	and	growth:	plant	height,	number	of	leaves,	and	stem	diameter	at	
ground	 level.	At	 the	end	of	 the	experiment,	we	clipped	all	 surviving	
seedlings	at	ground	level,	dried	them	at	50°C	for	24	hr,	and	weighed	
them	to	determine	dry	mass.

2.3 | Faunal observation and fruit fate study

To	determine	current	potential	seed	dispersers	of	D. virginiana,	we	ob-
served	the	faunal	community	that	feeds	on	the	fruit	of	this	species	in	the	
natural	environment.	 In	 the	autumn	of	2014,	we	selected	four	mature	
persimmon	trees	on	Petit	Jean	Mountain,	Conway	County,	AR.	We	in-
stalled	a	single	wildlife	camera	(Wildgame	Innovations™,	New	Roads,	LA,	
USA,	Model	#i10b38d2)	10	m	from	the	tree	in	question,	facing	the	tree	
with	field	of	view	covering	the	trunk	and	ground	area	where	the	fallen	
persimmons	were	located.	All	trees	selected	were	in	open	areas	that	did	
not	touch	the	crowns	of	other	trees	so	that	we	could	detect	animals	feed-
ing	on	the	ground	or	climbing	the	trees,	although	the	field	of	view	was	too	
small	to	capture	the	entire	trees	and	birds	that	may	have	flown	into	the	
trees	to	feed.	Cameras	were	active	from	14	October	2014	to	8	November	
2014,	corresponding	to	the	time	when	mature	fruit	was	present	and	re-
sulted	in	2,496	total	camera	hours.	Each	camera	was	equipped	with	a	mo-
tion	detector	and	infrared	camera	to	photograph	animals	automatically.	
Photographs	from	the	camera	were	downloaded	daily.	While	this	method	
does	not	directly	indicate	which	species	consumed	individual	fruits,	we	
assume	that	detection	frequency	of	foraging	species	is	an	effective	indi-
cator	of	consumption	rates.	In	many	cases,	however,	we	photographed	
animals	consuming	persimmon	fruits.	To	determine	species-	specific	ani-
mal	visitation	rates,	we	calculated	detection	frequency	as	the	number	of	
frames	in	which	a	particular	species	was	present	during	the	course	of	the	
study.	We	initially	planned	to	monitor	another	four	trees	in	the	autumn	
of	2015,	but	that	year	very	few	persimmon	trees	successfully	produced	
fruit,	 perhaps	 because	 of	 record	 rainfall	 anomalies	 during	 the	 spring	
	flowering	period	(National	Weather	Service,	2015).

To	determine	duration	of	time	when	persimmon	fruits	were	edible,	
we	tracked	45	fruits	that	were	attached	to	the	parent	trees	(six	differ-
ent	trees)	and	45	fruits	that	were	on	the	ground	and	protected	from	
consumption.	 Before	 ripening,	 each	 fruit	was	 uniquely	 labeled	with	
a	 Sharpie™	 pen	 and	 tracked	 from	 ripening	 until	 abscission,	 or	 from	
time	on	the	ground	until	rotting.	A	fruit	was	considered	ripe	when	the	
color	turned	dark	orange,	and	the	fruit	was	soft	to	the	touch.	Previous	
studies	indicate	that	this	point	is	when	persimmon	fruits	lose	their	as-
tringency	and	become	edible	(Taira,	1996).	Rotten	fruits	were	classi-
fied	as	those	that	turned	a	dark	purple/black	color	and	shriveled.	The	
subjective	measure	is	somewhat	arbitrary,	but	could	be	confirmed	by	
consumption	patterns	over	time	(see	next	observational	study).
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For	 the	 fruits	attached	 to	 the	parent	 tree,	we	also	attempted	to	
locate	marked	fruit	that	had	fallen	from	the	tree	to	determine	whether	
they	 had	 been	 consumed	 on	 the	 tree	 or	 simply	 abscised.	As	 fallen	
fruits	may	have	been	consumed	by	a	ground	forager	before	we	could	
recover	 them	 (if	 consumed	 between	 daily	 checks),	 we	 could	 only	
	calculate	minimum	on-	tree	survival.

