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Abstract
1.	 Unifying	ecosystem	ecology	and	evolutionary	biology	promises	a	more	complete	
understanding	of	the	processes	that	link	different	levels	of	biological	organization	
across	space	and	time.	Feedbacks	across	levels	of	organization	link	theory	associ-
ated	with	eco-evolutionary	dynamics,	niche	construction	and	the	geographic	mo-
saic	theory	of	co-evolution.

2.	 We	describe	a	conceptual	model,	which	builds	upon	previous	work	 that	 shows	
how	feedback	among	different	levels	of	biological	organization	can	link	ecosystem	
and	evolutionary	processes	over	space	and	time.	We	provide	empirical	examples	
across	terrestrial	and	aquatic	systems	that	indicate	broad	generality	of	the	con-
ceptual	framework	and	discuss	its	macroevolutionary	consequences.

3.	 Our	conceptual	model	is	based	on	three	premises:	genetically	based	species	inter-
actions	can	vary	spatially	and	temporally	from	positive	to	neutral	(i.e.	no	net	feed-
back)	 to	 negative	 and	 drive	 evolutionary	 change;	 this	 evolutionary	 change	 can	
drive	divergence	in	niche	construction	and	ecosystem	function;	and	lastly,	such	
ecosystem-level	 effects	 can	 reinforce	 spatiotemporal	 variation	 in	 evolutionary	
dynamics.	Just	as	evolution	can	alter	ecosystem	function	locally	and	across	the	
landscape	differently,	variation	in	ecosystem	processes	can	drive	evolution	locally	
and	across	the	landscape	differently.

4.	 By	highlighting	our	current	knowledge	of	eco-evolutionary	feedbacks	in	ecosys-
tems,	as	well	as	information	gaps,	we	provide	a	foundation	for	understanding	the	
interplay	between	biodiversity	and	ecosystem	function	through	an	eco-evolution-
ary	lens.
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1  | INTRODUC TION

A	critical	challenge	in	biology	is	to	understand	the	reciprocal	inter-
actions	 (hereafter,	 feedbacks)	between	ecological	and	evolutionary	
processes.	Evolution	in	a	focal	organism	can	alter	processes	occur-
ring	 at	 the	population,	 community	 and	ecosystem	 levels,	which	 in	
turn	can	feed	back	to	alter	subsequent	evolution	of	the	focal	organ-
ism	(Hendry,	2017).	This	eco-evolutionary	(eco-evo)	feedback	occurs	
because	 evolution	 can	 shift	 phenotypic	 variation	 in	 populations,	
which	can	alter	species	interactions	and	ecosystem	processes,	such	
as	energy	flow	and	nutrient	cycling	(Jones,	Lawton,	&	Shackak,	1994;	
Lindeman,	1942).	Further,	these	changes	to	energy	flow	and	nutrient	
cycling	can	vary	spatially	and	temporally	in	strength	and	direction,	
can	persist	 for	generations	via	 legacy effects	 and	can	 feed	back	 to	
shape	future	species	interactions.	Numerous	examples	suggest	that	
eco-evo	dynamics	are	ubiquitous;	however,	detecting	them	remains	
challenging	 because	 the	 net	 result	 of	 interacting	 feedbacks	 could	

range	 from	 positive	 to	 negative,	 and	 cumulatively	 appear	 neutral	
(Kinnison,	Hairston,	&	Hendry,	2015;	Schweitzer,	Juric,	Voorde,	Clay,	
&	Bailey,	2014).	Further,	the	drivers	and	consequences	of	variation	
in	eco-evo	feedbacks	across	levels	of	biological	organization,	spatial	
scales	and	time	are	unclear.	Here,	we	integrate	the	temporal	dynam-
ics	of	niche construction	theory	(NCT),	the	spatial	scale	of	geographic 
mosaic theory of co‐evolution	(GMT)	and	energy	and	nutrient	dynam-
ics	of	classic	ecosystem	ecology	(circa	Jenny,	1941;	Lindeman,	1942;	
Chapin,	Matson,	&	Vitousek,	2012),	to	provide	a	conceptual	frame-
work	to	link	ecosystem	ecology	and	evolution	(terminology	defined	
in	Box	1).	The	framework	presented	here	builds	upon	previous	work	
(Matthews	et	al.,	2014;	Van	Nuland	et	al.,	2016;	Post	&	Palkovacs,	
2009)	in	three	significant	ways:	first,	we	expand	a	conceptual	model,	
showing	three	levels	of	feedback	that	incorporate	temporal	and	spa-
tial	scales	that	are	explicitly	related	to	ecosystem state factors	and	the	
legacy	effects	of	past	species	interactions;	second,	we	provide	some	
empirical	examples	across	multiple	 terrestrial	 and	aquatic	 systems	

Box 1 Definitions of terms
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that	indicate	generality	of	this	conceptual	framework;	and	third,	we	
examine	potential	macroevolutionary	consequences	of	this	concep-
tual	framework.
Niche	construction	 is	 the	process	by	which	organisms	modify	and	
create	their	own	niche	or	that	of	other	interacting	organisms	(Odling-
Smee,	Laland,	&	Feldman,	2003).	Niche	construction	varies	across	
populations	due	to	variation	in	phenotypes	that	directly	or	indirectly	
affect	environments	through	genetically	based	species	interactions.	
Ecosystem processes	 cumulatively	 represent	 niche	 construction	
because	 they	 control	 the	 input,	 loss	 and	 transfer	of	materials	 and	
energy	to	and	from	the	ecosystem,	are	mediated	by	phenotypic	in-
teractions	within	communities	and	can	reinforce	patterns	of	pheno-
typic	 interactions	on	the	 landscape	 (Genung,	Bailey,	&	Schweitzer,	
2013),	all	of	which	can	alter	pattern	selection.	For	example,	ecosys-
tem	processes	such	as	energy	flow	across	trophic	levels	and	nutrient	
cycling	(e.g.	decomposition	rates	in	soils,	nitrogen	and	phosphorous	
immobilization	in	soils)	in	terrestrial	ecosystems	occur	over	short	to	
long	time-scales	and	can	shift	in	response	to	genetic	variation	in	in-
teracting	phenotypes	 (Bailey	et	 al.,	 2014;	Schweitzer	et	 al.,	 2014).	
Interactions	among	phenotypes	(and	underlying	genotypes),	there-
fore,	 play	 an	 integral	 role	 in	 niche	 construction	 by	 altering	 com-
munities	and	ecosystems	 in	ways	 that	produce	 legacy	effects	and	
long-term	changes	in	ecosystem	pools	over	time	(Bailey	et	al.,	2009).	
Complementing	NCT,	the	GMT	explores	the	same	genetically	based	
interactions	 driving	 niche	 construction	 but	 along	 landscape-level	
environmental	gradients	such	as	climate,	other	organisms,	relief	and	
parent	material	(i.e.	ecosystem	state	factors;	Benkman,	1999;	Brodie,	
Ridenhour,	&	Brodie,	2002;	Chapin	et	al.,	2012;	Parchman,	Buerkle,	
Soria-Carrasco,	&	Benkman,	2016;	Van	Nuland,	Bailey,	&	Schweitzer,	
2017).	 Geographic	 variation	 in	 genetically	 based	 species	 interac-
tions,	gene	flow	and	natural	selection	leads	to	different	evolutionary	

outcomes	across	spatial	scales	(e.g.	co‐evolutionary hot spots and cold 
spots;	 sensu	 Thompson,	 1998,	 2005).	 However,	 ecosystem-level	
consequences	and	their	potential	feedbacks	to	population	dynamics	
are	rarely	considered	as	a	consequence	of	co-evolutionary	interac-
tions	across	spatial	scales.	Integrating	these	two	established	bodies	
of	 theory	may	help	our	understanding	of	how	different	 feedbacks	
emerge	across	multiple	levels	of	biological	organization,	further	link-
ing	population,	 community	and	ecosystem	processes	across	 space	
and	time.

