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Abstract
1.	 Phylogenetic	and	species‐based	taxonomic	descriptions	of	community	structure	
may	provide	complementary	information	about	the	mechanisms	driving	commu-
nity	 assembly	 across	 different	 environments.	 Environmental	 filtering	may	 have	
similar	effects	on	taxonomic	and	phylogenetic	diversity	under	the	assumption	of	
niche	 conservatism,	 whereas	 competitive	 exclusion	 could	 produce	 contrasting	
patterns	in	these	diversity	metrics.	In	grassland	restorations,	these	diversity	pat-
terns	might	then	reveal	potential	assembly	mechanisms	underlying	the	impacts	of	
restoration	and	management	conditions	on	community	structure.

2.	 We	compared	plant	community	structure	(alpha	diversity,	composition,	and	within‐
site	 beta	 diversity)	 from	 both	 phylogenetic	 and	 taxonomic	 perspectives.	 Using	
surveys	from	120	tallgrass	prairie	restorations	in	four	regions	of	the	Midwestern	
United	States,	we	examined	the	effects	of	four	potential	drivers	or	environmental	
gradients:	 precipitation	 in	 the	 first	 year	 of	 restoration,	 seed	mix	 richness,	 time	
since	 last	prescribed	 fire,	and	 restoration	age,	and	 included	soil	conditions	as	a	
covariate.

3.	 First‐year	precipitation	influenced	taxonomic	community	structure,	but	had	weak	
effects	 on	 phylogenetic	 diversity	 and	 composition.	 Similarly,	 greater	 seed	 mix	
richness	increased	taxonomic	diversity	but	did	not	influence	phylogenetic	diver-
sity.	Taxonomic,	but	not	phylogenetic,	diversity	generally	was	lower	in	older	res-
torations	and	those	with	a	longer	time	since	the	last	prescribed	fire.	These	drivers	
consistently	 explained	more	 variation	 in	 taxonomic	 than	phylogenetic	 diversity	
and	 composition,	 perhaps	 in	 part	 because	 species	 turnover	was	 largely	 among	
related	species,	producing	weak	impacts	on	phylogenetic	community	measures.

4.	 An	 impact	 of	 precipitation	 on	 taxonomic	 but	 not	 phylogenetic	 diversity	 sug-
gests	that	there	may	not	be	large	differences	in	drought	tolerance	among	clades	
that	would	 cause	 phylogenetic	 patterns	 to	 arise	 from	 this	 environmental	 filter.	
Declining	 taxonomic	 diversity	 but	 not	 phylogenetic	 diversity	 is	 consistent	with	
competitive	exclusion	as	an	assembly	mechanism	when	competition	is	strongest	
between	related	species.
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1  | INTRODUC TION

Phylogenetic	 diversity	 (PD)	 has	 been	 promoted	 as	 an	 alternative	
facet	of	biodiversity	from	traditional	species‐based	taxonomic	diver-
sity	(Cadotte,	Cavender‐Bares,	Tilman,	&	Oakley,	2009;	Cadotte	et	
al.,	2010;	Srivastava,	Cadotte,	MacDonald,	Marushia,	&	Mirotchnick,	
2012;	Swenson,	2011;	Swenson	et	al.,	2012).	By	incorporating	evo-
lutionary	 patterns	 among	 species,	 PD	 may	 provide	 information	
that	complements	taxonomic	diversity	measures	about	the	factors	
shaping	communities,	such	as	how	community	structure	varies	over	
environmental	gradients	 (Webb,	2000;	Webb,	Ackerly,	McPeek,	&	
Donoghue,	2002).	Environmental	gradients	are	likely	to	affect	both	
taxonomic	 and	PD,	 but	 it	 is	 not	 clear	 how	particular	 gradients	 in-
fluence	one	 type	of	diversity	or	 the	other.	For	example,	measures	
of	phylogenetic	alpha	diversity	sometimes	mirror	taxonomic	diver-
sity	 (Bryant	 et	 al.,	 2008;	 Fournier,	Mouly,	Moretti,	&	Gillet,	 2017;	
Tucker	&	Cadotte,	2013),	but	other	times	the	patterns	differ	(Bryant	
et	 al.,	 2008;	Cavender‐Bares	&	Reich,	2012;	Forrestel,	Donoghue,	
&	Smith,	2014;	Khalil,	Gibson,	&	Baer,	2017;	Knapp	et	al.,	2012,	p.	
2012;	 Pellissier	 et	 al.,	 2013).	 To	 resolve	 how	 communities	 assem-
ble	based	on	phylogenetic	and	taxonomic	measures,	studies	might	
consider	the	assembly	mechanisms	operating	on	these	two	forms	of	
diversity	for	key	gradients	in	a	system	and	to	empirically	test	predic-
tions	based	on	each	gradient.

Environmental	 filtering	 and	 competition	 are	 two	 assembly	
mechanisms	 that	 may	 explain	 some	 of	 the	 inconsistencies	 be-
tween	PD	and	taxonomic	diversity	along	gradients	(Webb	et	al.,	
2002;	Weiher,	Clarke,	&	Keddy,	1998).	Strong	environmental	fil-
ters,	 such	 as	 stressful	 abiotic	 conditions,	 may	 limit	 community	
membership	 to	 those	 species	 with	 suitable	 traits	 (Cavender‐
Bares,	Ackerly,	Baum,	&	Bazzaz,	2004;	Venn,	Green,	Pickering,	&	
Morgan,	2011;	Wiens	&	Graham,	2005).	Under	less	stressful	con-
ditions,	environmental	filtering	is	weaker	and	competition	may	be	
a	more	important	structuring	force.	When	niche	conservatism	oc-
curs	(Wiens	et	al.,	2010),	both	of	these	mechanisms	may	influence	
PD:	filtering	will	act	similarly	on	related	species	that	share	or	lack	
those	suitable	traits,	and	related	species	are	expected	to	compete	
more	strongly	with	one	another	due	to	their	niche	similarity	than	
with	more	distantly	related	species	(Cavender‐Bares,	Kozak,	Fine,	
&	 Kembel,	 2009;	Webb	 et	 al.,	 2002;	 but	 see	 Kraft	 et	 al.,	 2015	
and	Mayfield	&	Levine,	 2010).	 For	 alpha	diversity,	 the	outcome	
of	 such	 strong	 competitive	 interactions	 is	 likely	 to	 be	 a	 decline	

in	species	richness	 (as	 inferior	competitors	are	 locally	excluded)	
even	 if	 the	 overall	 phylogenetic	 structure	 of	 the	 community	 is	
maintained	because	at	least	some	members	of	most	lineages	re-
main	(Barber	et	al.,	2017;	Khalil	et	al.,	2017;	Khalil,	Gibson,	Baer,	
&	Willand,	2018).	Although	all	species	losses	affect	taxonomic	di-
versity	the	same,	a	loss	from	a	clade	that	is	still	represented	in	the	
community	will	not	have	as	strong	an	impact	on	PD.	Thus,	when	
environmental	 filtering	 is	 a	 strong	 assembly	mechanism,	 it	may	
have	 similar	 impacts	 on	 taxonomic	 and	 phylogenetic	 alpha	 di-
versity	by	limiting	community	membership	(Figure	1a).	But	when	
competition	is	an	important	structuring	force,	effects	on	PD	will	
be	 weaker	 than	 effects	 on	 taxonomic	 diversity,	 as	 changes	 in	
richness	will	not	necessarily	lead	to	differences	in	PD	(Figure	1b).	
Further,	when	abiotic	gradients	modify	competitive	interactions,	
species	 turnover	 along	 a	 gradient	 (see	below)	may	not	 result	 in	
changes	in	PD	if	turnover	tends	to	be	among	competing	species	
that	are	closely	related.

In	a	similar	way,	environmental	filtering	and	competitive	exclu-
sion	may	 explain	 differences	 in	 community	 composition	 or	 beta	
diversity	 when	 measured	 from	 taxonomic	 versus	 phylogenetic	
perspectives	(Baldeck	et	al.,	2016;	Bryant	et	al.,	2008;	Graham	&	
Fine,	2008).	When	measuring	taxonomic	beta	diversity	(dissimilar-
ity)	between	two	communities,	all	species	are	considered	equally	
unique,	 so	 the	 substitution	of	one	 species	 for	 another	 results	 in	
the	 same	 increase	 in	 dissimilarity	 regardless	 of	 the	 evolutionary	
relatedness	 of	 the	 original	 and	 substituted	 species.	 However,	
phylogenetic	 beta	 diversity	 between	 two	 communities	 would	
correlate	with	the	species’	relatedness:	the	substitution	of	a	con-
gener	would	 result	 in	 a	 relatively	 small	 increase	 in	 phylogenetic	
dissimilarity,	while	a	member	of	a	separate	family	would	cause	a	
greater	increase	(Graham	&	Fine,	2008).	Phylogenetic	beta	diver-
sity	has	been	examined	between	communities	in	contrasting	envi-
ronmental	conditions	or	along	environmental	gradients,	but	these	
often	have	been	 large‐scale,	 regional	or	 continental	 gradients	 in	
climate	or	habitat	(e.g.	González‐Caro,	Umaña,	Álvarez,	Stevenson,	
&	Swenson,	2014;	Mazel	et	 al.,	 2017;	Penone	et	 al.,	 2016;	Qian,	
Swenson,	&	Zhang,	2013).	At	finer	spatial	scales,	as	with	alpha	di-
versity,	when	 competition	 is	 an	 important	 structuring	 force	 and	
competition	is	strongest	between	close	relatives	because	of	niche	
conservatism,	 differences	 in	 competitive	 outcomes	 along	 envi-
ronmental	gradients	may	be	expected	to	cause	more	variation	in	
taxonomic	composition	 (different	species	persist	under	different	

5. Synthesis.	This	research	shows	how	studying	taxonomic	and	phylogenetic	diversity	
of	 ecosystem	 restorations	 can	 inform	 plant	 community	 ecology	 and	 help	 natu-
ral	 resource	 managers	 better	 predict	 the	 outcomes	 of	 restoration	 actions	 and	
management.
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conditions,	 resulting	 in	 species	 turnover	 or	 high	 taxonomic	 beta	
diversity)	 than	 in	phylogenetic	composition	 (those	different	spe-
cies	are	evolutionarily	related,	so	have	minor	impacts	on	phyloge-
netic	turnover	or	low	phylogenetic	beta	diversity;	Graham	&	Fine,	
2008).	We	predict	that	environmental	gradients	will	better	explain	
taxonomic	composition	than	phylogenetic	composition.	However,	
strong	environmental	 filtering	 is	 still	 expected	 to	 influence	both	
types	of	community	composition	if	responses	to	the	filter	are	con-
served	(Cavender‐Bares	&	Reich,	2012).