To	determine	consumption	rates	once	abscised,	we	marked	10	ripe	
persimmons	on	the	ground	at	each	of	the	four	photographed	trees.	If	
a	persimmon	fruit	was	consumed	by	an	animal,	we	labeled	a	new	fruit,	
so	that	at	any	one	time,	we	were	tracking	10	individual	fruits	per	tree	
(N	=	292	total).	We	followed	fruits	 from	the	beginning	of	abscission	
until	all	fruits	on	the	trees	had	either	fallen	or	rotted	(14	October	2014	
to	8	November	2014),	using	the	definition	of	rotten	from	the	previ-
ously	described	observations.

We	recognize	that	because	we	monitored	multiple	fruits	on	indi-
vidual	 trees,	 there	 is	 inherent	 and	unavoidable	 pseudoreplication	 in	
the	design	of	 the	 faunal	observations	and	 fruit	 fate	studies,	 limiting	
the	representative	nature	of	the	sample	and	the	interpretation	of	the	
data.	However,	there	were	not	enough	individual	trees	available	(nor	
was	it	logistically	possible)	at	our	field	sites	to	design	a	fully	replicated	
study.	Therefore,	abscission	rates,	consumption	(disappearance)	rates,	
and	palatability	times	were	plotted	and	analyzed	using	the	mean	value	
from	each	tree	as	a	replicate.

2.4 | Analysis

For	 the	 field	 experiments	 testing	 seed	 disperser	 species	 effects	
on	 seedling	quality,	we	 compared	 sprout	 success	 and	 survival	 after	
sprouting	by	a	chi-	square	analysis.	As	the	number	of	leaves,	stem	diam-
eter,	and	stem	height	were	all	measures	of	plant	quality,	we	analyzed	
these	data	by	 repeated	measures	MANOVA,	 followed	by	 individual	
repeated-	measures	ANOVA	 if	 the	between	subjects	MANOVA	was	
significant.	The	number	of	days	to	sprout	and	final	plant	mass	was	an-
alyzed	individually	by	a	one-	way	ANOVA.	All	post	hoc	analyses	were	
performed	using	a	Tukey	test.

In	the	observational	studies,	the	proportional	number	of	fruits	con-
sumed	 (i.e.,	 disappeared)	while	 attached	 to	 persimmon	 trees	versus	
proportion	consumed	on	the	ground	and	the	comparison	of	palatable	
days	were	analyzed	by	a	t	test	of	independent	samples	(the	mean	of	
each	tree	was	a	replicate	to	account	for	pseudoreplication).	As	there	
was	no	statistical	comparison	to	perform	on	the	animal	visitation	rates,	
these	data	were	presented	as	the	mean	number	of	animals	per	species	
per	tree	(±1	SD).	Fruit	consumption	and	abscission	patterns	were	pre-
sented	as	age-	specific	rates	(i.e.,	each	day	was	one	age	class)	over	time.

3  | RESULTS

3.1 | Fruit feeding and plant quality field 
experiments

Asian	 elephants,	 alpacas,	 and	 Virginia	 opossums	 (the	 three	 captive	
species)	 readily	 consumed	 persimmons	 in	 our	 experimental	 feeding	
trials.	 Elephants	 and	 alpacas	 completely	 consumed	 the	 persimmon	

fruits,	 including	 the	 seeds.	 Virginia	 opossums	 consumed	 fruits,	 but	
were	observed	expelling	the	seeds	without	swallowing	them.	Previous	
research	found	that	about	50%	of	the	seeds	consumed	by	elephants	
survive	gut	passage	intact	(Boone	et	al.,	2015).	Although	we	did	not	
monitor	the	number	of	seeds	in	these	experiments,	we	found	numer-
ous	 intact	seeds	 in	the	elephant	dung.	We	found	no	 intact	seeds	 in	
alpaca	dung,	although	we	did	find	remains	of	persimmon	fruit	(bright	
orange	 discolorations)	 and	many	 seed	 fragments.	We	 collected	 nu-
merous	seeds	that	had	been	expelled	from	the	mouths	of	opossums	
as	they	consumed	the	fruit,	but	we	only	found	one	seed	in	the	dung	
(of	an	estimated	52	present	in	the	fruit	at	feeding	time).	The	raccoon	
and	coyote	dung	we	collected	in	the	field	almost	invariably	had	large	
numbers	of	intact	persimmon	seeds	present.