2  | E X TENDING A CONCEPTUAL 
FR AME WORK

We	use	an	eco-evolutionary	framework	to	show	synthesis	between	
NCT	and	GMT	by	 incorporating	 feedbacks	 from	multiple	 levels	of	
organization	 to	 link	 scales	 of	 space	 and	 time	 (modified	 from	 Van	
Nuland	et	al.,	2016;	Figure	1).	This	builds	upon	and	reconciles	previ-
ous	work	in	community	and	ecosystem	genetics	(Bailey	et	al.,	2009;	
Des	 Roches	 et	 al.,	 2018;	 Schweitzer	 et	 al.,	 2012;	Whitham	 et	 al.,	
2006),	 eco-evolutionary	 dynamics	 (Genung	 et	 al.,	 2011;	 Hendry,	
2017;	Matthews	et	 al.,	 2014;	Post	&	Palkovacs,	 2009),	 niche	 con-
struction	 theory	 (Kylafis	 &	 Loreau,	 2008;	 Odling-Smee,	 Erwin,	
Palkovacs,	Feldman,	&	Laland,	2013)	and	the	geographic	mosaic	the-
ory	of	co-evolution	(Thompson,	1998).	Together,	these	fields	show	
how	genetically	based	species	interactions	at	different	scales	gener-
ate	reciprocal	feedbacks	that	may	drive	ecological	(including	ecosys-
tem)	functions	through	time,	as	well	as	alter	evolutionary	processes	
across	 the	 landscape.	This	 synthesis	 shows	 the	common	elements	
in	these	areas	of	study	can	be	merged	theoretically	and	empirically	
to	quantify	when	 and	how	genetically	 based	 feedbacks	 can	occur	

F I G U R E  1  A	conceptual	illustration	of	
interacting	feedbacks	linking	genetically	
based	interactions,	niche	construction,	
ecosystem	dynamics	and	the	geographic	
mosaic	of	co-evolution.	Individual	
components	within	each	feedback	are	
defined	conceptually	to	express	how	
each	feedback	operates.	FB1	represents	
reciprocal,	genetically	based	interactions.	
FB2	shows	how	these	genetically	based	
interactions	can	influence	ecosystem	
engineering	and	niche	construction.	FB3 
shows	how	historical	contingency	of	past	
ecosystem-level	feedbacks	(i.e.	temporal	
dynamics	inherent	to	niche	construction)	
and	underlying	abiotic	origin	(e.g.	climatic	
gradients)	can	interact	and	feed	back	
to	influence	strength	and	reciprocity	of	
genetically	based	interactions	in	FB1	(i.e.	
integrating	NCT	and	the	GMT)
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among	species	across	space	and	time	to	influence	both	ecosystem	
and	evolutionary	processes.

In	the	simplest	case,	our	conceptual	model	shows	two	interact-
ing	 species	 (co-)evolving	 through	 time	 and	 along	 abiotic	 gradients	
of	ecosystem	state	factors	(space)	(Figure	1:	FB1,	genotype	×	geno-
type	[G×G]	interactions	and	reciprocal	selection;	Janzen,	1980).	The	
boxes	 in	FB1	 represent	heritable	trait	variation	for	each	 interactor	
(i.e.	 individual	traits,	trait	covariances	or	community-level	trait	ma-
trices).	The	evolutionary	consequences	of	FB1	can	vary	within	and	
among	communities	and	geographically,	ranging	from	non-evolving	
interactions	 to	 tightly	 coevolving	 interactions	 (Thompson,	 2005).	
On	this	spectrum,	the	majority	of	eco-evolutionary	interactions	are	
likely	the	product	of	diffuse	(co-)evolution,	and	this	heterogeneity	in	
G×G	interactions	along	abiotic	gradients	will	produce	variation	in	the	
strength	and	reciprocity	of	selection	across	the	landscape.	The	same	
genetically	based	species	interactions	drive	variation	in	energy	flow	
and	nutrient	cycling	through	processes	such	as	trophic	interactions,	
decomposition	 and	 nutrient	 transformation	 (i.e.	 ecosystem	 engi-
neering).	Niche	construction	occurs	when	the	abiotic	environmen-
tal	variation	 (i.e.	energy	and	nutrients)	 that	 is	 the	result	of	species	
interactions	over	time	(i.e.	legacy	effects)	feeds	back	to	affect	con-
temporary	population	and	community	dynamics	in	the	next	genera-
tion	(FB2).	For	example,	genetically	based	species	interactions	lead	
to	changes	in	trophic	dynamics	and	nutrient	cycling	influencing	the	
processes	that	build	a	niche	(alteration	of	physical	or	chemical	condi-
tions)	and	change	natural	selection	across	temporal	scales.	Because	
the	 cumulative	 effects	 of	 FB1 and FB2	 (i.e.	 species	 interactions,	
their	ecosystem	effects	and	 feedbacks)	can	vary	geographically	 in	
strength	and	direction	along	environmental	gradients	representative	
of	ecosystem	state	factors,	the	conceptual	model	directly	integrates	
the	 temporal	dynamics	of	NCT	with	 the	 spatial	 scale	of	 the	GMT.	
Finally,	NCT	and	GMT	can	be	further	integrated	by	the	cumulative	
effects	of	past	species	interactions	(FB3).	Feedback	3	starts	with	the	
original	abiotic	gradient	of	ecosystem	state	factors	that	underlie	FB1 
and FB2.	Feedback	3	 is	driven	by	and	can	change	due	to	 the	slow	
alteration	of	the	ecosystem pool	from	the	legacy	effects	of	FB1	(Van	
Nuland,	Ware,	Bailey,	&	Schweitzer,	2019;	Vitousek,	2004;	Wooliver,	
Pfennigwerth,	 Bailey,	 &	 Schweitzer,	 2016;	 Wooliver	 et	 al.,	 2018;	
Figure	 1).	 The	 ecosystem	 pool	 is	 composed	 of	 the	 abiotic	 factors	
(e.g.	nutrient	pools,	pH)	that	change	over	time	and	vary	across	spa-
tial	scales	and	is	affected	by	the	initial	conditions,	climate	and	other	
factors	that	were	present	when	the	eco-evo	dynamics	“started”	(e.g.	
abiotic origin).	 The	 historical	 ecosystem	 pool	 can	 change	 through	
time	due	 to	gradual	effects	of	past	 species	 interactions	 related	 to	
FB1 and FB2,	 as	 the	 ecosystem	pool	 and	 the	historical	 ecosystem	
pool	covary	(Van	Nuland	et	al.,	2019;	Vitousek,	2004).	The	eco-evo	
feedback	 at	 this	 scale	 can	 be	 thought	 of	 as	 historical contingency 
because	 contemporary	 interactions	 are	 contingent	on	 the	ecosys-
tem-wide	effects	of	prior	interactions	that	vary	geographically	(Van	
Nuland	et	al.,	2017,	2016;	Senior	et	al.,	2018).	First,	the	interactions	
that	 constitute	FB1	 (Figure	1)	 are	 not	 restricted	 to	 populations	of	
different	species	but	can	also	occur	among	individuals	within	a	pop-
ulation	(e.g.	Turcotte,	Reznick,	&	Hare,	2011)	or	among	populations	

(e.g.	 assortative	mating).	 Second,	 the	 diffuse	 nature	 of	 coevolving	
ecological	 interactions	on	the	 landscape	 is	a	product	of	gene	flow	
among	 populations,	 spatial	 structure	 of	 genetically	 based	 interac-
tions	(e.g.	regional	species	pools)	and	the	reciprocity	of	selection	in	
those	genetically	based	 interactions.	This	diffuse	 (co-)evolutionary	
dynamic	gives	rise	to	a	geographic	mosaic	of	“hot	spots”	and	“cold	
spots”	of	co-evolution	 (Thompson,	2005);	however,	we	know	little	
about	how	variation	in	FB1	might	shape	the	functions	of	ecosystems	
(Bailey	et	al.,	2014;	Schweitzer,	Nuland,	&	Bailey,	2018).

Empirical	evidence	of	these	points	furthers	our	understanding	of	
eco-evolutionary	dynamics	as	well	as	the	genetic	and	environmen-
tal	factors	that	determine	phenotypes	over	time	and	space.	We	use	
three	examples	from	terrestrial	and	aquatic	systems	to	demonstrate	
the	 broad	 applicability	 of	 these	 concepts	 and	which	 of	 the	 three	
feedbacks	 from	 Figure	 1	 have	 been	 demonstrated	 empirically	 to	
date.	Further,	we	identify	and	explore	research	frontiers	to	demon-
strate	paths	forward	in	understanding	how	eco-evo	feedbacks	link	
population,	community	and	ecosystem-level	processes	across	space	
and	time.