Beta	diversity	can	be	measured	at	multiple	scales,	and	relation-
ships	between	beta	diversity	and	environmental	 factors	can	differ	
at	finer	or	coarser	scales	(Barton	et	al.,	2013).	If	fine‐scale	environ-
mental	 gradients	 are	 sufficient	 to	 change	 competitive	 outcomes,	
then	communities	may	become	patchy	(high	within‐community	beta	
diversity),	although	again	this	patchiness	 is	expected	to	be	greater	
for	taxonomic	than	phylogenetic	measures	if	different	members	of	
the	 same	 clade	 persist	 under	 different	 environmental	 conditions.	
Patchiness	may	 also	 be	 enhanced	by	 the	 size	 of	 the	 species	 pool,	
the	 list	of	species	with	the	potential	 to	disperse	to	a	site,	because	
more	species	potentially	entering	the	community	allows	for	greater	
species	 sorting	among	microhabitats	 (Foster	et	 al.,	2011;	Questad	
&	Foster,	2008).	High	within‐community	beta	diversity	may	be	par-
ticularly	 desirable	 in	 restoration	 settings	 because	 it	 can	 positively	
correlate	with	 ecosystem	multifunction	 (Grman,	 Zirbel,	 Bassett,	&	
Brudvig,	2018).

1.1 | Grassland restorations

Ecological	restorations	offer	unique	opportunities	to	study	commu-
nity	assembly	 (Palmer,	Ambrose,	&	Poff,	1997)	and	 test	 the	above	
predictions.	Often,	detailed	knowledge	exists	about	a	community's	
history	 that	 is	usually	unavailable	 in	established	natural	 communi-
ties	or	even	in	cases	of	succession	following	a	natural	disturbance.	
Variation	in	the	conditions	under	which	restorations	are	established	
and	in	their	management	can	provide	gradients	over	which	commu-
nity	 structure	varies.	Four	aspects	of	 restoration	history	 that	may	
cause	such	variation	in	tallgrass	prairies,	our	study	system,	are	seed	
mix	richness,	first‐year	precipitation,	age,	and	prescribed	fire.

One	 of	 the	 primary	 goals	 of	 grassland	 restoration	 is	 to	 over-
come	 dispersal	 limitations,	 often	 by	 actively	 seeding	 or	 plant-
ing	native	plant	species	 in	 locations	they	are	unlikely	to	reach	on	
their	 own	 in	 sufficient	 numbers	 to	 establish	 a	 sustained	 popula-
tion	(Foster	&	Dickson,	2004;	Kardol	et	al.,	2008;	Martin	&	Wilsey,	
2006).	Knowledge	of	seeded	species	provides	information	on	po-
tential	colonizers	at	a	resolution	impossible	in	natural	communities.	
Seeding	 more	 species	 enlarges	 the	 species	 pool	 (the	 number	 of	
species	“dispersing”	to	the	site),	which	is	likely	to	increase	resulting	
species	richness	and	might	increase	within‐community	beta	diver-
sity	by	allowing	finer	species	sorting	 into	microhabitats,	although	
a	previous	 investigation	in	restored	prairies	did	not	find	evidence	
of	 greater	 species	 sorting	 with	 increased	 seed	 richness	 (Grman	

F I G U R E  1  Hypothesized	effects	of	assembly	mechanisms	on	taxonomic	and	phylogenetic	diversity.	(a)	Strong	environmental	filtering	
is	expected	to	reduce	both	facets	of	diversity,	while	(b)	competition	will	have	weaker	impacts	on	phylogenetic	than	taxonomic	diversity.	
These	lead	to	specific	predictions	in	grassland	restorations	under	the	assumption	of	niche	conservatism.	(c)	Precipitation	in	the	first	year	of	
restoration	acts	as	a	filter	that	affects	both	types	of	diversity.	(d)	Planted	seed	mix	richness	increases	species	pool	size	and	is	expected	to	
positively	correlate	with	diversity,	but	have	weaker	effects	on	phylogenetic	diversity.	This	predicted	impact	of	seed	richness	resembles	the	
effect	of	filtering	but	is	not	a	process	of	environmental	filtering	per	se.	(e,	f)	As	restorations	get	older,	and	as	time	since	the	last	prescribed	
fire	increases,	competitive	interactions	lead	to	exclusion	and	declines	in	taxonomic,	but	not	phylogenetic	diversity,	if	competition	is	expected	
to	be	strongest	between	close	relatives.	Similar	patterns	are	predicted	for	within‐site	beta	diversity,	except	that	restoration	age	and	time	
since	prescribed	fire	are	expected	to	positively	correlate	with	βTaxonomic‐within

(a)

(c) (d) (e) (f)

(b)
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&	 Brudvig,	 2014).	 However,	 as	 seed	 mix	 richness	 increases,	 the	
likelihood	 of	 adding	 a	 phylogenetically	 distinct	 species	 declines.	
In	addition,	 restoration	 seed	mixes	may	be	phylogenetically	 clus-
tered	(Barak	et	al.,	2017;	Barber	et	al.,	2017).	For	these	reasons,	we	
predict	 that	 increased	 seed	mix	 richness	will	 correlate	 positively	
with	alpha	diversity	and	explain	variation	in	beta	diversity	(Grman,	
Bassett,	 &	Brudvig,	 2013),	 but	 these	 effects	will	 be	 stronger	 for	
taxonomic	than	PD	(Figure	1d).

Precipitation	in	the	first	year	of	a	restoration	can	be	an	import-
ant	 environmental	 filter.	 In	 a	 replicated	precipitation	manipulation	
experiment	across	3	years,	first‐year	precipitation	during	community	
establishment	 significantly	 affected	 plant	 composition	 (Groves	 &	
Brudvig,	2019).	Low	precipitation	may	reduce	PD	because	response	
to	drought	 (susceptible	 or	 tolerant)	 often	 is	 conserved	 (Niinemets	
&	Valladares,	2006;	but	see	Cavender‐Bares	&	Reich,	2012).	From	
this,	 we	 hypothesize	 that	 both	 taxonomic	 and	 phylogenetic	 alpha	
diversity	of	 a	 restored	grassland	will	 be	positively	 related	 to	 first‐
year	 precipitation,	 and	 that	 this	 factor	will	 shape	 both	 taxonomic	
and	phylogenetic	composition	(i.e.	explain	variation	in	beta	diversity	
among	restorations;	Figure	1c).

Frequently,	species	richness	in	grassland	restorations	declines	
with	 age,	 presumably	 as	 competitive	 interactions	 lead	 to	 local	
extirpations	 (Barak	et	al.,	2017;	Barber	et	al.,	2017;	Grman	et	al.,	
2013;	Hansen	&	Gibson,	2014;	Sluis,	2002),	and	this	changes	tax-
onomic	composition	of	communities	as	well.	However,	the	predic-
tions	 above	 suggest	 that	 these	 communities	will	 not	 necessarily	
decline	in	PD	if	competition	is	strongest	between	related	species	
(Figure	 1e).	 Initial	 findings	 are	 consistent	 with	 this	 hypothesis	
(Barber	et	al.,	2017).

Periodic	 disturbances	 also	 influence	 community	 assembly,	
although	 the	 mechanism	 may	 depend	 on	 species	 responses.	 If	
competitively	inferior	species	benefit	 in	the	short	term	relative	to	
competitive	dominants,	then	disturbance	could	slow	species	losses	
that	would	otherwise	result	from	competition.	Alternatively,	distur-
bance	could	be	a	filter	that	prevents	establishment	and	persistence	
of	some	species.	In	native	and	restored	grasslands	that	periodically	
experience	natural	or	prescribed	fire,	the	first	scenario	would	result	
in	a	loss	of	taxonomic	diversity	as	time	since	the	last	fire	increase,	
leading	 to	 taxonomic	 patchiness	 (greater	 within‐community	 beta	
diversity)	 with	 weak	 impacts	 on	 PD	 or	 within‐community	 phylo-
genetic	beta	diversity	 (Cavender‐Bares	&	Reich,	2012;	Figure	1f).	
However,	 the	 latter	 scenario	might	predict	 increasing	diversity	as	
more	fire‐intolerant	species	colonize	with	increasing	time	since	the	
last	fire.