The	 survivorship	 and	 growth	 field	 experiments	 showed	 differ-
ences	 between	years	 independent	 of	 treatment	 that	were	 probably	
caused	 by	weather	 variation.	 For	 instance,	 seeds	 sprouted	 faster	 in	
the	 2015–2016	 compared	 to	 2014–2015	 (Figure	2).	 There	was	 no	
significant	difference	 in	 the	proportional	number	of	seeds	sprouting	
for	 any	 treatment	 in	 either	 experiment	 (Table	1).	We	 also	 found	 no	
significant	 postsprouting	 survivorship	 differences	 for	 either	 experi-
ment	 (Table	1).	Number	of	days	 to	sprout	was	significantly	different	

F IGURE  2 Mean	days	to	sprout	comparison	between	treatments	
in	field	experiments	in	(a)	2015	and	(b)	2016.	C,	coyote;	E,	elephant;	
DS,	manually	dissected;	WF,	whole	fruit;	R,	raccoon.	Letters	indicate	
significantly	different	subgroups	(Tukey).
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between	 treatments	 in	 2014–2015	 (one-	way	ANOVA,	F4,353	=	3.95,	
p	=	.004,	Figure	2a)	and	2015–2016	(one-	way	ANOVA,	F2,185	=	3.72,	
p	=	.03,	 Figure	2b)	 experiments.	According	 to	 the	 post	 hoc	 analysis,	
in	both	experiments,	 the	dissected	 seed	 (DS)	 treatment	was	 signifi-
cantly	 faster	 to	 sprout	 compared	 to	 the	whole	 fruit	 (WF)	 treatment	
(Figure	2a,b).	The	three	animal	treatments	sprouted	at	rates	that	were	
intermediate	and	not	significantly	different	from	either	the	DS	or	WF	
treatments.	Although	we	did	 find	significance	 in	 the	days	 to	sprout,	
it	should	be	noted	that	the	effect	size	was	small	(<5%	difference	be-
tween	the	smallest	and	largest	treatment	means).

In	 the	2014–2015	field	experiment,	 there	was	a	significant	ef-
fect	 of	 treatment	on	plant	quality	values	 that	we	measured	multi-
ple	times	(leaf	number,	stem	height,	and	stem	diameter,	MANOVA,	
Wilks’	 λ	=	0.869,	 F9,292	=	1.94,	 p	=	.048).	 For	 the	 individual	 traits,	
we	 found	 no	 significant	 difference	 between	 treatment	 groups	 for	
mean	 number	 of	 leaves	 per	 plant	 (repeated	 measures	 ANOVA,	
F3,122	=	1.47,	 p	=	.23)	 or	 stem	 diameter	 (log10-	transformed	 data,	
F3,122	=	2.30,	p	=	.08),	but	the	stem	heights	were	significantly	differ-
ent	(F3,122	=	3.42,	p	=	.02,	Figure	3a)	with	the	coyote	treatment	taller	
than	all	other	groups.	In	the	2015–2016	field	experiment,	there	was	
a	significant	effect	of	treatment	on	plant	quality	values	we	measured	
multiple	times	(MANOVA,	Wilks’	λ	=	0.743,	F6,148	=	3.95,	p	=	.001).	
For	 the	 individual	 traits,	 we	 again	 found	 no	 significant	 difference	
between	 treatment	 groups	 for	 mean	 number	 of	 leaves	 per	 plant	
(repeated-	measures	ANOVA,	F2,76	=	1.73,	p	=	.18)	or	stem	diameter	
(repeated	measures	ANOVA,	F2,76	=	2.23,	p	=	.14).	However,	mean	
stem	 height	was	 significantly	 taller	 for	 the	 raccoon	 and	 dissected	
seed	 treatments	 compared	 to	 the	whole	 fruit	 treatment	 (ANOVA,	
F2,76	=	4.39,	p	=	.02,	Figure	3b).	We	found	that	the	dry	mass	of	per-
simmon	seedlings	was	significantly	different	in	the	2014–2015	ex-
periment,	with	 the	 coyote	 seedlings	 the	 heaviest,	 the	whole	 fruit	
seedlings	the	smallest,	while	the	elephant	and	dissected	treatments	
of	 intermediate	 mass	 (one-	way	 ANOVA,	 F3,126	=	5.25,	 p	=	.002,	
Figure	4a).	In	the	2015–2016	experiment,	final	dry	mass	of	persim-
mons	seedlings	 from	seeds	 that	had	passed	 through	 raccoons	and	
those	 that	were	 manually	 dissected	were	 significantly	 larger	 than	
those	 sprouting	 from	whole	 fruits	 (one-	way	 ANOVA,	 F2,78	=	4.53,	
p	=	.01,	Figure	4b).