3  | E VIDENCE OF ECO ‐E VOLUTIONARY 
FEEDBACKS ACROSS TERRESTRIAL AND 
AQUATIC SYSTEMS

3.1 | Ecosystem effects of evolution in plant–
herbivore interactions

Evolution	 resulting	 from	 plant–herbivore	 interactions	 is	 likely	 to	
shape	ecosystems	when	 the	genetic	variation	mediating	 the	 inter-
action	 is	correlated	with	both	fitness	and	ecosystem-level	effects.	
Direct	 evidence	 and	 indirect	 evidence	 of	 the	 co-evolutionary	 dy-
namic	 of	 plant–herbivore	 interactions	 (Figure	 2:	 FB1)	 exist,	 but	
empirical	 evidence	 of	 ecosystem	 feedbacks	 resulting	 from	 plant–
herbivore	 interactions	 (FB2)	 remains	 scarce.	 However,	 studies	 in-
vestigating	the	ecological	importance	of	genetic	variation	in	plants	
and	 herbivores	 provide	 compelling	 evidence	 that	 contemporary	
evolution	as	a	result	of	plant–herbivore	 interactions	can	have	eco-
system-level	effects	(Figure	2:	ecosystem	engineering	side	of	FB2).	
For	example,	Classen,	Chapman,	Whitham,	Hart,	and	Koch	 (2007),	
Classen,	Chapman,	Whitham,	Hart,	and	Koch	(2013)	demonstrated	
that	piñon	pine	 (Pinus edulis)	 susceptibility	 to	 a	 scale	 insect	herbi-
vore	is	correlated	with	plant	traits	that	increased	nitrogen	(N)	cycling	
through	 litter	 decomposition	 but	 reduced	N	 and	 carbon	 (C)	 accu-
mulation	 in	 soil	 over	 decades.	Additionally,	 selective	 consumption	
of	particular	plants	(e.g.	Bailey	et	al.,	2004;	Belovsky	&	Slade,	2000;	
Yang	&	Gratton,	2014),	induction	of	defence	compounds	(Katayama,	
Silva,	Kishida,	&	Ohgushi,	2013;	Schweitzer,	Bailey,	Hart,	&	Whitham,	
2005),	herbivore	genetics	(Kant,	Sabelis,	Haring,	&	Schuurink,	2008;	
Turley	&	 Johnson,	 2015;	Zytynska	 et	 al.,	 2016)	 and	differences	 in	
the	quality	of	insect	herbivore	excretions	can	influence	soil	N	avail-
ability	and	even	 feedback	 to	 influence	plant	production	 (Kagata	&	
Ohgushi,	2013).	Finally,	interacting	organisms	from	different	trophic	
groups	(e.g.	predators	(Schmitz	et	al.,	2008),	or	soil	micro-organisms	
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(Pineda,	 Dicke,	 Pieterse,	 &	 Pozo,	 2013)),	 could	 indirectly	 mediate	
the	ecosystem	effects	of	herbivory	(Utsumi,	2011).	Taken	together,	
these	studies	suggest	that	genetic	variation	mediating	the	 interac-
tion	between	plants	and	herbivores	can	exhibit	 feedbacks	 to	eco-
system	processes.

Growing	empirical	evidence	is	showing	ecosystem	effects	re-
sulting	from	evolution	in	plant–herbivore	interactions.	For	exam-
ple,	replicate	populations	of	Oenothera biennis	(a	North	American	
biennial	 forb)	 exposed	 to	 either	 ambient	 or	 reduced	 herbiv-
ory	 diverged	 in	 genotypic	 compositions	 after	 5	years	 (Agrawal,	
Hastings,	 Johnson,	 Maron,	 &	 Salminen,	 2012).	 Using	 the	 same	
experimental	evolution	study,	Fitzpatrick	et	al.	 (2015)	 found	sig-
nificant	effects	of	both	the	direction	and	the	magnitude	of	plant	
evolution	on	 litter	decomposition	and	soil	N	mineralization	rates	
occurred	within	experimental	plots.	Evidence	of	evolutionary	di-
vergence	on	O. biennis seedling	performance	in	soil	collected	from	
each	of	 the	experimental	plots	was	found,	suggestive	of	an	eco-
evo	feedback	(Figure	2:	FB2).	From	the	herbivore	side,	although	a	
long	history	of	investigating	contemporary	evolution	exists	(espe-
cially	 in	 an	 agricultural	 context;	Gould,	 1991;	Via,	 1990),	 the	ef-
fects	of	herbivore	evolution	on	ecosystem	processes	are	unclear.	
The	evolution	of	traits	that	increase	herbivore	population	growth	
would	be	expected	to	increase	plant	consumption.	This	could	re-
sult	 in	 increased	 herbivore-derived	 resources	 or	 induced	 plant	
defences,	 both	 of	 which	 could	 have	 ecosystem	 effects	 (Yang	 &	
Gratton,	 2014).	 In	 the	 green	 peach	 aphid,	 Turcotte	 et	 al.	 (2011)	

found	that	evolution	of	increased	population	growth	rates	did	not	
affect	host	plant	biomass,	while	Turley	and	Johnson	(2015)	found	
negative	effects	dependent	on	host	plant	species.	These	few	stud-
ies	 provide	 direct	 evidence	 that	 evolution	 resulting	 from	 plant–
herbivore	 interactions	 can	 have	 ecosystem-level	 consequences.	
Even	 less	 is	 known	 about	 how	 landscape-level	 variation	 in	 the	
strength	of	plant–herbivore	interactions	may	drive	eco-evo	feed-
back	(Figure	2:	FB3).	The	necessary	ingredients	for	FB3	exist:	geo-
graphic	clines	 in	both	heritable	plant	defence	 traits	 (e.g.	Anstett	
et	al.,	2015)	and	the	strength	of	plant–herbivore	interactions	(e.g.	
Benkman,	1999;	Pennings	&	Silliman,	2005).	Thus,	landscape-level	
variation	in	eco-evo	feedback	due	to	plant–herbivore	interactions	
is	 likely	common.	Our	conceptual	approach	highlights	a	way	 for-
ward	for	examining	how	plant–herbivore	interactions	(FB1)	shape	
ecosystem	pools	and	processes	that	may	feedback	(FB2)	to	influ-
ence	 ecosystem-level	 evolutionary	 effects	 at	 landscape	 scales	
(FB3).

3.2 | Ecosystem consequences of evolution in 
aquatic systems

Eco-evolutionary	 feedbacks	 in	 aquatic	 ecosystems	 have	 been	
studied	 primarily	 through	 the	 perspectives	 of	 trophic	 interactions	
and	 nutrient	 recycling	 (Matthews,	 Narwani	 et	 al.,	 2011b;	 Post	 &	
Palkovacs,	 2009;	 Schoener,	 2011).	 The	presence	of	 eco-evo	 feed-
backs	in	aquatic	microcosms	is	now	incontrovertible	with	evidence	

F I G U R E  2  A	conceptual	illustration	of	the	various	feedbacks	occurring	between	plants,	herbivores	and	ecosystems.	Feedback	1	(Panel	a:	
FB1)	is	the	co-evolution	between	plants	and	herbivores	caused	by	reciprocal	natural	selection.	FB1	can	alter	ecosystem	processes	because	
heritable	traits	mediating	plant–herbivore	interactions	are	often	correlated	with	ecosystem-level	effects	(Panel	b:	secondary	metabolite	
production	in	plants	alters	soil	N	availability;	e.g.	Schweitzer	et	al.,	2004).	The	ecosystem-level	effects	of	plant	defence	evolution	can	
feed	back	to	influence	subsequent	plant–herbivore	interactions,	due	to	the	effects	of	altered	ecosystem	processes	on	plant	performance	
(Panels	a	and	b:	FB2;	e.g.	Fitzpatrick	et	al.,	2015).	In	addition	to	local	ecosystem	processes,	plant–herbivore	interactions,	and	the	feedbacks	
they	initiate,	are	affected	by	variation	in	the	abiotic	and	biotic	environments	across	the	landscape	(Panel	a:	FB3).	Edaphic	features,	climate	
and	biotic	factors,	such	as	community	composition	and,	over	longer	time-scales,	the	regional	rates	of	speciation	and	extinction,	cause	this	
landscape-level	variation	in	the	environment.	Dashed	lines	highlight	current	knowledge	gaps	in	this	system

Plants

Herbivores

Ecosystem 
Processes

Historical Abiotic 
Soil Properties

Abiotic Origin

FB1 drives ecosystem 
processes

FB1: co-evolution between 
plants and herbivores

FB2: ecosystem 
processes a ect plant–
herbivore interactions

FB3: Landscape  
variation in FB2 creates  
Geographic Mosaic of 

Eco-Evo plant–herbivore 
interactions

B

P
la

nt
 r

es
is

ta
nc

e

Secondary metabolites 

H
er

b
iv

or
e 

p
er

fo
rm

an
ce

Ecosystem-relevant trait?

Feedback 1

Ecosystem processFeedback 2

Reciprocal natural selection 
drives co-evolution between 
plants and herbivores

Ecosystem effects of evolution
feedback to influence subsequent 
plant–herbivore interactions

e.g. litter decay, soil nutrient availability
and soil community composition.