In	this	study,	we	compared	three	different	aspects	of	phyloge-
netic	and	taxonomic	community	structure	(alpha diversity,	composi‐
tion and within‐site beta diversity)	from	120	grassland	restorations	in	
four	regions.	We	tested	predictions	about	how	community	assembly	
mechanisms	shape	restored	plant	communities:

1.	 Precipitation	 in	 the	 first	 year	 of	 restoration	will	 positively	 cor-
relate	 with	 both	 taxonomic	 and	 phylogenetic	 alpha diversity 
and within‐site beta diversity,	 and	 influence	both	 taxonomic	 and	

phylogenetic	 composition	 (i.e.	 turnover).	 Seed	 mix	 richness	 ef-
fects	 will	 be	 similar	 but	 weaker	 for	 phylogenetic	 measures.

2.	 As	restorations	become	older,	competitive	interactions	will	cause	
taxonomic	 (but	 not	 phylogenetic)	 alpha diversity	 to	 decline	 and	
within‐site beta diversity	 to	 increase;	 age	 will	 also	 explain	 more	
variation	in	taxonomic	than	phylogenetic	composition.

3.	 As	the	time	since	last	fire	disturbance	increases,	competition	will	
lead	to	the	same	taxonomic	and	phylogenetic	patterns	as	restora-
tion	age.

Understanding	how	variation	in	restoration	conditions	and	in	manage-
ment	choices	such	as	initial	seed	mixes	or	disturbance	application	can	
make	restoration	outcomes	more	predictable	(Brudvig,	2017;	Brudvig	
et	al.,	2017;	Dickens,	Mangla,	Preston,	&	Suding,	2016;	Knapp	et	al.,	
2012).	Knowing	the	factors	that	increase	PD	may	be	important	in	res-
torations	because	it	can	support	community	productivity	(Cadotte	et	
al.,	2009;	Flynn,	Mirotchnick,	Jain,	Palmer,	&	Naeem,	2011)	and	diver-
sity	in	higher	trophic	levels	(Pellissier	et	al.,	2013).	Re‐establishing	sus-
tained	ecosystem	functions	such	as	primary	productivity	and	providing	
habitat	 for	 consumers	 are	 two	 key	 goals	 of	 ecosystem	 restoration	
(Keenleyside,	Dudley,	Cairns,	Hall,	&	Stolton,	2012).

2  | MATERIAL S AND METHODS

2.1 | Study sites and data collection

We	used	data	from	two	projects	examining	variation	in	plant	com-
munities	 among	 tallgrass	 prairie	 restorations.	 Tallgrass	 prairie	 is	
one	of	the	most	endangered	ecosystems	in	the	world,	with	>90%	
converted	 to	 agriculture	 or	 other	 land	 uses	 (Samson	 &	 Knopf,	
1994).	 Prairie	 restoration	 projects	 have	 been	 carried	 out	 across	
the	Midwestern	United	States,	particularly	in	the	past	three	dec-
ades,	but	restoration	practices	and	management	vary	widely,	re-
sulting	 in	 a	 range	 of	 conditions	 under	which	 plant	 communities	
are	 established	 and	maintained.	 All	 sites	 in	 this	 study	 were	 re-
stored	by	sowing	native	prairie	seeds	into	lands	that	were	formally	
under	cultivation	as	rowcrops.	The	number	of	years	in	cultivation	
probably	 differed	 among	 sites,	 but	 is	 likely	 multiple	 decades.	
Although	prior	land	use	can	have	legacy	effects	that	influence	res-
toration	outcomes	 (Brudvig,	Grman,	Habeck,	Orrock,	&	Ledvina,	
2013),	we	 are	 confident	 that	 the	 similar	 long‐term	 use	 of	 these	
sites	minimizes	these	effects.	Additionally,	restoration	managers	
often	 prefer	 to	 restore	 directly	 from	 rowcrop	 fields	 because	 of	
their	 reduced	 seed	 bank	 and	 weed	 pressure	 (Packard	 &	Mutel,	
2005).	 Sites	were	 not	 grazed,	with	 the	 exception	 of	 seven	 sites	
at	Nachusa	to	which	bison	(Bison bison)	had	access.	Bison	access	
began	in	late	2014	for	five	of	these	sites	and	was	extended	to	the	
other	two	sites	at	the	start	of	2016.	Thus	bison	only	had	access	to	
these	sites	for	one	or	two	growing	seasons	prior	to	our	surveys.	
Bison	presence	had	no	measurable	impact	on	plant	communities	
at	this	early	stage	of	reintroduction	(Table	S2),	so	we	excluded	this	
variable	from	further	analyses.	Additional	details	of	site	data	are	
in	the	Supplement.
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2.1.1 | Nachusa dataset

The	first	dataset	comes	from	Nachusa	Grasslands,	a	1,500	ha	pre-
serve	operated	by	The	Nature	Conservancy	in	northern	Illinois,	USA.	
Restoration	methods	were	 similar	 across	 this	 preserve	 (Hansen	&	
Gibson,	2014	and	Barber	et	al.,	2017),	although	sites	varied	in	seed	
mix	richness	and	fire	schedule.	Eighteen	research	grids	were	estab-
lished	 in	 restorations	 that	were	 planted	 between	 1987	 and	 2013.	
Grids	are	60	m	×	60	m	and	consist	of	25	points	spaced	5	m	apart.	Ten	
points	were	randomly	selected	for	annual	plant	surveys	that	began	
in	2016.	Here,	we	report	on	2017	and	2018	survey	results.	At	each	
survey	point,	 the	proportional	cover	of	all	 live	plant	species,	 litter,	
and	bare	ground	within	a	0.25	m2	quadrat	 is	 recorded,	with	cover	
summing	to	one.

2.1.2 | Illinois, Indiana, and Michigan datasets

The	other	three	datasets	were	collected	as	part	of	a	project	survey-
ing	 prairie	 restorations	 in	McHenry	 County,	 Illinois	 (n	 =	 18	 sites),	
Kankakee	Sands,	Indiana	(n	=	31	sites),	and	southwestern	Michigan	
(n	=	35	sites).	Sites	were	planted	between	1998	and	2014	and	ranged	
in	area	from	0.2	to	118	ha.	We	surveyed	each	site	using	a	45	m	tran-
sect,	 randomly	oriented	 and	 located	 at	 the	 approximate	 centre	of	
each	site.	We	recorded	 the	percent	cover	of	each	plant	species	 in	
each	of	5	(Illinois	and	Indiana	sites;	one	Indiana	site	had	6	quadrats)	
or	10	(Michigan	sites)	1	×	1	m	plots	located	every	10	or	5	m	along	
each	transect	during	July–September	2016.	Although	survey	design	
differed	between	the	Nachusa	and	other	datasets	(quadrat	size	and	
layout),	which	could	lead	to	differences,	for	example,	in	species	rich-
ness	when	the	total	area	surveyed	is	greater	in	some	sites,	our	goal	
was	not	 to	 compare	diversity	 in	 these	 four	 regions	 to	 each	other,	
but	rather	to	determine	if	environmental	drivers	have	consistent	ef-
fects	across	the	multiple	regions	(i.e.	effects	on	slopes	rather	than	
intercepts).

In	 total,	 the	 four	 datasets	 include	 120	 restorations	 and	 956	
quadrats.	 From	management	 histories	we	obtained	 site	 age	 (num-
ber	of	years	since	planting),	seed	mix	richness,	and	fire	history.	We	
obtained	the	 total	precipitation	 for	May–August	during	each	site's	
first	year	of	growth	from	nearby	weather	stations	 (see	Supporting	
Information).	Because	fire	significantly	reduces	leaf	litter	and	affects	
plant	growth	in	the	following	years,	we	determined	the	number	of	
years	since	each	site	received	a	prescribed	burn.	Finally,	because	soil	
conditions	 influence	 restorations	 outcomes	 (Baer,	 Blair,	 Collins,	 &	
Knapp,	2003;	Baer,	Collins,	Blair,	Knapp,	&	Fiedler,	2005),	we	mea-
sured	and	incorporated	soil	characteristics	into	our	analyses	to	ac-
count	for	this	variation.	Soil	samples	(20	cm	depth)	were	collected	
from	each	quadrat	(five	of	10	quadrats	in	each	site	at	Nachusa)	and	
analysed	for	pH,	%	organic	matter,	%	Ca,	%	Mg,	%	K,	Bray	I	phos-
phorus,	and	cation	exchange	capacity	(Midwest	Laboratories;	Loyola	
University	 Chicago	 Environmental	 Testing	 Laboratory;	 Brookside	
Labs).	 Soil	 variation	 was	 summarized	 with	 principal	 components	
analysis,	 with	 the	 first	 two	 components	 explaining	 43%	 and	 20%	
of	 variation,	 respectively.	We	 retained	 two	 components	 based	 on	

Horn's	parallel	 analysis	 in	 the	paran	package	 (Dinno,	2018),	which	
indicated	that	PC1	and	PC2	both	had	adjusted	eigenvalues	>1.	PC1	
reflected	lower	soil	pH,	Ca	and	cation	exchange	capacity,	while	PC2	
reflected	lower	Mg	and	K	and	higher	organic	matter	and	cation	ex-
change	capacity	(Table	S1).