3.2 | Fauna, fruit ripening, and fruit consumption 
observations

During	the	2,496	camera	hours,	we	obtained	494	animal	detections	
that	included	five	genera	(six	species)	of	mammals	and	one	bird	species	
(See	Fig.	S1	for	examples).	Of	these	seven	species	visiting	the	persim-
mon	trees,	white-	tailed	deer	(Odocoileus virginianus	Zimmerman)	made	

R E C DS WF χ2 p

2015	Experiment

Initial	seed	number — 50 50 50 324	(estimated)

Proportion	sprouting — 0.76 0.78 0.88 0.79 2.67 ns

Initial	sprout	number — 38 39 44 45

Proportion	surviving — 0.76 0.74 0.75 0.86 2.58 ns

2016	Experiment

Initial	seed	number 50 — — 50 208	(estimated)

Proportion	sprouting 0.68 — — 0.68 0.56 4.28 ns

Initial	sprout	number 34 — — 34 38

Proportion	surviving 0.88 — — 0.71 0.79 3.23 ns

R,	raccoon;	E,	elephant;	C,	coyote;	DS,	dissected	seeds	(manually	from	fruit);	WF,	whole	fruit.

TABLE  1 Results	of	seeds	sprouting	
and	proportion	of	seedlings	surviving	
postsprouting	in	2015	and	2016	field	
experiments	testing	gut	passage	of	native	
and	Pleistocene	analog	species

F IGURE  3 Mean	stem	height	comparison	between	treatments	in	
field	experiments	in	(a)	2015	and	(b)	2016.	C,	coyote;	E,	elephant;	DS,	
manually	dissected	seeds;	WF,	whole	fruit;	R,	raccoon
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up	93%	of	all	detections,	with	the	other	six	species	comprising	a	small	
proportion	of	animals	feeding	on	the	fruits	(Table	2).	Surprisingly,	we	
had	no	coyotes	 (C. latrans)	 visit	 the	 fruiting	 sites,	 although	 they	are	
commonly	seen	in	the	area.

Persimmons	 were	 ripe	 and	 presumably	 palatable	 for	 about	
8	days,	 both	 on	 the	 tree	 (7.85	±	0.52	days)	 and	 on	 the	 ground	
(7.74	±	0.82	days),	with	no	significant	difference	in	palatable	time	pe-
riod (t	=	0.13,	p	=	.93).	More	of	our	labeled	persimmons	on	the	ground	
disappeared	 (0.73	±	0.10	 proportion	 per	 tree)	 and	were	 presumably	
consumed	by	the	animals	photographed,	while	a	much	smaller	propor-
tion	attached	to	the	tree	disappeared	(0.24	±	0.03,	t	=	14.7,	p	=	0.001).	
As	fruits	could	fall	from	the	tree	and	be	consumed	on	the	ground	be-
tween	our	daily	monitoring,	disappearance	rates	on	the	tree	may	be	an	
overestimate,	that	is,	they	may	have	fallen	but	were	consumed	on	the	
ground	before	the	daily	monitoring	occurred.	However,	we	consider	