FB1 drives ecosystem process
when traits mediating the plant–
herbivore interaction are correlated
with ecosystem-level effects

Soil N availability

S
ec

on
d

ar
y 

m
et

ab
ol

ite
s 

Soil N availability

P
la

nt
 g

ro
w

th
 r

at
e

(A) (B)



36  |    Functional Ecology WARE Et Al.

for	 eco-evo	 effects	 outside	 of	 laboratory	 experiments	 for	 a	wide	
variety	of	aquatic	 taxa,	 including	zooplankton	 (Matthews,	Hausch,	
Winter,	Suttle,	&	Shurin,	2011a;	Miner,	Meester,	Pfrender,	Lampert,	
&	 Hairston,	 2012),	 aquatic	 macroinvertebrates	 (Ousterhout,	
Graham,	Hasik,	Serrano,	&	Siepielski,	2018),	amphibians	(Reinhardt,	
Steinfartz,	Paetzold,	&	Weitere,	2013;	Urban,	2013)	and	fishes	(Auer	
et	al.,	2018;	Carlson,	Quinn,	&	Hendry,	2011;	Fryxell	&	Palkovacs,	
2017;	Tuckett,	Simon,	&	Kinnison,	2017).	Here,	we	detail	evidence	
for	 feedbacks	 in	 three	 fish	 study	 systems—alewife,	 guppies	 and	
threespine	stickleback	in	the	context	of	Figure	1.

It	 is	 clear	 that	 species	 interactions	 and	 trophic	 position	 can	
drive	 eco-evo	 feedback	 in	 multiple	 fish	 systems	 (Figure	 3:	 FB1; 
Palkovacs	 &	 Post,	 2008,	 Post,	 Palkovacs,	 Schielke,	 &	 Dodson,	
2008).	For	example,	the	evolution	of	freshwater	resident	alewife	
populations	 shapes	 the	 seasonality	of	 predation	on	 zooplankton	

communities.	 Year-round	 predation	 reduces	 zooplankton	 body	
size,	thereby	creating	an	eco-evo	feedback	that	selects	for	smaller	
alewife	 gape	 and	 gill	 raker	 spacing	 (Palkovacs	 &	 Post,	 2008).	
The	 ecological	 effects	 of	 alewife	 divergence	 also	 have	 impacts	
on	 the	 evolution	 of	 alewife	 prey	 (Walsh	&	 Post,	 2011),	 compet-
itors	 (Huss,	 Howeth,	 Osterman,	 &	 Post,	 2014)	 and	 predators	
(Brodersen,	 Howeth,	 &	 Post,	 2015).	 In	 guppy	 populations,	 fish	
predators	 increase	mortality	 rates	 and	decrease	guppy	densities	
(Figure	3:	FB1a;	 Reznick,	Bryga,	&	Endler,	 1990;	Reznick,	Butler,	
Rodd,	&	Ross,	1996).	These	ecological	changes	shape	guppy	feed-
ing	 traits	 (Palkovacs,	Wasserman,	&	Kinnison,	 2011;	Zandonà	 et	
al.,	2011),	which	 in	 turn	alter	 invertebrate	and	periphyton	abun-
dances	(Figure	3:	FB1b;	Palkovacs	et	al.,	2009;	Bassar	et	al.,	2010).	
Changes	in	guppy	density	and	resource	availability	appear	to	un-
derlie	the	evolution	of	guppy	life-history	traits,	including	age	and	

F I G U R E  3  A	conceptual	illustration	of	the	various	feedbacks	occurring	between	fish	predators,	invertebrate	prey	and	primary	producers	
in	aquatic	ecosystems.	Feedback	1a	and	1b	(Panel	a:	FB1a	&	1b)	represents	the	evolutionary	interactions	driven	by	predator–prey	and	
consumer–resource	dynamics.	Cumulative	effects	of	the	trophic	interactions	and	nutrient	excretions	represented	in	FB1	can	alter	ecosystem	
processes	and	feed	back	to	influence	changes	to	aquatic	prey	community	(see	Panel	a:	FB2;	Panel	b	FB	1	and	2).	Hypothetical	data	in	Panel	
b	are	representative	of	findings	from	the	Trinidadian	guppy	system	(FB1a:	Reznick	et	al.,	1990;	Reznick	et	al.,	1996,	Palkovacs	et	al.,	2011;	
Zandonà	et	al.,	2011;	FB1b:	Palkovacs	et	al.,	2009;	Bassar	et	al.,	2010;	Bassar	et	al.,	2013;	FB2:	El-Sabaawi	et	al.,	2015)
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F I G U R E  4  A	conceptual	illustration	of	various	feedbacks	occurring	between	Populus angustifolia,	tree-associated	soil	microbiome	and	
local	to	landscape-level	environmental	contexts.	Feedback	1	(Panel	A:	FB1)	is	the	genetically	based	plant–soil	feedback	between	plant	traits	
and	soil	microbiota.	Feedback	1	can	alter	ecosystem	processes	as	both	plants	and	soil	microbes	directly	(Panel	C:	FB1 and FB2,	Van	Nuland	
et	al.,	2017)	alter	soil	nitrogen	pools,	soil	carbon	pools	and	soil	pH,	which	in	turn	reinforces	geographic	variation	in	plant–soil	feedback	(Panel	
A:	FB2).	Feedback	3	(Panel	A:	FB3)	is	exhibited	by	showing	geographic	variation	in	existing	PSF	(FB1)	across	home	and	away	soil	inoculation	
treatments	(Panel	B,	FB1 and FB3:	Schweitzer	et	al.,	2018),	likely	driven	by	differences	in	abiotic	and	biotic	environmental	contexts.	Panel	c	
shows	how	plant–soil	feedbacks	(PSF)	are	related	to	the	strength	of	soil	conditioning	across	elevation	gradients.	The	effect	of	(a)	soil	carbon	
(C)	and	(b)	soil	nitrogen	(N)	conditioning	(i.e.	the	standardized	difference	between	conditioned	and	unconditioned	soil	locations,	ecosystem 
engineering (FB2),	positively	relates	to	feedback	effects	(FB1	&	FB2)	for	interior	trees,	but	not	edge	trees	(geographic	variation	resulting	from	
FB3).	Soil	pH	conditioning	(c)	did	not	predict	interior	or	edge	PSF.	Solid	lines	depict	significant	regressions	with	grey	areas	representing	95%	
confidence	interval,	and	dashed	lines	represent	insignificant	regressions
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size	at	maturity	(Bassar,	Lopez-Sepulcre,	Reznick,	&	Travis,	2013).	
This	 change	 in	 body	 size,	 in	 turn,	 alters	 nutrient	 recycling	 rates	
(Figure	3:	FB2;	El-Sabaawi	et	al.,	2015).	In	stickleback	populations,	
fish	predators	specialized	on	either	pelagic	or	littoral	prey	reshape	
prey	 community	 structure	 through	 alternative	 feeding	 prefer-
ences	(Des	Roches,	Shurin,	Schluter,	&	Harmon,	2013;	Harmon	et	
al.,	 2009).	 Stickleback	 specialized	 on	 either	 stream	or	 lake	 habi-
tats	reduce	their	favoured	prey,	causing	a	negative	eco-evo	feed-
back	 in	mesocosms	that	 favours	 the	alternative	 type	 (Matthews,	
Aebischer,	 Sullam,	 Lundsgaard-Hansen,	 &	 Seehausen,	 2016).	
Further,	a	recent	mesocosm	experiment	showed	how	patterns	of	
phenotypic	variation	between	 lakes	can	 lead	 to	differential	prey	
depletion	and	ecosystem	modification,	feeding	back	into	selection	
regimes	 (Best	et	al.,	2017).	Similarly,	 several	 studies	have	shown	
how	environmental	context,	such	as	nutrient	environment,	 influ-
ences	 FB1	 (see	 Brunner,	 Anaya-Rojas,	 Matthews,	 &	 Eizaguirre,	
2017;	Declerck	 et	 al.,	 2015;	 Tuckett	 et	 al.,	 2017).	 The	 presence	
of	 sticklebacks	 has	 been	 shown	 to	 influence	 aquatic	 food	webs	
and	 ecosystem	 pools	 (see	 Limberger	 et	 al.,	 2018),	 and	 if	 similar	
ecological	and	ecosystem	dynamics	could	feed	back	to	have	evolu-
tionary	ramifications	across	trophic	levels	and	vary	geographically	
(similar	 to	Best	et	al.,	2017),	FB3	may	arise.	As	with	plant–herbi-
vore	interactions,	little	information	currently	exists	regarding	how	
FB1 and FB2	may	vary	across	environmental	gradients	to	generate	
variation	in	ecosystem	pools	and	processes	that	may	drive	and	re-
inforce FB3.	Understanding	how	the	legacy	effects	of	FB1 and FB2 
influence FB3	 represents	an	 important	future	research	challenge	
in	aquatic	systems.