2.2 | Diversity measures

2.2.1 | Phylogeny

We	created	an	angiosperm	phylogeny	of	all	species	recorded	in	the	
four	 region	 datasets	 using	Phylomatic	 (Webb	&	Donoghue,	 2005;	
Figure	S1),	built	on	the	backbone	of	the	angiosperm	tree	from	Zanne	
et	 al.	 (2014).	 We	 excluded	 non‐angiosperms	 in	 analyses	 to	 avoid	
producing	PD	outliers	or	inflating	null	community	phylogenetic	dis-
tances	due	to	adding	very	long	branches	(Kembel	&	Hubbell,	2006),	
although	 these	 species	 were	 exceedingly	 rare	 (see	 Supporting	
Information).	Phylomatic	creates	polytomies	as	the	lowest	level	that	
data	are	available,	but	reduced	resolution	at	terminal	branches	has	
minimal	effects	on	both	PD	metrics	used	here	(Swenson,	2009).

2.2.2 | Alpha diversity

We	examined	two	taxonomic	(species	richness	and	Simpson's	diver-
sity;	the	latter	incorporates	abundance)	and	two	phylogenetic	(stand-
ardized	 mean	 pairwise	 distance,	 MPDSES,	 and	 standardized	 mean	
nearest	tip	distance,	MNTDSES,	both	abundance‐weighted)	alpha	di-
versity	measures	for	each	site	in	the	four	regions.	Richness	was	the	
total	 number	of	 species	 considering	 all	 quadrats	 in	 a	 site	 together.	
Simpson's	diversity	was	calculated	in	the	R	package	vegan	(Oksanen	
et	 al.,	 2013);	 it	was	 chosen	 to	 provide	 a	 taxonomic	metric	 that	 in-
corporates	 abundance	 in	 parallel	 with	 the	 abundance‐weighed	 PD	
metrics	and	because	it	is	less	sensitive	to	species	richness	than	other	
diversity	metrics	(Magurran,	2004),	thus	describing	a	different	facet	
of	taxonomic	alpha	diversity.	The	goal	of	summing	richness	and	abun-
dances	across	quadrats	for	taxonomic	metrics	was	to	describe	site‐
level	diversity	at	this	larger	spatial	scale	while	acknowledging	spatial	
variation	within	a	site;	as	stated	above,	our	goal	was	not	to	compare	
absolute	 diversity	 values	 between	 the	 four	 regions.	 MPDSES and 
MNTDSES	were	both	 calculated	using	 ses.mpd()	 and	 ses.mntd(),	 re-
spectively,	in	the	picante	package	of	R	(Kembel	et	al.,	2010).	Because	
these	measures	are	correlated	with	species	richness	(Swenson,	2014),	
we	 standardized	observed	values	 (standardized	effect	 size,	 SES)	of	
both	metrics	based	on	null	distributions	from	shuffling	species	labels	
on	the	phylogeny	999	times.	MPD	(the	average	branch	lengths	sepa-
rating	 every	pair	 of	 species	 in	 a	 community)	 and	MNTD	 (the	 aver-
age	branch	lengths	between	each	species	and	its	closest	relative	in	
the	community)	describe	different	aspects	of	a	community	phylog-
eny	 (Webb,	2000).	MPD	describes	variation	 in	 structure	at	deeper	
nodes	in	a	phylogeny,	reflecting	the	presence	or	absence	of	distantly	
related	 lineages.	 MNTD	 captures	 patterns	 of	 closer	 relatedness	
among	 species	 in	 a	 community,	where	 low	values	 can	 indicate	 tip‐
level	redundancy	in	a	lineage	due	to	the	presence	of	close	relatives	
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like	congeneric	 species.	 In	 this	way,	 these	 two	measures	 (and	 their	
beta	diversity	analogues	below)	complement	each	other	to	more	fully	
describe	 phylogenetic	 community	 structure	 and	 allow	 comparison	
to	other	 studies	where	 they	 are	 used	 in	 conjunction	 (e.g.	Barak	 et	
al.,	2017;	Cavender‐Bares	&	Reich,	2012;	González‐Caro	et	al.,	2014;	
Knapp	et	al.,	2012;	Kraft	&	Ackerly,	2010).

2.2.3 | Composition

To	 compare	 community	 composition	 differences	 among	 restora-
tions,	we	 calculated	beta	 diversities	 between	each	pair	 of	 sites	 in	
each	dataset.	We	used	abundance‐weighted	Bray–Curtis	distances	
for	taxonomic	beta	diversity	(βTaxonomic)	and	two	standardized	meas-
ures	of	phylogenetic	beta	diversity	that	are	the	beta	diversity	ana-
logues	of	MPDSES	and	MNTDSES: βMPD and βMNTD	(equivalent	to	Dpw’	
and Dnn’	of	Swenson,	2014,	respectively).	Bray–Curtis	offers	advan-
tages	 over	 other	measures	 of	 beta	 diversity,	 such	 as	 Jaccard	 and	
Sørensen	 indices,	 including	a	monotonic	 increase	as	 species	 ranks	
shift	or	as	differences	 in	evenness	 increase	between	communities	
(Barwell,	 Isaac,	 &	 Kunin,	 2015).	 The	 phylogenetic	 measures	 were	
calculated	using	comdist()	and	comdistnt()	in	picante,	and	observed	
values	were	standardized	using	a	null	distribution	of	999	iterations	
with	 species	 labels	 shuffled	on	 the	phylogeny.	All	 three	measures	
were	scaled	to	values	between	0	and	1	within	each	dataset	prior	to	
analyses	(Borcard,	Gillet,	&	Legendre,	2011).

2.2.4 | Within‐site beta diversity

To	measure	community	heterogeneity	within	each	site,	we	calculated	
abundance‐weighted	taxonomic	and	phylogenetic	beta	diversities	as	
described	above,	but	between	all	pairs	of	quadrats	within	each	site.	
These	values	were	averaged	within	each	site	to	create	three	metrics	
of	within‐site	mean	beta	diversity,	βTaxonomic‐within,	βMPD‐within,	and	
βMNTD‐within.	Thus	within‐site beta diversity	 is	a	univariate	measure	
of	local	community	heterogeneity,	while	composition describes mul-
tivariate	 turnover	 between	 the	 combinations	 of	 species/lineages	
among	communities.

2.3 | Analyses

We	examined	 the	 influences	 of	 our	 hypothesized	 drivers	 of	 alpha	
diversity	 using	 linear	models.	 In	 each	model,	 responses	were	 one	
of	the	four	alpha	diversity	measures	 (richness,	Simpson's	diversity,	
MPDSES,	 or	 MNTDSES),	 and	 independent	 variables	 were	 first‐year	
precipitation,	seed	mix	richness,	years	since	most	recent	prescribed	
fire,	and	restoration	age	(years	since	planting)	and	the	first	two	soil	
principal	 components.	We	 first	 examined	 all	 four	 region	 datasets	
together,	 including	 region	 (Illinois,	 Nachusa,	 Indiana,	 or	Michigan)	
and	interactions	between	region	and	each	independent	variable	 in	
the	model.	Variance	 inflation	factors	for	all	main	effects,	 including	
region,	were	<10.	No	other	 interactions	were	 included	because	of	
the	 large	 number	 of	 independent	 variables.	We	 evaluated	 predic-
tors	with	F‐tests	using	ANOVA()	in	the	car	package	(Fox	et	al.,	2007),	

dropping	interactions	with	region	where	p	>	.05.	To	examine	effects	
in	each	region	dataset	in	more	detail,	we	repeated	these	analyses	for	
each	region	independently	without	any	interactions.	Next,	we	com-
pared	the	importance	of	first‐year	precipitation,	seed	mix	richness,	
years	since	most	recent	prescribed	fire,	and	restoration	age	in	each	
region	using	variation	partitioning	(Borcard	et	al.,	2011).	We	report	
adjusted	R2	for	each	of	these	four	variable	groups	plus	the	residual	
variation	from	varpart()	in	vegan.	The	residual	variance	includes	soil	
effects	because	varpart()	is	limited	to	four	variable	groups.

We	 analysed	 community	 composition	 using	 distance‐based	 re-
dundancy	 analysis	 (dbRDA),	 which	 allows	 the	 use	 of	 non‐Euclidian	
distances	among	samples	by	 first	performing	a	principal	coordinate	
analysis	on	dissimilarities	and	applying	ordinary	RDA	of	the	resulting	
principal	coordinates,	constrained	by	explanatory	variables	(Legendre	
&	Anderson,	1999).	We	analysed	each	of	the	three	beta	diversity	mea-
sures	(βTaxonomic,	βMPD,	and	βMNTD),	and	explanatory	variables	were	the	
same	as	in	alpha	diversity	analyses.	Each	region	dataset	was	analysed	
independently	because	adding	a	 region‐level	blocking	 factor	would	
not	result	in	meaningful	results.	We	used	capscale()	in	vegan	to	per-
form	dbRDA,	and	each	model	was	evaluated	by	a	permutation	test	to	
produce	a	pseudo‐F.	We	derived	the	adjusted	R2	for	each	model.	If	the	
overall	model	was	significant,	we	evaluated	each	explanatory	variable	
using	 forward	 selection	with	 ordiR2step()	 and	 the	 double‐stopping	
procedure	(Blanchet,	Legendre,	&	Borcard,	2008).

To	 determine	 how	 first‐year	 precipitation,	 seed	 mix	 richness,	
years	since	most	recent	prescribed	fire	and	restoration	age	influence	
within‐site	beta	diversity,	we	used	linear	models	and	variation	par-
titioning	as	in	the	alpha	diversity	analyses	above,	but	with	βTaxonomic-
within,	βMPD‐within,	and	βMNTD‐within	as	dependent	variables.