the	ground	disappearance	rate	a	more	reliable	estimate	of	the	number	
consumed	by	potential	seed	dispersers.	Therefore,	the	large	difference	
in	consumption	rates	on	the	ground	compared	to	on	the	tree	is	proba-
bly	higher	than	we	observed.	Once	on	the	ground,	the	disappearance	
rate	was	high	during	the	first	3	days	(Figure	5b),	after	which	few	dis-
appeared	before	rotting.	No	persimmons	were	eaten	from	the	ground	
after	day	13.	For	persimmon	fruits	attached	to	the	parent	tree,	there	
was	no	pattern	to	the	disappearance	rate	 (i.e.,	 it	was	 low	each	day),	
while	 the	 abscission	 rate	 increased	 after	 day	 five	 postripe.	No	 fruit	
remained	on	the	tree	more	than	16	days	postripe	(Figure	5a).

4  | DISCUSSION

The	 survivorship	 and	 plant	 quality	 field	 experiments	 demonstrated	
that	 a	 variety	 of	 mammals	 are	 potential	 seed	 dispersers	 for	 the	

TABLE  2 Detection	frequency	and	proportional	representation	of	vertebrates	feeding	on	D. virginiana	fruit.	Values	are	mean	(±1	SD)	per	
tree

Species Odocoileus virginianaus Corvus brachyrhynchos Sciurus spp. Vulpes vulpes Procyon loter Didelphis virginiana

Mean	(±1	SD) 114.5	(34.8) 3.5	(5.7) 2.0	(3.4) 1.8	(3.5) 1.3	(2.5) 0.5	(1.0)

Proportion 0.93 0.03 0.01 0.01 0.01 <0.01

F IGURE  5 Age-	specific	(a)	disappearance	and	abscission	rates	for	
persimmon	fruits	attached	to	parent	tree	and	(b)	disappearance	rates	
on	the	ground.	Values	are	rate	(±1	SE)	on	a	per	tree	basis

F IGURE  4 Mean	final	mass	comparison	between	treatments	in	
field	experiments	in	(a)	2015	and	(b)	2016.	C,	coyote;	E,	elephant,	
DS,	manually	dissected	seeds;	WF,	whole	fruit;	R,	raccoon.	Letters	
indicate	significantly	different	subgroups	(Tukey).
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American	 persimmon.	 Seeds	 that	 had	 passed	 through	 the	 digestive	
system	of	 raccoons	and	coyotes,	 as	well	 as	 seeds	 that	were	manu-
ally	dissected	from	the	fruits,	generally	produced	higher	quality	plants	
compared	 to	 those	 that	sprouted	 from	whole	 fruits.	The	seeds	 that	
had	passed	 through	 the	 elephant	 digestive	 system	 tended	 to	 be	of	
higher	 quality,	 although	 this	 trend	was	 nonsignificant.	 In	 all	 experi-
ments,	survivorship	was	unaffected	by	treatment,	so	gut	passage	only	
affected	plant	quality.	Interestingly,	these	results	differ	from	previous	
greenhouse	experiments	where	persimmon	seeds	sprouted	at	much	
higher	rates	 if	consumed	by	elephants	compared	to	whole	fruit,	but	
plant	 quality	was	 similar	 (Boone	 et	al.,	 2015),	while	 seeds	 that	 had	
been	consumed	by	coyotes	had	 lower	seedling	quality	compared	to	
whole	 fruits	 (Roehm	&	Moran,	 2013).	 These	 results	 show	 the	 pos-
sible	effects	of	field	versus	greenhouse	experiments.	 In	both	green-
house	studies,	experiments	were	undertaken	during	the	winter	when	
greenhouse	humidity	levels	were	reduced	due	to	artificial	heating.	We	
suggest	this	condition	may	have	affected	sprouting	success	in	whole	
fruits	by	reducing	the	rotting	rate.	We	consider	the	field	experiments	
in	this	study	to	be	more	representative	of	natural	conditions	where	
seeds	sprouted	under	high	humidity	conditions	 that	are	common	 in	
the	springtime	of	the	mid-	south.