3.3 | Ecosystem consequences of evolution in plant–
soil feedbacks

Plants	 alter	 the	 soils	 in	which	 they	grow,	 and	evidence	 that	 these	
modifications	can	feed	back	to	influence	the	same	or	different	plants	
represents	a	 rich	and	growing	mechanism	for	a	variety	of	ecologi-
cal	 phenomena	 (Van	 der	 Putten,	 Bradford,	 Brinkman,	 Voorde,	 &	
Veen,	 2016;	 Schweitzer	 et	 al.,	 2012).	 Within	 Populus (and	 many	
other	plant	 taxa),	population-level	approaches	show	evidence	 that	
tree	 genotypes	 condition	 and	 host	 distinct	microbial	 communities	
(Figure	4A:	FB1),	and	differentially	influence	soil	nutrient	dynamics	
(Cregger	et	al.,	2018;	Schweitzer	et	al.,	2008,	2004),	which	can	feed	
back	 to	 influence	 plant	 productivity	 and	 performance	 (Figure	 4B;	
FB1	 &	 FB2).	 Further,	 as	 plant-driven	 soil	 nutrient	 conditioning	 in-
creases,	so	does	the	strength	of	plant–soil	feedback,	which	demon-
strates	that	FB1 and FB2	are	related	and	vary	geographically,	directly	
linking	 populations,	 communities	 and	 ecosystems	 (Figure	 4C,	 Van	
Nuland	et	al.,	2017).	When	this	occurs	over	long	time	periods	across	
environmental	 gradients	 (Figure	1:	FB3),	 ecosystem	processes	 can	
drive	population-level	divergence.	The	best	observational	example	
for FB3 is	evidenced	by	the	long-term	soil	nutrient	gradient	across	
the	Hawaiian	Islands	in	which	divergent	populations	of	Metrosideros 
polymorpha	 resulted	 from	 differences	 in	 litter	 traits	 that	 acceler-
ated	or	slowed	nutrient	cycling	depending	on	their	position	along	a	

soil	 fertility	gradient	 (Treseder	&	Vitousek,	2001;	Vitousek,	2004).	
However,	Van	Nuland,	et	al.	(2019)	provide	further	direct	evidence	
integrating	FB's 1–3	across	a	landscape-level	soil	fertility	gradient.

Together,	these	empirical	results	in	both	terrestrial	and	aquatic	
systems	 show	unequivocally	 that	 the	 ecosystem	 consequences	 of	
genetic-based	species	 interactions	and	niche	construction	vary	 (or	
will	likely	vary)	across	spatial	environments.	They	provide	evidence	
for	multiple	 types	of	 feedback,	 primarily	 through	 the	evolution	of	
trophic	interactions.	Although	the	means	and	specific	evolutionary	
mechanisms	differ	among	plants	and	herbivores,	among	predators	
and	prey,	and	with	both	trophic	and	non-trophic	interactions	among	
plants,	micro-organisms	and	soils,	feedbacks	over	time	connect	pop-
ulations,	 communities,	 and	 ecosystem	pools	 and	 processes	 across	
space.

4  | CONCLUSIONS AND FUTURE 
DIREC TIONS

Here,	an	expanded	conceptual	framework	links	ecosystem	ecology	
and	evolution	by	integrating	genetically	based	species	interactions,	
NCT	and	GMT	to	highlight	feedbacks	over	time	and	space.	To	date,	
empirical	 evidence	 and	 theoretical	 evidence	 show	 that	 feedbacks	
from	multiple	 levels	of	organization	can	vary	 in	 strength	and	 reci-
procity	 and	may	 be	mediated	 by	 both	 direct	 and	 indirect	 interac-
tions	and	by	the	environmental	context	 in	which	such	interactions	
take	place.	The	examples	outlined	above	show	that	genetically	based	
species	 interactions	 (FB1)	 have	 consequences	 for	 both	 ecosystem	
and	 evolutionary	 processes.	 Though	 there	 is	 little	 direct	 evidence	
of FB2	 in	the	plant–herbivore	example,	the	aquatic	predator–prey–
producer	and	plant–soil–microbe	examples	show	patterns	of	ecosys-
tem-level	effects	that	directly	alter	evolutionary	processes.	Limited	
empirical	 information	currently	exists	 for	FB3	 in	both	plant–herbi-
vore	interactions	and	aquatic	trophic	dynamics,	but	we	show	direct	
evidence	 that	 ecosystem-level	 effects	of	plant–soil–microbe	 inter-
actions	vary	geographically,	reinforcing	FB1 and FB2	and	providing	
examples	of	context	dependency	in	feedbacks	supporting	this	con-
ceptual	framework.

As	 outlined	 above,	 growing	 empirical	 evidence	 is	 beginning	 to	
clarify	linkages	between	evolving	trophic	dynamics	and	differences	
in	nutrient	cycling	rates.	In	all	three	systems,	improving	knowledge	
of	 environmental	 context	 (FB3)	 is	 critical	 for	 understanding	 the	
strength	 and	 reciprocity	 of	 ecological	 and	 evolutionary	 dynamics	
in	experimental	(and	natural)	settings.	For	example,	eutrophication	
levels	are	being	 included	as	treatments	 in	many	aquatic	studies	to	
examine	how	ecosystem-level	differences	and	environmental	con-
text	may	mediate	eco-evo	dynamics	(Brunner	et	al.,	2017;	Declerck	
et	al.,	2015;	Tuckett	et	al.,	2017).	In	terrestrial	systems,	growing	ev-
idence	shows	the	importance	of	ecosystem	legacy	effects	in	plant–
herbivore	 and	 plant–soil	 interactions	 (e.g.	 Fitzpatrick	 et	 al.,	 2015;	
Pregitzer,	Bailey,	Hart,	&	Schweitzer,	2010,	Van	Nuland	et	al.,	2017,	
2019).	Further	 integrating	 large-scale,	geographic	approaches	with	
ecosystem	 perspectives	 (including	 ecosystem	 state	 factors)	 will	
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likely	improve	our	understanding	of	how	the	interplay	among	phe-
notypes,	 trophic	 dynamics	 and	 environmental	 context	 influences	
both	ecosystem	and	evolutionary	processes	 in	aquatic	and	 terres-
trial	ecosystems.

Demonstrating	FB's 1–3	at	macroevolutionary	scales	will	improve	
understanding	 of	 how	 feedbacks	 across	 time	 and	 space	 (Figure	 1)	
have	 long-term	 consequences	 for	 patterns	 of	 biodiversity	 (Weber,	
Wagner,	Best,	Harmon,	&	Matthews,	2017).	For	example,	Wooliver	et	
al.	(2017)	showed	that	Eucalyptus	spp.	species	differ	in	their	capacities	
to	use	N	for	growth.	Such	evolutionary	divergence	across	species	was	
found	 to	be	associated	with	both	genetic	variation	 in	 root	 function	
and	soil	N	levels	in	their	home	ranges,	whereby	species	occurring	in	
higher	nutrient	soils	have	evolved	greater	specific	root	length	and	nu-
trient	use	capacities.	This	demonstrates	that	soil	N	has	been	a	strong	
selective	agent	for	plant	function	in	this	plant	group	that	can	in	turn	
drive	 soil	 nutrient	pools.	 Further,	 co-evolution	with	 root	 symbionts	
seems	to	play	a	key	role	in	driving	nutrient	use	within	the	Tasmanian	
eucalypts	(Wooliver	et	al.,	2018).	Overall,	this	work	in	plant–soil	inter-
actions	demonstrates	that	natural	variation	in	soil	nutrient	pools	can	
drive	feedbacks	between	plants	and	their	soil	microbial	communities	
that	vary	from	positive	to	negative	depending	on	environmental	con-
text	 (GMT)	and	are	phylogenetically	based.	From	a	plant–herbivore	
perspective,	considering	that	plants	have	faced	herbivory	since	their	
colonization	 of	 terrestrial	 Earth	 over	 400	MYA	 (Labandeira,	 2007),	
this	ancient	interaction	was	likely	responsible	for	the	development	of	
complex	food	webs	(Olson,	1966;	Sues	&	Reisz,	1998)	and	is	also	at-
tributed	with	giving	rise	to	the	rich	arsenal	of	physiological,	chemical	
and	mechanical	plant	defences	found	today	as	well	as	the	diversifica-
tion	of	numerous	plant	and	animal	lineages	(Becerra,	Noge,	&	Venable,	
2009;	 Futuyama	 &	 Agrawal,	 2009;	 Wiens,	 Lapoint,	 &	 Whiteman,	
2015).	Thus,	using	recently	developed	phylogenetic	tools	and	other	
comparative	approaches	 to	demonstrate	 the	role	of	NCT	and	GMT	
across	landscapes	will	be	important	to	demonstrate	the	concepts	in	
Figure	1	and	their	consequences	in	terrestrial	ecosystems.

Our	comparative	approach	highlighted,	conceptually	and	empir-
ically,	how	feedbacks	can	link	ecosystem	ecology	and	evolution	by	
merging	concepts	of	NCT	and	GMT	over	time	and	space.	We	showed	
multiple	examples	of	genetically	based	species	interactions	(FB1)	and	
how	these	interactions	lead	to	niche	construction	over	time,	altering	
physical	or	chemical	conditions	to	impact	natural	selection	(FB2).	In	
a	plant–soil	system,	we	showed	how	FB's	1	and	2	can	be	examined	
across	gradients	and	spatial	scales	(FB3)	that	may	overall	have	mac-
roevolutionary	consequences.	Overall,	this	approach	indicates	sim-
ilarities	 and	 linkages	 among	 independent	 lines	 of	 research/theory	
(NCT	and	GMT),	highlights	research	gaps	and	reveals	many	testable	
hypotheses.	Testing	 these	will	progress	 the	synthesis	showing	 the	
ecological	and	evolutionary	relationships	between	patterns	of	biodi-
versity	and	ecosystem	function.	Exciting	work	awaits.