3  | RESULTS

3.1 | Alpha diversity

First‐year	precipitation,	seed	mix	richness,	age	and	time	since	pre-
scribed	fire	all	affected	alpha	diversity	in	linear	models,	and	the	rela-
tionships	differed	between	taxonomic	and	phylogenetic	measures	of	
alpha	diversity	(Table	1	and	Table	S3).	Variation	partitioning	for	each	
of	the	four	datasets	showed	that	these	variables	explained	0%–48%	
of	 variation,	 and	 this	 varied	 considerably	 between	 alpha	 diversity	
metrics	and	regions	(Figure	3).

First‐year	precipitation	effects	on	taxonomic	alpha	diversity	var-
ied	with	 region	 (Table	 1),	 but	was	 positively	 related	 to	 both	 plant	
richness	and	Simpson's	diversity	in	Michigan	(Table	S3),	where	it	ex-
plained	18%	and	5%	of	the	variation	in	these	metrics,	respectively	
(Figure	 2).	 MPDSES,	 but	 not	 MNTDSES,	 was	 generally	 higher	 with	
greater	 first‐year	 precipitation	 (Figure	1c),	 but	 this	 explained	 little	
variation	in	MPDSES	in	any	individual	region.	Seed	mix	richness	inter-
acted	with	region	and	generally	increased	plant	richness	(Figure	1a),	
particularly	in	Michigan,	and	explained	9%	and	22%	of	the	variation	
in	 plant	 richness	 in	 Illinois	 and	 Michigan,	 respectively	 (Figure	 2).	
From	 a	 phylogenetic	 perspective,	 seed	mix	 richness	 effects	 were	
unrelated	to	MPDSES	and	MNTDSES.
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Greater	 time	 since	 restoration	 (age)	 tended	 to	 decrease	 both	
plant	 richness	 and	Simpson's	diversity,	 as	predicted	 (Table	1),	 par-
ticularly	in	Michigan	where	site	age	explained	13%	and	48%	of	vari-
ation	 in	 richness	 and	 Simpson's	 diversity,	 respectively.	 Time	 since	
last	 prescribed	 fire	 caused	 a	weak	 increase	 in	 Simpson's	 diversity	
across	sites,	and	MPDSES	was	unrelated	to	age	or	time	since	fire,	al-
though	MNTDSES	slightly	declined	with	time	since	fire	and	tended	to	
increase	in	older	sites	in	Indiana.	Age	and	time	since	fire	explained	
little	 variation	 in	 phylogenetic	 alpha	 diversity,	 except	 in	Michigan	
where	 time	 since	 fire	 explained	 28%	of	 the	 variation	 in	MNTDSES 
and	age	explained	32%	of	Nachusa	variation	(Figure	2).	Soil	PC1	was	
only	associated	with	Simpson's	diversity	and	MPDSES.

3.2 | Composition

Age	and	 soil	 environment	were	 significantly	 related	 to	plant	 com-
position	most	frequently,	with	age	selected	in	three	of	four	regions	
for	taxonomic	composition,	at	Nachusa	for	βMPD,	and	Michigan	for	
βMNTD	 (Table	2).	 First‐year	precipitation	was	 selected	 for	βTaxonomic 
of	two	regions,	and	seed	mix	richness	and	time	since	prescribed	fire	
were	 only	 selected	 once	 each	 (Michigan	 βMNTD and βTaxonomic,	 re-
spectively).	Taxonomic	community	composition	was	generally	better	
explained	by	model	variables	 than	either	measure	of	phylogenetic	
composition,	with	up	to	17.6%	of	variation	in	βTaxonomic	explained	ver-
sus	0%–5%	of	βMPD or βMNTD	(Table	2).

3.3 | Within‐site beta diversity

First‐year	 precipitation	 was	 unrelated	 to	 within‐site	 beta	 diversity.	
There	 was	 a	 significant	 seed	 mix	 richness	 ×	 region	 interaction	 for	
mean βMNTD‐within,	driven	by	a	strong	positive	relationship	in	Illinois,	
where	it	explained	20%	of	variation	(Table	3	and	Table	S4).	However,	

βMNTD‐within	also	increased	with	higher	levels	of	soil	PC1	overall	and	
declined	with	age	in	Indiana;	age	explained	an	additional	15%	of	varia-
tion	in	Indiana	but	little	anywhere	else.	Time	since	the	last	prescribed	
fire	only	influenced	βTaxonomic‐within,	resulting	in	higher	values	as	time	
since	fire	passed	(Figure	4a)	and	explaining	9%	and	10%	of	variation	in	
Indiana	and	Michigan,	respectively.

4  | DISCUSSION

We	examined	variation	 in	grassland	restorations	 to	compare	 taxo-
nomic	and	phylogenetic	aspects	of	 community	 structure	 that	may	
inform	 the	 assembly	mechanisms	operating	 in	 this	 system.	Across	
the	four	regional	datasets,	we	found	mixed	support	for	all	of	our	pre-
dictions.	Seed	mix	richness	effects	were	weak	overall,	although	seed	
richness	did	enhance	plant	species	richness	as	expected.	First‐year	
precipitation	generally	followed	predictions	as	an	environmental	fil-
ter	on	taxonomic	alpha	diversity	and	explained	taxonomic	composi-
tion,	but	effects	on	PD	were	weaker,	and	within‐site	beta	diversity	
was	unrelated	to	precipitation.	As	restoration	age	and	time	since	last	
prescribed	fire	increased,	taxonomic	alpha	diversity	declined	but	PD	
was	mostly	unaffected,	consistent	with	competition	as	an	assembly	
mechanism.	Age	also	influenced	taxonomic	composition,	but	other	
impacts	of	age	and	fire	were	less	consistent.	Below	we	discuss	the	
relationships	between	each	of	these	drivers	and	grassland	commu-
nity	assembly	in	more	detail	and	highlight	the	implications	for	grass-
land	restoration.

4.1 | Seed mix richness

Increasing	 the	 species	 richness	 of	 seeds	 added	 to	 a	 restoration	 is	
comparable	to	enlarging	the	species	pool	of	potential	colonizers	to	

 

Species 
richness

Simpson's 
diversity MPDSES MNTDSES

F1,101
a p F1,107 p F1,107 p F1,107 p

Precipitation 2.55 .113 1.22 .272 5.03 .027 0.29 .589

Seed	richness 0.95 .331 0.29 .589 0.05 .819 1.61 .207

Last	burn 3.25 .075 11.13 .001 1.44 .232 5.32 .023

Age 0.21 .648 4.89 .029 2.79 .098 0.15 .700

Soil	PC1 0.12 .731 4.15 .044 2.11 .149 0.25 .616

Soil	PC2 1.25 .265 0.29 .591 2.52 .115 1.22 .272

Region 4.56 .005 3.52 .018 1.39 .248 10.47 <.001

Precip.	×	region 3.94 .011 3.29 .024 — — — —

Seed	
rich.		×	region

5.14 .002 — — — — — —

Age	×	region 2.89 .039 11.44 <.001 — — 3.52 .018

Soil	PC1	×	region — — — — 4.94 .003 — —

Note: Non‐significant	interactions	with	region	were	excluded.	Bold	values	indicate	significance	at	
p	<	.05	based	on	F‐tests	with	Type	III	SS.
aNumerator	degrees	of	freedom	for	all	interaction	terms	was	3.	

TA B L E  1  Results	of	linear	models	
examining	effects	of	initial	conditions	
(seed	mix	richness,	precipitation	in	
first	growing	season),	management	
disturbance	(years	since	last	prescribed	
burn)	and	site	characteristics	(age	of	site,	
first	two	principal	components	of	soil	
measurements)	for	all	sites	combined



2112  |    Journal of Ecology BARBER Et Al.

a	 site	 (Grman	&	 Brudvig,	 2014).	 One	 potential	 outcome	 of	 this	 is	
that	 fine‐scale	 species	 sorting	might	 increase	both	 alpha	diversity	
and	within‐site	beta	diversity	(Foster	et	al.,	2011;	Questad	&	Foster,	
2008).	We	 found	 this	 effect	 for	 species	 richness,	 consistent	with	

similar	 grassland	 studies	 (Barak	 et	 al.,	 2017;	 Carter	&	Blair,	 2012;	
Grman	et	al.,	2013),	but	not	for	within‐site	taxonomic	beta	diversity.	
These	results	confirm	the	findings	of	Grman	and	Brudvig	(2014)	that	
increased	seed	richness	does	not	 lead	to	greater	within‐site	 (taxo-
nomic)	beta	diversity	and	that	fine‐scale	species	sorting	might	not	
be	an	 important	process	 in	 this	 system.	Given	 that	all	of	our	 sites	
were	managed	 as	 rowcrops	 for	 decades	 prior	 to	 restoration,	 they	
may	be	somewhat	homogenous	environments,	limiting	the	potential	
for	within‐community	sorting.	Nonetheless,	these	taxonomic	results	
are	encouraging	because	the	goal	of	seeded	restorations	is	to	estab-
lish	populations	of	seeded	species,	so	an	increase	in	plant	richness	
with	propagule	richness	is	an	indicator	of	restoration	success.