Seeds	that	were	manually	dissected,	but	did	not	pass	through	the	
digestive	 system	 of	 an	 animal,	 tended	 to	 have	 the	 same	 quality	 as	
seeds	that	had	undergone	gut	passage.	Interestingly,	this	result	sug-
gests	that	simply	being	removed	from	the	fruit	may	be	the	most	im-
portant	factor	for	seedling	growth.	Many	fruits	have	compounds	that	
inhibit	seed	sprouting	and	growth	(Robertson,	Trass,	Ladley,	&	Kelley,	
2006),	a	probable	adaptation	to	delay	sprouting	until	dispersal.	These	
results	thus	indicate	that	the	fruit	of	the	American	persimmon	evolved	
to	attract	a	variety	of	dispersers	and	was	not	co-	evolved	with	a	single	
animal	species,	as	hypothesized	by	some	researchers	(Barlow,	2000).	
Our	results	support	the	notion	that	animal	dispersed	fruits	usually	re-
flect	a	generalist	strategy	(Howe	&	Smallwood,	1982),	which	appears	
to	commonly	evolve	in	temperate	ecosystems	(Willson,	1993).

Our	results	also	support	the	notion	that	some	extinct	Pleistocene	
megafauna,	notably	elephants,	could	have	dispersed	this	plant	effec-
tively	(Boone	et	al.,	2015).	Indeed,	intact	persimmon	seeds	have	been	
found	 in	mastodon	dung	 at	 one	 fossil	 site	 (Newsom	&	Mihlbachler,	
2006).	Large	Pleistocene	mammals	could	have	been	highly	effective	
dispersers	 (although	 not	 obligatory)	 because	 they	 would	 have	 pre-
sumably	traveled	long	distances	and	been	capable	of	consuming	large	
quantities	of	fruit.	Unfortunately,	the	limited	fossil	record	of	gut	con-
tents	for	mastodons	and	other	Pleistocene	mammals	from	temperate	
habitats	(there	are	more	numerous	remains	from	animals	in	colder	cli-
mates,	e.g.,	woolly	mammoths,	van	Geel	et	al.,	2008)	does	not	allow	us	
to	determine	the	ubiquity	of	this	feeding	behavior.	While	seed	disper-
sal	in	the	Pleistocene	has	often	been	speculative	(Barlow,	2000),	we	
argue	that	performing	paleoecological	experiments	such	as	these	can	
elucidate	past	ecological	and	evolutionary	relationships.

Based	on	the	detection	frequency	of	potential	seed	dispersers,	our	
camera	data	show	that	O. virginianus	(white-	tailed	deer)	was	probably	
the	major	consumer	of	persimmon	 fruit,	while	 several	other	 species	
consumed	much	 smaller	 quantities.	 However,	white-	tailed	 deer	 are	

not	effective	seed	dispersers	of	plants	such	as	persimmons.	As	white-	
tailed	deer	are	ruminants	that	chew	their	cud	and	ferment	their	food	
for	 long	periods	of	 time,	 it	 is	highly	unlikely	 that	 the	 large	 seeds	of	
persimmons	survive	gut	passage.	Furthermore,	 there	are	no	 records	
of	deer	scat	with	intact	persimmon	seeds,	nor	any	seeds	of	that	size,	
and	our	observations	of	hundreds	of	deer	scats	over	the	years	at	these	
field	sites	have	never	shown	a	single	intact	persimmon	seed	(personal	
observation).	Additionally,	Myers,	Vellend,	Gardescu,	and	Marks	(2004)	
reported	many	small	viable	seeds	in	deer	dung,	but	none	greater	than	
7	mm	in	diameter	(less	than	50%	the	size	of	typical	persimmon	seed).	
Therefore,	we	are	confident	in	our	assessment	that	although	deer	con-
sume	persimmon	fruit	at	a	high	rate,	the	seeds	are	not	dispersed	by	
this	species.