ACKNOWLEDG EMENTS

We	would	like	to	thank	the	editors	of	this	Special	Feature	for	bring-
ing	us	 together.	We	also	 thank	Charles	Fox	and	 three	anonymous	

reviewers	 for	 comments	 and	 suggestions	 on	 the	manuscript.	 The	
authors	have	no	conflict	of	interest	to	declare.

AUTHORS’  CONTRIBUTIONS

All	authors	contributed	to	the	development	of	this	conceptual	syn-
thesis,	as	well	as	the	subsequent	literature	search,	writing	and	revi-
sion	of	this	manuscript.

DATA ACCE SSIBILIT Y

This	manuscript	does	not	use	data.	All	data	presented	in	figures	are	
cited	within	the	manuscript.

ORCID

Ian M. Ware  https://orcid.org/0000-0002-2101-5653 

Connor R. Fitzpatrick  https://orcid.org/0000-0002-7100-9542 

Michael E. Van Nuland  https://orcid.org/0000-0002-3333-0212 

R E FE R E N C E S

Agrawal,	A.	A.,	Hastings,	A.	P.,	Johnson,	M.	T.	J.,	Maron,	J.	L.,	&	Salminen,	
J.	P.	 (2012).	 Insect	herbivores	drive	real-time	ecological	and	evolu-
tionary	change	in	plant	populations.	Science,	338,	113–116.	https://
doi.org/10.1126/science.1225977

Anstett,	 D.	 N.,	 Ahern,	 J.	 R.,	 Glinos,	 J.,	 Nawar,	 N.,	 Salminen,	 J.	 P.,	 &	
Johnson,	M.	T.	J.	(2015).	Can	genetically	based	clines	in	plant	defence	
explain	greater	herbivory	at	higher	latitudes?	Ecology Letters,	18(12),	
1376–1386.	https://doi.org/10.1111/ele.12532

Auer,	S.	K.,	Anderson,	G.	J.,	McKelvey,	S.,	Bassar,	R.	D.,	McLennan,	D.,	
Armstrong,	 J.	D.,	…	Metcalfe,	N.	B.	 (2018).	Nutrients	 from	 salmon	
parents	alter	selection	pressures	on	their	offspring.	Ecology Letters,	
21,	287–295.

Bailey,	J.	K.,	Genung,	M.	A.,	Ware,	I.	M.,	Gorman,	C.	E.,	Van	Nuland,	M.	
E.,	Long,	H.,	&	Schweitzer,	J.	A.	(2014).	 Incorporating	evolutionary-
ecological	 dynamics	 into	 global	 change	 research.	 (Special	 Feature	
–	Climate	Change	and	Species	Range	Shifts).	Functional Ecology,	28,	
87–95.	https://doi.org/10.1111/1365-2435.12235

Bailey,	 J.	K.,	 Schweitzer,	 J.	A.,	Rehill,	B.,	 Lindroth,	R.,	Martinsen,	G.,	&	
Whitham,	T.	G.	 (2004).	Beavers	as	molecular	geneticists:	A	genetic	
basis	to	the	foraging	of	an	ecosystem	engineer.	Ecology,	85(3),	603–
608.	https://doi.org/10.1890/03-3049

Bailey,	 J.	 K.,	 Schweitzer,	 J.	 A.,	 Ubeda,	 F.,	 Koricheva,	 J.,	 LeRoy,	 C.	 J.,	
Madritch,	M.	D.,	…	Whitham,	T.	G.	(2009).	From	genes	to	ecosystems:	
A	synthesis	of	the	effects	of	plant	genetic	factors	across	levels	of	or-
ganization.	Philosophical Transactions of the Royal Society B: Biological 
Sciences,	364,	1607–1616.

Bassar,	 R.	 D.,	 Lopez-Sepulcre,	 A.,	 Reznick,	 D.	 N.,	 &	 Travis,	 J.	 (2013).	
Experimental	 evidence	 for	 density-dependent	 regulation	 and	 se-
lection	on	Trinidadian	Guppy	life	histories.	American Naturalist,	181,	
25–38.	https://doi.org/10.1086/668590

Bassar,	R.	D.,	Marshall,	M.	C.,	López-Sepulcre,	A.,	Zandonà,	E.,	Auer,	S.,	
Travis,	 J.,	 …	 Reznick,	 D.	 N.	 (2010).	 Local	 adaptation	 in	 Trinidadian	
guppies	 alters	 ecosystem	 processes.	 Proceedings of the National 
Academy of Sciences of the United States of America,	107,	3616–3621.	
https://doi.org/10.1073/pnas.0908023107

Becerra,	J.	X.,	Noge,	K.,	&	Venable,	D.	L.	(2009).	Macroevolutionary	chem-
ical	escalation	 in	an	ancient	plant-herbivore	arms	 race.	Proceedings 

https://orcid.org/0000-0002-2101-5653
https://orcid.org/0000-0002-2101-5653
https://orcid.org/0000-0002-7100-9542
https://orcid.org/0000-0002-7100-9542
https://orcid.org/0000-0002-3333-0212
https://orcid.org/0000-0002-3333-0212
https://doi.org/10.1126/science.1225977
https://doi.org/10.1126/science.1225977
https://doi.org/10.1111/ele.12532
https://doi.org/10.1111/1365-2435.12235
https://doi.org/10.1890/03-3049
https://doi.org/10.1086/668590
https://doi.org/10.1073/pnas.0908023107


40  |    Functional Ecology WARE Et Al.

of the National Academy of Sciences of the United States of America,	
106(43),	18062–18066.	https://doi.org/10.1073/pnas.0904456106

Belovsky,	G.	E.,	&	Slade,	 J.	B.	 (2000).	 Insect	herbivory	accelerates	nu-
trient	 cycling	 and	 increases	 plant	 production.	 Proceedings of the 
National Academy of Sciences of the United States of America,	97(26),	
14412–14417.	https://doi.org/10.1073/pnas.250483797

Benkman,	 C.	W.	 (1999).	 The	 selection	mosaic	 of	 diversifying	 coevolu-
tion	between	Crossbills	and	Lodgepole	Pine.	The American Naturalist,	
153(S5),	S75–S91.	https://doi.org/10.1086/303213

Best,	R.	J.,	Anaya-Rojas,	J.	M.,	Leal,	M.	C.,	Schmid,	D.	W.,	Seehausen,	O.,	&	
Matthews,	B.	(2017).	Transgenerational	selection	driven	by	divergent	
ecological	impacts	of	hybridizing	lineages.	Nature Ecology & Evolution,	
1,	1757–1765.	https://doi.org/10.1038/s41559-017-0308-2

Brodersen,	J.,	Howeth,	J.	G.,	&	Post,	D.	M.	(2015).	Emergence	of	a	novel	
prey	 life	 history	 promotes	 contemporary	 sympatric	 diversifica-
tion	 in	 a	 top	 predator.	Nature Communications,	 6,	 1–9.	 https://doi.
org/10.1038/ncomms9115

Brodie,	E.	D.	 III,	Ridenhour,	B.	 J.,	&	Brodie,	E.	D.	 Jr	 (2002).	The	evolu-
tionary	 response	 of	 predators	 to	 dangerous	 prey:	 Hotspots	 and	
coldspots	 in	 the	 geographic	 mosaic	 of	 coevolution	 between	 gar-
ter	 snakes	 and	 newts.	 Evolution,	 56(10),	 2067–2082.	 https://doi.
org/10.1111/j.0014-3820.2002.tb00132.x

Brunner,	F.	S.,	Anaya-Rojas,	J.	M.,	Matthews,	B.,	&	Eizaguirre,	C.	(2017).	
Experimental	 evidence	 that	 parasites	 drive	 eco-evolutionary	 feed-
backs.	Proceedings of the National Academy of Sciences of the United 
States of America,	 114(14),	 3678–3683.	 https://doi.org/10.1073/
pnas.1619147114

Carlson,	 S.	M.,	 Quinn,	 T.	 P.,	 &	 Hendry,	 A.	 P.	 (2011).	 Eco-evolutionary	
dynamics	 in	 Pacific	 salmon.	 Heredity,	 106,	 438–447.	 https://doi.
org/10.1038/hdy.2010.163

Chapin,	F.	S.,	Matson,	P.	A.,	&	Vitousek,	P.	M.	(2012).	Principles of terres‐
trial ecosystem ecology.	New	York,	NY:	Springer.