From	a	phylogenetic	perspective,	we	expected	seed	mix	richness	
to	more	weakly	relate	to	diversity	and	composition,	because	more	spe-
ciose	mixes	are	not	necessarily	more	phylogenetically	diverse	(Barak	
et	al.,	2017;	Barber	et	al.,	2017).	Also,	fine‐scale	sorting	might	result	
in	 patchy	 distributions	 of	 close	 relatives	 as	 the	 outcomes	 of	 their	
competitive	 interactions	differ	along	an	environmental	gradient,	and	
patchiness	 of	 related	 species	would	 cause	 relatively	 low	within‐site	
phylogenetic	beta	diversity.	Although	seed	richness	was	significantly	
related	 to	 MNTD‐based	 community	 composition	 in	 Michigan	 and	
within‐site	PD,	these	relationships	were	weak	and	explained	 little	of	
the	overall	variation	in	phylogenetic	composition	or	heterogeneity.	The	
direction	 of	 the	 relationship	 between	within‐site	 PD	 and	 seed	 rich-
ness	differed	from	region	to	region,	and	was	primarily	driven	by	sites	

F I G U R E  2  Relationships	between	restoration	variables	and	
alpha	diversity.	Panels	in	left	column	are	measures	of	taxonomic	
diversity,	and	right	column	are	phylogenetic	diversity.	Panels	
depict	relationships	between	first‐year	precipitation	and	(a)	plant	
species	richness	and	(b)	MPDSES;	seed	mix	richness	and	(c)	plant	
species	richness	and	(d)	MPDSES;	year	since	last	prescribed	burn	
and	(e)	Simpson's	diversity	and	(f)	MNTDSES;	restoration	age	and	
(g)	Simpson's	diversity	and	(h)	MNTDSES.	Lines	are	included	when	
there	were	significant	main	effects	of	restoration	variables	or	
interactions	with	region.	Solid	lines	indicate	significant	relationships	
in	models	for	the	four	individual	regions,	and	dashed	lines	depict	
non‐significant	region‐specific	relationships.	See	Table	1	and	Table	
S3	for	details
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TA B L E  2  Results	of	distance‐based	redundancy	analyses	on	
taxonomic	and	phylogenetic	composition	of	restored	prairies

 Fa p Adj. R2 Significant variables

βTaxonomic
Illinois 0.96 .574 0.0 —

Nachusa 2.24 .001 17.6 Precipitation,	age,	
soil	PC1,	soil	PC2

Indiana 1.51 .002 9.2 Age,	soil	PC1,	soil	
PC2

Michigan 2.14 .001 16.8 Precipitation,	burn,	
age,	soil	PC1

βMPD
Illinois 0.91 .711 0.0 —

Nachusa 1.28 .003 4.6 Age,	soil	PC2

Indiana 1.01 .424 0.1 —

Michigan 1.00 .507 0.0 —

βMNTD
Illinois 0.98 .624 0.0 —

Nachusa 0.97 .740 0.0 —

Indiana 0.92 .939 0.0 —

Michigan 1.22 .001 3.7 Age,	seed	mix	
richness

Note: F‐ and p‐values	are	based	on	the	full	model.	Adjusted	R2	is	the	fit	
of	the	model	after	forward	selection	of	significant	variables.
aDegrees	of	freedom	for	each	dataset:	Illinois	=	6,11;	Nachusa	=	6,29;	
Indiana	=	6,24;	Michigan	=	6,28	
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in	Illinois,	which	had	the	least	variation	in	seed	mix	richness.	The	lack	
of	 taxonomic	patchiness,	 indicating	 little	 species	 sorting,	makes	 this	
result	unsurprising.	The	plant	communities	that	we	surveyed	include	
other	volunteer	species	that	were	not	included	in	the	seed	mix	but	later	
established	from	seed	banks	or	dispersal	from	sources	close	by,	as	is	
common	 in	 restored	grasslands	 (Baer,	Blair,	Collins,	&	Knapp,	2004;	
Martin	 &	Wilsey,	 2006;	 Török,	 Vida,	 Deák,	 Lengyel,	 &	 Tóthmérész,	
2011;	Warren,	Christal,	&	Wilson,	2002).	Colonization	by	non‐sown	
species	could	also	conceal	any	phylogenetic	effects	of	seed	mix	rich-
ness	if	the	presence	of	non‐sown	species	shifts	phylogenetic	measures	
of	diversity,	for	example	if	abundant	volunteers	belong	to	families	that	
are	already	well‐represented	by	planted	species	(Barak	et	al.,	2017).

Overall,	phylogenetic	aspects	of	community	diversity	were	less	re-
lated	to	seed	mix	richness	than	were	taxonomic	measures.	Ultimately,	
seed	mix	richness	may	be	a	coarse	way	of	describing	how	initial	prop-
agules	determine	community	composition	because	it	is	not	necessarily	
correlated	with	characteristics	like	seed	mix	PD	or	composition.	Seed	
mix	species	composition,	especially	if	it	incorporates	abundance	mea-
sures	that	reflect	the	number	of	propagules	of	each	species,	likely	bet-
ter	reflects	the	potential	composition	of	resulting	seedlings	from	which	
the	community	develops	(Grman	et	al.,	2013).	For	restoration	manag-
ers,	simply	adding	additional	species	to	a	seed	mix	may	not	 increase	
plant	PD	of	 the	 restored	community.	Nonetheless,	 even	when	 seed	
mix	PD	or	composition	is	considered,	it	may	not	be	a	strong	predictor	
of	the	plant	community	in	situations	where	volunteer	species	are	com-
mon	(Barak	et	al.,	2017),	or	seed	mix	diversity/composition	influences	
may	decline	through	time	as	restorations	age.

4.2 | First‐year precipitation

We	 expected	 that	 the	 first	 growing	 season's	 precipitation	 would	
predict	 community	 composition	 because	 low	 rainfall	 can	 act	 as	 a	
strong	 environmental	 filter,	 limiting	 establishment	 and	 survival	 of	
some	plant	species	(Groves	&	Brudvig,	2019).	Because	drought	tol-
erance	can	be	phylogenetically	conserved	(Engelbrecht	et	al.,	2007;	
Niinemets	 &	 Valladares,	 2006;	 Rueda,	 Godoy,	 &	 Hawkins,	 2017),	

we	 anticipated	 that	 phylogenetic	 community	 patterns	 would	 cor-
respond	to	taxonomic	patterns.	There	was	some	support	for	these	
hypotheses,	 as	 restorations	established	 in	high	precipitation	years	
had	greater	richness	and	taxonomic	diversity	in	some	regions.	These	
sites	 also	 tended	 to	 have	higher	MPDSES,	 suggesting	 that	 drought	
may	have	stronger	effects	on	some	lineages	and	reduce	the	deeper‐
level	branching	structure	of	the	community	phylogeny,	although	this	
effect	was	somewhat	weak.	This	impact	on	MPDSES	alone	contrasts	
with	drought	effects	in	oak	savanna	communities,	in	which	changes	
were	 primarily	 among	 more	 closely‐related	 species	 reflected	 in	
MNTD	(Cavender‐Bares	&	Reich,	2012).	That	oak	savanna	study	fo-
cused	on	established	communities,	whereas	we	examined	 impacts	
of	 precipitation	 during	 the	 initial	 establishment.	 It	 is	 possible	 that	
suitable	establishment	conditions	are	more	conserved	within	clades,	
while	drought	effects	on	established	communities	tend	to	vary	more	
among	related	species	within	a	lineage.

However,	first‐year	precipitation	had	no	effects	on	phylogenetic	
composition	or	within‐site	phylogenetic	beta	diversity,	even	though	
taxonomic	 composition	was	 related	 to	 precipitation	 in	 two	 of	 the	
four	datasets.	Water	availability	in	the	first	year	can	shift	restored	
grassland	community	composition	(Bakker	et	al.,	2003;	MacDougall,	
Wilson,	&	Bakker,	 2008),	 but	 precipitation	 effects	 on	 establishing	
communities	may	vary	 from	year	 to	year,	with	other	 climatic	vari-
ations	 like	 temperature	 or	 inter‐annual	 difference	 in	 factors	 like	
consumer	 densities	 (Groves	&	Brudvig,	 2019).	Unmeasured	differ-
ences	among	planting	years	could	have	contributed	to	variation	 in	
phylogenetic	composition	as	well,	 resulting	 in	precipitation	effects	
on	phylogenetic	alpha	diversity	but	not	phylogenetic	beta	diversity.	
Alternatively,	 drought	 tolerance	may	 not	 be	 strongly	 phylogeneti-
cally	conserved	in	these	tallgrass	prairie	families	and	genera.	Suitable	
establishment	conditions	might	vary	within	groups	given	that	they	
likely	 evolved	 under	 variable	 annual	 precipitation.	 Although	 our	
predictions	were	based	on	drought	as	an	environmental	 filter	 that	
would	 impact	 relatives	 in	 similar	ways,	 strong	 filters	 can	also	 lead	
to	divergent	evolution	within	genera	and	convergence	among	more	
distantly	related	plants	(Fine	et	al.,	2006).

 

βTaxonomic‐within βMPD‐within βMNTD‐within

F1,110 p F1,107 p F1,107 p

Precipitation 1.28 .260 3.73 .056 0.05 .825

Seed	richness 0.01 .904 0.07 .791 2.62 .109

Last	burn 11.60 <.001 1.68 .198 2.55 .113

Age 3.04 .084 2.67 .105 2.41 .123

Soil	PC1 0.756 .386 1.90 .171 4.62 .034

Soil	PC2 2.73 .101 3.89 .051 0.12 .733

Region 9.744 <.001 0.86 .465 5.00 .002

Seed	rich.	×	region — — — — 2.74 .047

Age	×	region — — — — 3.62 .016

Soil	PC1	×	region — — 4.27 .007 — —

Note: Non‐significant	interactions	with	region	were	excluded.	Bold	values	indicate	significance	at	
p	<	.05	based	on	F‐tests	with	Type	III	SS.

TA B L E  3  Results	of	linear	models	
examining	effects	of	initial	conditions	
(seed	mix	richness,	precipitation	in	
first	growing	season),	management	
disturbance	(years	since	last	prescribed	
burn),	and	site	characteristics	(age	of	site,	
first	two	principal	components	of	soil	
measurements)	on	mean	within‐site	beta	
diversity	for	all	sites	combined



2114  |    Journal of Ecology BARBER Et Al.