The	 other	 consumers	 of	 persimmon	 fruit	 were	 mesopredators	
(raccoons,	 foxes,	 and	 opossums),	 one	 bird	 species	 (American	 crow	
C. brachyrhynchos	Brehm),	and	two	species	of	squirrels	(Sciurus	spp.).	
Raccoons	 and	 coyotes	 have	 been	 recorded	 feeding	 on	 persimmon	
fruits	 (Martin	 et	al.,	 1951)	 and	 successfully	 dispersing	 viable	 seeds	
(Cypher	&	Cypher,	1999;	Everitt,	1984).	However,	raccoons	were	rel-
atively	rare	and	coyotes	were	absent	from	our	camera	data	(although	
the	number	of	trees	samples	is	admittedly	small).	The	absence	of	coy-
otes	at	persimmon	trees	was	particularly	surprising,	given	that	practi-
cally	all	coyote	dung	observed	during	our	study	contained	persimmon	
seeds	(personal	observation).	Additionally,	coyotes	are	common	at	the	
persimmon	field	sites	and	have	frequently	been	captured	on	camera	
data	 from	other	experiments.	 So	 it	 appears	 that	 although	 individual	
coyotes	frequently	feed	on	persimmons,	their	density	 is	much	lower	
compared	to	other	animals	feeding	on	the	fruits.	Although	crows	and	
squirrels	were	recorded	feeding	on	persimmons,	it	is	unclear	whether	
they	 are	 effective	 seed	 dispersers.	 Our	 personal	 observations	 in-
dicated	 that	 crows	 consume	 the	 fruit	 pulp	 but	 do	 not	 swallow	 the	
seeds,	while	 squirrels	 have	 not	 been	 recorded	 to	 cache	 persimmon	
seeds	(Skallerup,	1953)	in	the	manner	they	do	many	other	seeds	(e.g.,	
oak	acorns,	Fox,	1982).	However,	 if	 these	animals	carry	 fruit	 to	dis-
tant	 sites	 before	 consuming	 it,	 especially	 likely	 for	very	mobile	 ani-
mals	 like	crows,	then	they	may	be	valuable	dispersers	of	persimmon	
seeds.	 Opossums,	 although	 captured	 by	 cameras	 in	 small	 numbers	
at	 the	persimmon	 trees,	do	not	consume	persimmon	seeds,	accord-
ing	 to	our	opossum	feeding	trial	using	captive	animals	 (see	Results).	
However,	 this	 result	 is	 in	 direct	 conflict	with	observations	made	by	
Worth	 (1975),	who	recorded	opossum	dung	with	numerous	persim-
mon	seeds	under	field	conditions.	We	also	recorded	very	small	num-
bers	of	 red	 fox	 (Vulpes vulpes	 L.),	which	we	do	view	as	a	potentially	
successful	seed	disperser,	as	it	is	also	a	small	Carnivora,	similar	in	size	
to	the	raccoon,	and	known	to	be	an	effective	seed	disperser	of	a	va-
riety	 of	 plant	 species	 (Bustamante	 et	al.,	 1992;	Martin	 et	al.,	 1951).	
Wild	Turkey	 (Meleagris gallopavo)	would	 also	 seem	 to	be	a	potential	
consumer	of	persimmon,	but	although	they	are	common	in	our	study	
area,	they	did	not	appear	at	any	of	our	camera	sites.	Additionally,	feed-
ing	records	of	wild	turkeys	do	not	include	persimmons	(Dalke,	Clark,	
&	Korschgen,	1942;	Eaton,	1992;	Meanley,	1956),	perhaps	because	
they	are	focused	on	hard	mast	crops	(e.g.,	acorns)	during	the	autumn	
period	 when	 persimmons	 are	 ripe.	 Therefore,	 in	 terms	 of	 animals	
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capable	of	successfully	dispersing	seeds,	we	detected	several	species,	
but	they	comprised	a	very	small	percentage	(about	2%)	of	our	camera	
detections.

The	results	of	the	fruit	ripening	observations	show	that	edible	fruit	
is	present	on	the	tree	and	on	the	ground	for	almost	the	exact	same	
amount	of	time.	However,	there	appears	to	be	very	little	consumption	
by	animals	climbing	(or	flying	into)	the	trees	to	acquire	fruit.	Our	cam-
eras	never	captured	any	animals	climbing	the	trees,	perhaps	because	
the	fruit	is	usually	found	on	the	ends	of	the	branches	that	cannot	sup-
port	the	weight	of	a	mammal.	We	have	occasionally	observed	American	
crows	 (C. brachyrhynchos)	 landing	 in	 persimmon	 trees.	As	 very	 little	
fruit	disappeared	while	attached	to	the	tree,	but	 it	disappeared	rap-
idly	while	on	the	ground,	we	argue	that	presently,	persimmon	fruit	is	
commonly	consumed	only	after	abscission.	In	the	past	though,	there	is	
one	conspicuous	animal	group	that	could	have	fed	upon	the	fruit	while	
still	 attached	and	successfully	dispersed	 the	seeds—North	American	
elephant	species	(e.g.,	M. americanum	Kerr).	Most	persimmon	trees	are	
relatively	short	(less	than	7	m,	USDA,	2016b),	so	fruit	could	have	easily	
been	reached	by	a	mastodon-	sized	animal,	although	they	could	have	
certainly	fed	on	fallen	fruit	as	well.