Classen,	 A.	 T.,	 Chapman,	 S.	 K.,	 Whitham,	 T.	 G.,	 Hart,	 S.	 C.,	 &	 Koch,	
G.	 W.	 (2007).	 Genetic-based	 plant	 resistance	 and	 susceptibil-
ity	 traits	 to	 herbivory	 influence	 needle	 and	 root	 litter	 nutri-
ent	 dynamics.	 Journal of Ecology,	 95(6),	 1181–1194.	 https://doi.
org/10.1111/j.1365-2745.2007.01297.x

Classen,	A.	T.,	Chapman,	S.	K.,	Whitham,	T.	G.,	Hart,	S.	C.,	&	Koch,	G.	
W.	 (2013).	 Long-term	 insect	 herbivory	 slows	 soil	 development	 in	
an	 arid	 ecosystem.	 Ecosphere,	 4(5),	 1–14.	 https://doi.org/10.1890/
ES12-00411.1

Cregger,	M.	A.,	Veach,	A.	M.,	Yang,	Z.	K.,	Crouch,	M.	J.,	Vilgalys,	R.,	Tuskan,	
G.	A.,	&	Schadt,	C.	W.	(2018).	The	Populus	holobiont:	Dissecting	the	
effects	of	plant	niches	and	genotype	on	the	microbiome.	Microbiome,	
6(1),	1–14.	https://doi.org/10.1186/s40168-018-0413-8

Declerck,	S.	A.	 J.,	Malo,	A.	R.,	Diehl,	S.,	Waasdorp,	D.,	Lemmen,	K.	D.,	
Proios,	K.,	&	Papkosta,	S.	(2015).	Rapid	adaptation	of	herbivore	con-
sumers	to	nutrient	limitation:	Eco-evolutionary	feedbacks	to	popula-
tion	demography	and	resource	control.	Ecology Letters,	18,	553–562.	
https://doi.org/10.1111/ele.12436

Des	 Roches,	 S.,	 Post,	 D.	M.,	 Turley,	 N.	 E.,	 Bailey,	 J.	 K.,	 Hendry,	 A.	 P.,	
Kinnison,	 M.	 T.,	 …	 Palkovacs,	 E.	 P.	 (2018).	 The	 ecological	 impor-
tance	of	intraspecific	variation.	Nature Ecology & Evolution,	2,	57–64.	
https://doi.org/10.1038/s41559-017-0402-5

Des	 Roches,	 S.,	 Shurin,	 J.	 B.,	 Schluter,	 D.,	 &	 Harmon,	 L.	 J.	 (2013).	
Ecological	 and	 evolutionary	 effects	 of	 stickleback	 on	 community	
structure.	 PLoS ONE,	 8,	 e59644.	 https://doi.org/10.1371/journal.
pone.0059644

El-Sabaawi,	 R.	 W.,	 Marshall,	 M.	 C.,	 Bassar,	 R.	 D.,	 Lopez-Sepulcre,	 A.,	
Palkovacs,	E.	P.,	&	Dalton,	C.	(2015).	Assessing	the	effects	of	guppy	
life	 history	 evolution	 on	 nutrient	 recycling:	 From	 experiments	 to	
the	field.	Freshwater Biology,	60,	590–601.	https://doi.org/10.1111/
fwb.12507

Fitzpatrick,	C.	R.,	Agrawal,	A.	A.,	Basiliko,	N.,	Hastings,	A.	P.,	 Isaac,	M.	
E.,	&	Johnson,	M.	T.	J.	(2015).	The	importance	of	plant	genotype	and	

contemporary	evolution	for	terrestrial	ecosystem	processes.	Ecology,	
96,	2632–2642.	https://doi.org/10.1890/14-2333.1

Fryxell,	D.	C.,	&	Palkovacs,	E.	P.	(2017).	Warming	strengthens	the	ecolog-
ical	role	of	intraspecific	variation	in	a	predator.	Copeia,	105,	523–532.	
https://doi.org/10.1643/CE-16-527

Futuyama,	D.	J.,	&	Agrawal,	A.	A.	 (2009).	Macroevolution	and	the	bio-
logical	diversity	of	plant	and	herbivores.	Proceedings of the National 
Academy of Sciences,	 106,	 18054–18061.	 https://doi.org/10.1073/
pnas.0904106106

Genung,	M.	A.,	Bailey,	J.	K.,	&	Schweitzer,	J.	A.	 (2013).	The	afterlife	of	
interspecific	 indirect	 genetic	 effects:	 Ecosystem	 processes	 as	 the	
gene-less	products	of	genetically-based	interactions.	PLoS ONE,	8(1),	
e53718.	https://doi.org/10.1371/journal.pone.0053718

Genung,	M.	A.,	Schweitzer,	J.	A.,	Fitzpatrick,	B.	M.,	Úbeda,	F.,	Felker-Quinn,	
E.,	Pregitzer,	C.	C.,	&	Bailey,	J.	K.	(2011).	Genetic	variation	and	commu-
nity	change	–	selection,	evolution,	and	feedbacks.	Functional Ecology,	
25(2),	408–419.	https://doi.org/10.1111/j.1365-2435.2010.01797.x

Gould,	 F.	 (1991).	 The	 evolutionary	 potential	 of	 crop	 pests.	 American 
Scientist,	79,	496–507.

Harmon,	L.	J.,	Matthews,	B.,	Des	Roches,	S.,	Chase,	J.	M.,	Shurin,	J.	B.,	
&	Schluter,	D.	(2009).	Evolutionary	diversification	in	stickleback	af-
fects	 ecosystem	 functioning.	Nature,	 458,	 1167–1170.	 https://doi.
org/10.1038/nature07974

Hendry,	A.	P.	(2017).	Eco‐evolutionary dynamics.	Princeton,	NJ:	Princeton	
University	Press.

Huss,	M.,	Howeth,	J.	G.,	Osterman,	J.	I.,	&	Post,	D.	M.	(2014).	Intraspecific	
phenotypic	variation	among	alewife	populations	drives	parallel	phe-
notypic	shifts	in	bluegill.	Proceedings of the Royal Society B‐Biological 
Sciences,	 281,	 20140275–20140275.	 https://doi.org/10.1098/
rspb.2014.0275

Janzen,	D.	H.	(1980).	When	is	it	coevolution?	Evolution,	34(3),	611–612.	
https://doi.org/10.1111/j.1558-5646.1980.tb04849.x

Jenny,	H.	(1941).	Factors of soil formation.	New	York,	NY:	McGraw-Hill.
Jones,	C.	G.,	Lawton,	J.	H.,	&	Shackak,	M.	(1994).	Organisms	as	ecosystem	

engineers.	Oikos,	69(3),	373–386.	https://doi.org/10.2307/3545850
Kagata,	H.,	&	Ohgushi,	T.	(2013).	Home-field	advantage	in	decomposition	

of	leaf	litter	and	insect	frass.	Population Ecology,	55,	69–76.	https://
doi.org/10.1007/s10144-012-0342-5

Kant,	M.	 R.,	 Sabelis,	M.	W.,	Haring,	M.	 A.,	 &	 Schuurink,	 R.	 C.	 (2008).	
Intraspecific	 variation	 in	 a	 generalist	 herbivore	 accounts	 for	 dif-
ferential	 induction	 and	 impact	 of	 host	 plant	 defences.	Proceedings 
of the Royal Society B: Biological Sciences,	275,	443–452.	https://doi.
org/10.1098/rspb.2007.1277

Katayama,	N.,	Silva,	A.	O.,	Kishida,	O.,	&	Ohgushi,	T.	(2013).	Aphids	de-
celerate	litter	nitrogen	mineralization	through	changes	in	litter	qual-
ity.	 Ecological Entomology,	 38,	 627–630.	 https://doi.org/10.1111/
een.12049

Kinnison,	M.	T.,	Hairston,	N.	G.	Jr,	&	Hendry,	A.	P.	(2015).	Cryptic	eco-
evolutionary	dynamics.	Annals of the New York Academy of Sciences,	
1360,	120–144.	https://doi.org/10.1111/nyas.12974

Kylafis,	 G.,	 &	 Loreau,	 M.	 (2008).	 Ecological	 and	 evolutionary	 conse-
quences	of	niche	construction	for	its	agent.	Ecology Letters,	11,	1072–
1081.	https://doi.org/10.1111/j.1461-0248.2008.01220.x

Labandeira,	C.	(2007).	The	origin	of	herbivory	on	land:	Initial	patterns	of	
plant	tissue	consumption	by	arthropods.	Insect Science,	14,	259–275.	
https://doi.org/10.1111/j.1744-7917.2007.00152.x