4.3 | Age and prescribed fire

We	expected	restoration	age	and	time	since	prescribed	fire	to	have	
similar	 impacts	 on	 restored	 prairie	 communities	 because,	 over	
time,	 competitive	 interactions	would	 lead	 to	 reduced	 taxonomic	
diversity	 (Hansen	 &	 Gibson,	 2014;	 Sluis,	 2002).	 Prescribed	 fire	
affects	 grassland	 plant	 survival	 and	 plant	 performance	 by	 alter-
ing	abiotic	(light	and	nutrients)	and	biotic	(competition)	conditions	
(Collins,	1992;	Collins,	Knapp,	Briggs,	Blair,	&	Steinauer,	1998),	po-
tentially	 allowing	 competitively	 inferior	 species	 to	 persist.	 But	 if	
strong	 competition	primarily	 occurs	 among	 related	 species,	 then	
these	 impacts	 might	 be	 apparent	 for	 taxonomic,	 but	 not	 phylo-
genetic,	 diversity	 and	 composition	 (Cavender‐Bares	 et	 al.,	 2009;	
Webb	et	al.,	2002).	As	with	other	potential	drivers,	we	found	mixed	
evidence	supporting	these	hypotheses.	Taxonomic	diversity	(rich-
ness)	 declined	with	 both	 age	 and	 time	 since	 fire,	 and	 these	 fac-
tors	 more	 consistently	 explained	 taxonomic	 than	 phylogenetic	
composition,	in	agreement	with	predictions	based	on	competition.	
However,	Simpson's	diversity	slightly	increased,	and	one	measure	
of	phylogenetic	alpha	diversity,	MNTDSES,	declined	with	time	since	
fire.

Loss	of	taxonomic	diversity	over	time	is	a	well‐known	phenome-
non	in	tallgrass	prairie	(Sluis,	2002)	and	other	grassland	restorations	

(Fagan,	 Pywell,	 Bullock,	 &	Marrs,	 2008;	Woodcock,	McDonald,	 &	
Pywell,	2011),	and	phylogenetic	losses	did	not	parallel	species	losses	
except	 for	MNTDSES	 in	 Indiana	where	 older	 sites	were	more	 clus-
tered.	This	maintenance	of	PD	over	time	is	consistent	with	an	older	
Nachusa	 dataset	 examining	 mostly	 different	 sites	 (Barber	 et	 al.,	
2017)	and	another	analysis	of	restorations	in	the	study	region	(Barak	
et	al.,	2017).	In	some	ways,	it	 is	surprising	that	PD	is	maintained.	If	
niches	 are	 phylogenetically	 conserved,	 then	 we	 might	 expect	 re-
duced	PD	as	species	sort	along	environmental	gradients	over	time.	
However,	because	most	species	selected	by	managers	for	seed	mixes	
already	may	be	suitable	for	the	general	conditions	of	a	site,	environ-
mental	sorting	along	gradients	is	probably	limited	and	there	is	little	
systematic	filtering	with	regard	to	phylogeny.	 In	grassland	or	other	
habitat	restorations	in	locations	with	longer	gradients	over	small	spa-
tial	scales,	such	as	more	heterogeneous	soils,	sorting	would	likely	be	
stronger	and	changes	in	PD	might	more	closely	match	those	of	tax-
onomic	diversity	when	comparing	benign	and	stressful	ends	of	the	
gradient	(Bryant	et	al.,	2008).	However,	given	the	high	cost	of	diverse	
native	seeds,	restoration	managers	may	select	seed	mixes	with	care	
to	avoid	sowing	into	areas	where	those	seeds	are	unlikely	to	establish	
(Rowe,	2010;	Török	et	al.,	2011).	If	PD	promotes	desirable	ecosystem	
functions,	such	as	primary	productivity	and	support	for	multitrophic	
biodiversity	(Cadotte	et	al.,	2009;	Flynn	et	al.,	2011;	Pellissier	et	al.,	

F I G U R E  3  Proportion	variation	in	each	measure	of	taxonomic	and	phylogenetic	alpha	diversity	explained	by	each	variable,	separated	by	
region	and	based	on	adjusted	R2	values.	Precipitation	is	total	precipitation	during	the	first	growing	year	of	a	site,	seed	richness	is	the	number	
of	species	included	in	the	seed	mix	planted	at	a	site,	prescribed	fire	is	the	length	of	time	since	the	last	fire	occurred,	age	is	the	number	of	
years	from	restoration	until	plant	surveys,	and	residual	is	the	unexplained	variation	in	that	diversity	measure,	including	soil	effects
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2013),	this	maintenance	of	PD	is	another	encouraging	sign	that	tall-
grass	prairie	restoration	may	be	continuing	to	meet	broader	ecosys-
tem	restoration	goals	even	when	plant	richness	declines.

Restoration	age	was	a	more	consistent	predictor	of	 taxonomic	
composition	than	phylogenetic	composition,	with	similar	taxonomic	
composition	among	sites	of	similar	ages	in	three	of	four	datasets.	Age	
was	associated	with	deeper	phylogenetic	turnover	at	Nachusa	(βMPD)	
and	tip‐level	turnover	in	Michigan	(βMNTD);	at	least	in	these	two	re-
gions,	communities	might	become	somewhat	more	phylogenetically	
similar	as	species	 losses	occur,	although	the	remaining	species	are	
not	significantly	more	or	less	phylogenetically	clustered.	Within‐site	
beta	diversity	was	generally	unrelated	to	age,	although	βMNTD‐within	
declined	 over	 time	 in	 Indiana,	 paralleling	 the	 loss	 in	 MNTDSES	 at	
these	same	sites.	Grman	et	al.	(2013)	also	found	that	within‐site	beta	
diversity	was	unrelated	to	age	despite	the	expectation	that	hetero-
geneity	 would	 increase	 over	 time	 as	 niche‐based	 species	 sorting	
occurred	(Foster	et	al.,	2011).	Again,	relatively	short	environmental	
gradients	within	our	restorations	may	have	limited	the	magnitude	of	
this	process	compared	to	larger	spatial	scales	where	environmental	
gradients	often	are	longer.

We	predicted	that	fire,	by	suppressing	competitive	dominants,	
would	reduce	species	loss	and	homogenize	communities	so	that,	

as	time	since	the	most	recent	fire	increased,	taxonomic	diversity	
would	 decline	 and	 heterogeneity	 increase	 as	 patches	 of	 com-
petitive	species	exclude	other	species	(Collins,	Glenn,	&	Gibson,	
1995).	 Within‐site	 taxonomic	 beta	 diversity,	 indicating	 hetero-
geneity,	 did	 increase	with	 time	 since	 fire,	 but	 so	 did	 Simpson's	
diversity.	 Surprisingly	 however,	 phylogenetic	 alpha	 diversity,	
measured	as	MNTDSES,	declined	with	this	 increase	 in	time	since	
fire	as	well	such	that	communities	became	more	phylogenetically	
clustered	at	the	tips	of	the	phylogeny.	Both	of	these	unexpected	
results	 may	 be	 related	 to	 the	 high	 frequency	 of	 fires	 in	 these	
managed	 systems.	 For	 example,	 other	 researchers	 have	 found	
the	opposite	phylogenetic	pattern,	with	phylogenetic	 clustering	
under	frequent	fires	(Cavender‐Bares	&	Reich,	2012;	Forrestel	et	
al.,	2014),	but	these	studies	compared	frequently‐burned	commu-
nities	to	rarely‐	or	never‐burned	sites.	Unburned	tallgrass	prairie	
restorations	 are	 rare	 because	 regular	 prescribed	 fire	 is	 consid-
ered	 a	 necessary	 management	 tool	 for	 maintaining	 the	 habitat	
(Bowles	&	Jones,	2013;	Packard	&	Mutel,	2005).	Indeed	only	8%	
of	 our	 sites	 had	 not	 been	 burned	 in	 the	 last	 5	 years,	 and	 53%	
were	 burned	 either	 during	 the	 survey	 year	 or	 in	 the	 preceding	
year,	so	fire	return	interval	forms	a	relatively	short	gradient	in	our	
datasets.	Fire	might	be	frequent	enough	at	some	sites	to	act	as	a	
strong	filter	against	fire‐intolerant	species	(Dalgleish	&	Hartnett,	
2009).	Although	time	since	most	recent	fire	could	be	broadly	cor-
related	with	 fire	 frequency,	we	 did	 not	 have	 access	 to	 detailed	
historical	fire	records	for	all	of	our	restoration	sites.

Fire	gradient	length	may	also	be	related	to	phylogenetic	commu-
nity	patterns:	Cavender‐Bares	and	Reich	(2012)	predicted	that	phy-
logenetic	turnover	should	occur	between	taxa	that	diverge	deeper	
in	a	phylogeny	(and	thus	reflected	in	MPD)	when	environmental	gra-
dients	are	 long	and	between	more	recently‐diverged	taxa	 (MNTD)	
across	 shorter	 gradients.	 But	 we	 found	 no	 relationships	 between	
fire	and	either	measure	of	phylogenetic	turnover	between	or	within	
sites.	There	was	taxonomic	turnover	between	and	within	sites,	sug-
gesting	that	the	subset	of	plant	species	surviving	under	recent	fire	
may	vary	in	cover	depending	on	fire	return	time.	If	these	variations	
in	response	to	fire	return	time	(and	the	functional	traits	behind	such	
fine‐scale	responses)	were	conserved	within	clades,	then	we	would	
expect	phylogenetic	community	patterns	to	be	apparent,	but	our	re-
sults	do	not	support	this	hypothesis.