Many	 factors	 are	 currently	 affecting	 the	 community	 structure	of	
North	American	 forests	 including	 disease,	 pollution,	 and	 introduced	
species	 (Lovett,	Canham,	Arthur,	Weathers,	&	Fitzhugh,	2006;	Percy	
&	Ferretti,	2004).	While	not	discounting	these	issues,	our	observations	
and	field	experiments	show	that	the	human-	induced	change	in	extant	
faunal	 communities	 could	 also	 affect	 seed	 dispersal	 of	 native	 flora.	
White-	tailed	deer	overabundance	has	been	 implicated	 in	 substantial	
changes	 in	 forest	community	structure,	nutrient	cycling,	and	succes-
sional	 patterns	 (Côté,	 Rooney,	 Tremblay,	 Dussault,	 &	Waller,	 2004).	
While	their	browsing	of	vegetation	is	usually	invoked	to	explain	changes	
in	forest	dynamics,	their	effects	on	seed	dispersal	have	been	less	well	
studied	 (Gill	&	Beardall,	 2001).	We	 suggest	 that	 their	 large	 increase	
in	population	size	could	be	reducing	seed	dispersal	for	some	species,	
especially	those	plants	with	large	seeds	adapted	for	dispersal	by	nonru-
minant	mammals.	Similarly,	coyotes	have	been	widely		observed	feed-
ing	on	persimmon	fruit	and	dispersing	the	seeds.	However,	this	species	
was	not	originally	found	over	most	of	the	range	of	D. virginiana.	In	the	
southeast	USA,	 the	native	canid	was	 the	 red	wolf	 (C. rufus	Audubon	
and	Bachman).	However,	we	suspect	that	the	dispersal	ability	of	these	
two	species	was	similar	as	they	are	very	closely	related,	and	C. rufus	has	
been	observed	feeding	on	persimmons	(and	seeds	have	been	observed	
in	its	dung)	in	the	small	area	of	North	Carolina	where	it	has	been	rein-
troduced	(David	Rabon,	personal	communication).

Therefore,	 it	 is	 not	 just	 the	 faunal	 species	 composition	 that	 is	
important	 for	 seed	 dispersal	 (Farwig	&	Berens,	 2012),	 but	 the	 rela-
tive	abundance	of	effective	and	noneffective	disperser	 species.	The	
human-	caused	extirpation	of	some	mammals	and	the	drastic	changes	
in	abundance	of	others	could	be	having	considerable	effects	on	seed	
dispersal	 and	 ultimate	 success	 of	 many	 plant	 species.	 However,	 as	
many	trees	are	long-	lived,	the	effects	on	forest	structure	would	only	
slowly	become	evident.

Recently,	 there	 have	 been	 calls	 for	 re-	wilding	 of	 parts	 of	North	
America	with	native	fauna	(Matthews,	1992),	Pleistocene	surrogates	

(e.g.,	Davis	&	Moran,	2016;	Donlan	et	al.,	2006),	and	with	further	bio-
technology	development,	the	re-	introduction	of	de-	extincted	species	
(Sherkow	&	Greely,	2013).	If	these	plans	are	undertaken,	understand-
ing	how	these	species	may	affect	the	ecology	of	these	ecosystems	will	
be	important.	Studies	such	as	ours	that	compare	paleoecological	and	
modern	ecological	and	evolutionary	interactions	could	provide	import-
ant	 information	on	 the	wisdom	of	 such	 future	wildlife	management	
decisions.
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