Finally,	 underlying	 soil	 conditions	 also	 varied	 among	 resto-
ration	 sites	 and	 influenced	 plant	 diversity	 and	 composition.	 Our	
goal	in	including	soil	conditions	was	not	to	test	specific	hypotheses	
about	soil	effects,	but	to	account	for	known	covariates	of	commu-
nity	 composition	 to	 help	 clarify	 the	 impacts	 of	 our	 focal	 drivers.	
However,	it	is	noteworthy	that	soil	influenced	taxonomic	alpha	di-
versity,	but	not	PD,	except	at	Nachusa	where	more	acidic	sites	had	
lower	MPDSES	 even	 though	Nachusa	 had	 the	 narrowest	 range	 of	
values	for	both	pH	and	soil	PC1.	Soil	characteristics	have	correlated	
with	phylogenetic	alpha	and	beta	diversity	elsewhere:	MPDSES de-
clined	with	 soil	 nitrates	but	 increased	with	 spatial	 P	 variability	 in	
a	 C‐addition	 experiment	 (Sollenberger,	 Kadlec,	O’Shaughnessy,	 &	
Egerton‐Warburton,	2016),	and	soil	pH	was	a	significant	predictor	

F I G U R E  4  Relationships	between	restoration	variables	and	
within‐site	beta	diversity.	Panels	in	left	column	are	measures	of	
taxonomic	diversity,	and	right	column	are	phylogenetic	diversity.	
Panels	depict	relationships	between	year	since	last	prescribed	
burn	and	(a)	within‐site	taxonomic	beta	diversity	and	(b)	within‐
site	phylogenetic	beta	diversity	based	on	MNTD;	and	between	
restoration	age	these	same	response	variables	(c,d).	Lines	are	
included	when	there	were	significant	main	effects	of	restoration	
variables	or	interactions	with	region.	Solid	lines	indicate	significant	
relationships	in	models	for	the	four	individual	regions,	and	dashed	
lines	depict	non‐significant	region‐specific	relationships.	See	
Table	3	and	Table	S4	for	details	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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of	MNTD‐based	 composition	 in	 restorations	 (Barak	 et	 al.,	 2017).	
Within	sites,	however,	βMNTD‐within	 increased	along	this	soil	axis,	
indicating	that	there	was	greater	turnover	among	close	relatives	in	
more	acidic	soils.	Soil	acidity	could	be	a	subtle	environmental	gradi-
ent	along	which	competition	outcomes	among	relatives	differ,	lead-
ing	to	this	heterogeneity.

4.4 | Conclusions

We	 show	 that	 phylogenetic	 information	 complements	 taxonomic	
descriptors	 of	 grassland	 communities,	 leading	 to	 a	 fuller	 under-
standing	 of	 restored	 tallgrass	 prairies.	 When	 comparing	 the	 two	
phylogenetic	 approaches	 (mean	 pairwise	 vs.	 nearest	 neighbour),	
we	find	that	 there	were	few	relationships	between	the	drivers	we	
investigated	and	MPD‐based	diversity	or	composition.	Barak	et	al.	
(2017)	 suggest	 that	 the	 community	 phylogenies	 of	 tallgrass	 prai-
rie	restorations	may	tend	to	have	similar	deep‐branch	architecture	
despite	 variations	 in	management	 or	 site	 due	 to	 consistent	 repre-
sentation	 by	 particular	 core	 prairie	 families	 such	 as	 Asteraceae,	
Poaceae,	Fabaceae	and	Lamiaceae.	The	success	of	these	families	in	
restorations	may	contribute	to	the	general	pattern	of	phylogenetic	
clustering	 indicated	 by	 negative	PD	values	 (visible	 in	 Figure	 1c,d).	
When	we	did	detect	patterns	of	phylogenetic	variation,	it	was	more	
commonly	observed	with	MNTD‐based	descriptions	of	diversity	and	
composition,	which	might	be	because	some	of	the	potential	drivers	
we	investigated	represent	fairly	short	gradients.	Prescribed	fire	was	
frequent	at	most	sites	and	soil	environments	might	be	relatively	ho-
mogenous,	 likely	 leading	to	turnover	among	related	species	rather	
than	 among	 deep‐diverging	 lineages	 (Cavender‐Bares	 &	 Reich,	
2012).	A	similar	turnover	among	Poaceae	relatives	occurred	across	
fire	 frequency	 gradients	 (Forrestel	 et	 al.,	 2014)	 and	 precipitation	
gradients	(Forrestel	et	al.,	2017)	in	North	American	tallgrass	prairies	
and	in	South	African	grasslands:	Poaceae	overall	remained	common	
across	the	gradients,	but	turnover	occurred	among	grass	tribes	and	
even	among	species	within	these	tribes.	Although	polytomies	in	our	
phylogeny	 may	 reduce	 resolution	 of	 phylogenetic	 patterns,	 these	
were	 terminally	 located	 (mostly	within‐family	 and	 ‐genus),	 but	we	
still	 documented	MNTD‐based	 patterns.	 Deeper‐branching	 topol-
ogy	was	well	resolved,	indicating	that	the	general	absence	of	MPD‐
based	 relationships	 is	 not	 an	 artefact	 of	 our	 phylogeny	 (Swenson,	
2009).

There	 frequently	 was	 much	 unexplained	 variation	 in	 our	
models	based	on	adjusted	R2,	 perhaps	because	 the	 initial	 condi-
tions	 (precipitation	 and	 seed	 richness)	 and	management	 actions	
(prescribed	 fire)	we	 studied	were	 described	 somewhat	 coarsely.	
Incorporating	more	 details	 on	 seed	mix	 composition,	 first‐grow-
ing‐season	 weather,	 and	 other	 management	 actions	 beyond	
prescribed	fire	could	further	clarify	the	drivers	of	grassland	resto-
ration	diversity	and	composition.	In	particular,	these	might	provide	
more	precise	predictions	of	phylogenetic	community	composition,	
in	 which	 little	 or	 no	 variation	 was	 explained	 here	 compared	 to	
taxonomic	composition.	 Incorporating	functional	 traits	will	 likely	
shed	 light	 on	 these	 relationships	 (or	 lack	 thereof)	 by	 linking	 site	

and	management	drivers	to	specific	plant	characteristics	because	
functional	 trait	 composition	 may	 capture	 additional	 information	
and	 provide	 a	more	 comprehensive	 picture	 of	 assembly	 beyond	
phylogenetic	 information	alone	 (Khalil	et	al.,	2018).	 It	 is	possible	
that	some	of	the	traits	responding	to	short	environmental	gradi-
ents	in	restored	prairies	lack	strong	phylogenetic	signal,	especially	
at	 the	deeper	phylogenetic	patterns	 reflected	by	MPD,	 resulting	
in	 few	 associations	 with	 phylogenetic	 community	 structure.	 In	
these	situations,	incorporating	intraspecific	variation	in	functional	
traits	may	be	helpful	(Albert	et	al.,	2010;	Kichenin,	Wardle,	Peltzer,	
Morse,	&	Freschet,	2013;	Niu,	He,	&	Lechowicz,	2016),	especially	
considering	 that	 intraspecific	 variation	 among	 populations	 of	
dominant	species	can	differentially	shape	the	PD	of	the	surround-
ing	community	(Khalil	et	al.,	2017,	2018).	Finally,	a	recent	analysis	
of	tree	responses	to	drought	examined	plant	transcriptomes	and	
showed	 that	 transcriptomic	 similarities	 better	 predicted	 distri-
butions	and	co‐occurrences	than	phylogenetic	or	functional	trait	
similarity	(Swenson	et	al.,	2017).	Transcriptomics	may	represent	a	
potential	avenue	to	better	explain	plant	responses	to	not	just	pre-
cipitation,	but	also	additional	environmental	drivers	that	structure	
restored	plant	communities.

In	summary,	the	influences	of	initial	conditions	and	management	
of	 tallgrass	 prairie	 restorations	 indicate	 that	 first‐year	 precipita-
tion	may	 act	 as	 a	 strong	 filter	 to	 influence	 taxonomic	 community	
structure,	but	weak	or	absent	effects	on	phylogenetic	 community	
measures	 suggests	 that	 there	are	not	 large	differences	 in	drought	
tolerance	among	phylogenetic	groups	that	would	drive	differences	
in	 PD	 or	 composition.	 Declines	 in	 taxonomic	 diversity	 as	 resto-
rations	age	or	time	since	the	last	prescribed	fire	increases	are	con-
sistent	with	competitive	exclusion	as	an	assembly	mechanism.	That	
age	and	 fire	generally	explained	more	variation	 in	 taxonomic	 than	
phylogenetic	 community	 structure	 also	 supports	 the	 assumption	
that	competition	as	a	mechanism	occurs	among	close	relatives	such	
that	species	losses	do	not	cause	large	changes	in	overall	community	
phylogenetic	structure.	Lastly,	our	study	and	results	underscore	the	
value	of	 restorations	with	detailed	historical	 records	 to	answering	
basic	ecological	questions.	Information	on	pre‐restoration	site	con-
ditions,	management	decision	at	the	time	of	establishment,	and	later	
ongoing	management	actions	not	only	help	natural	resource	manag-
ers	better	meet	the	conservation	goals	of	ecosystem	restoration,	but	
may	also	contribute	to	a	deeper	ecological	understanding	of	these	
systems.
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