Limberger,	R.,	Birtel,	 J.,	Peter,	H.,	Catalan,	N.,	da	Silva	Farias,	D.,	Best,	
R.	J.,	…	Matthews,	B.	(2018).	Predator-induced	changes	in	dissolved	
organic	carbon	dynamics.	Oikos.	https://doi.org/10.1111/oik.05673

Lindeman,	R.	L.	(1942).	The	trophic-dynamic	aspect	of	ecology.	Ecology,	
23,	399–417.	https://doi.org/10.2307/1930126

Matthews,	 B.,	 Aebischer,	 T.,	 Sullam,	 K.	 E.,	 Lundsgaard-Hansen,	 B.,	 &	
Seehausen,	O.	(2016).	Experimental	evidence	of	an	eco-evolutionary	
feedback	during	adaptive	divergence.	Current Biology,	26,	483–489.	
https://doi.org/10.1016/j.cub.2015.11.070

https://doi.org/10.1073/pnas.0904456106
https://doi.org/10.1073/pnas.250483797
https://doi.org/10.1086/303213
https://doi.org/10.1038/s41559-017-0308-2
https://doi.org/10.1038/ncomms9115
https://doi.org/10.1038/ncomms9115
https://doi.org/10.1111/j.0014-3820.2002.tb00132.x
https://doi.org/10.1111/j.0014-3820.2002.tb00132.x
https://doi.org/10.1073/pnas.1619147114
https://doi.org/10.1073/pnas.1619147114
https://doi.org/10.1038/hdy.2010.163
https://doi.org/10.1038/hdy.2010.163
https://doi.org/10.1111/j.1365-2745.2007.01297.x
https://doi.org/10.1111/j.1365-2745.2007.01297.x
https://doi.org/10.1890/ES12-00411.1
https://doi.org/10.1890/ES12-00411.1
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1111/ele.12436
https://doi.org/10.1038/s41559-017-0402-5
https://doi.org/10.1371/journal.pone.0059644
https://doi.org/10.1371/journal.pone.0059644
https://doi.org/10.1111/fwb.12507
https://doi.org/10.1111/fwb.12507
https://doi.org/10.1890/14-2333.1
https://doi.org/10.1643/CE-16-527
https://doi.org/10.1073/pnas.0904106106
https://doi.org/10.1073/pnas.0904106106
https://doi.org/10.1371/journal.pone.0053718
https://doi.org/10.1111/j.1365-2435.2010.01797.x
https://doi.org/10.1038/nature07974
https://doi.org/10.1038/nature07974
https://doi.org/10.1098/rspb.2014.0275
https://doi.org/10.1098/rspb.2014.0275
https://doi.org/10.1111/j.1558-5646.1980.tb04849.x
https://doi.org/10.2307/3545850
https://doi.org/10.1007/s10144-012-0342-5
https://doi.org/10.1007/s10144-012-0342-5
https://doi.org/10.1098/rspb.2007.1277
https://doi.org/10.1098/rspb.2007.1277
https://doi.org/10.1111/een.12049
https://doi.org/10.1111/een.12049
https://doi.org/10.1111/nyas.12974
https://doi.org/10.1111/j.1461-0248.2008.01220.x
https://doi.org/10.1111/j.1744-7917.2007.00152.x
https://doi.org/10.1111/oik.05673
https://doi.org/10.2307/1930126
https://doi.org/10.1016/j.cub.2015.11.070


     |  41Functional EcologyWARE Et Al.

Matthews,	B.	L.,	De	Meester,	L.,	Jones,	C.	G.,	Ibelings,	B.	W.,	Bouma,	
T.	 J.,	 Nuutinen,	 V.,	 …	 Odling-Smee,	 J.	 (2014).	 Under	 niche	 con-
struction:	 A	 bridge	 between	 ecology,	 evolution	 and	 ecosys-
tem	 science.	 Ecological Monographs,	 84,	 245–263.	 https://doi.
org/10.1890/13-0953.1

Matthews,	 B.,	 Hausch,	 S.,	 Winter,	 C.,	 Suttle,	 C.	 A.,	 &	 Shurin,	 J.	 B.	
(2011a).	 Contrasting	 ecosystem-effects	 of	 morphologically	 similar	
copepods.	 PLoS ONE,	 6,	 e26700.	 https://doi.org/10.1371/journal.
pone.0026700

Matthews,	B.,	Narwani,	A.,	Hausch,	S.,	Nonaka,	E.,	Peter,	H.,	Yamamichi,	
M.,	…	Turner,	C.	B.	 (2011b).	Toward	an	 integration	of	evolutionary	
biology	and	ecosystem	science.	Ecology Letters,	14,	690–701.

Miner,	B.	E.,	De	Meester,	L.,	Pfrender,	M.	E.,	Lampert,	W.,	&	Hairston,	N.	
G.	 (2012).	 Linking	genes	 to	communities	and	ecosystems:	Daphnia	
as	an	ecogenomic	model.	Proceedings of the Royal Society B‐Biological 
Sciences,	279,	1873–1882.	https://doi.org/10.1098/rspb.2011.2404

Odling-Smee,	 F.	 J.,	 Erwin,	 D.	 H.,	 Palkovacs,	 E.	 P.,	 Feldman,	 M.	W.,	 &	
Laland,	 K.	 N.	 (2013).	 Niche	 construction:	 A	 practical	 guide	 for	
ecologists.	 The Quarterly Review of Biology,	 88,	 3–28.	 https://doi.
org/10.1086/669266

Odling-Smee,	F.	 J.,	 Laland,	K.	N.,	&	Feldman,	M.	W.	 (2003).	Niche con‐
struction: The neglected process in evolution. No. 37.	 Princeton,	 NJ:	
Princeton	University	Press.

Olson,	 E.	 C.	 (1966).	 Community	 evolution	 and	 the	 origin	 of	mammals.	
Ecology,	47,	291–302.	0.2307/1933776

Ousterhout,	B.	H.,	Graham,	S.	R.,	Hasik,	A.	Z.,	Serrano,	M.,	&	Siepielski,	
A.	 M.	 (2018).	 Past	 selection	 impacts	 the	 strength	 of	 an	 aquatic	
trophic	 cascade.	 Functional Ecology,	 32,	 1554–1562.	 https://doi.
org/10.1111/1365-2435.13102

Palkovacs,	E.	P.,	Marshall,	M.	C.,	Lamphere,	B.	A.,	Lynch,	B.	R.,	Weese,	
D.	 J.,	 Fraser,	D.	 F.,	…	Kinnison,	M.	 T.	 (2009).	 Experimental	 evalua-
tion	of	evolution	and	coevolution	as	agents	of	ecosystem	change	in	
Trinidadian	 streams.	 Philosophical Transactions of the Royal Society 
B‐Biological Sciences,	 364,	 1617–1628.	 https://doi.org/10.1098/
rstb.2009.0016

Palkovacs,	E.	P.,	&	Post,	D.	M.	(2008).	Eco-evolutionary	interactions	be-
tween	 predators	 and	 prey:	 Can	 predator-induced	 changes	 to	 prey	
communities	feedback	to	shape	predator	foraging	traits?	Evolutionary 
Ecology Research,	10,	699–720.

Palkovacs,	E.	P.,	Wasserman,	B.	A.,	&	Kinnison,	M.	T.	(2011).	Eco-evolu-
tionary	trophic	dynamics:	Loss	of	top	predators	drives	trophic	evolu-
tion	and	ecology	of	prey.	PLoS ONE,	6,	e18879.

Parchman,	 T.	 L.,	 Buerkle,	 C.	 A.,	 Soria-Carrasco,	 V.,	 &	 Benkman,	 C.	W.	
(2016).	Genome	divergence	and	diversification	within	a	geographic	
mosaic	of	coevolution.	Molecular Ecology,	25,	5705–5718.	https://doi.
org/10.1111/mec.13825

Pennings,	S.	C.,	&	Silliman,	B.	R.	(2005).	Linking	biogeography	and	com-
munity	ecology:	Latitudinal	variation	in	plant–herbivore	interaction	
strength.	Ecology,	86,	2310–2319.	https://doi.org/10.1890/04-1022

Pineda,	A.,	Dicke,	M.,	Pieterse,	C.	M.	J.,	&	Pozo,	M.	J.	(2013).	Beneficial	
microbes	in	a	changing	environment:	Are	they	always	helping	plant	
to	 deal	 with	 insects?	 Functional Ecology,	 27,	 574–586.	 https://doi.
org/10.1111/1365-2435.12050

Post,	 D.	M.,	 &	 Palkovacs,	 E.	 P.	 (2009).	 Eco-evolutionary	 feedbacks	 in	
community	and	ecosystem	ecology:	 Interactions	between	the	eco-
logical	 theatre	and	the	evolutionary	play.	Philosophical Transactions 
of the Royal Society B‐Biological Sciences,	364,	1629–1640.	https://doi.
org/10.1098/rstb.2009.0012

Post,	 D.	 M.,	 Palkovacs,	 E.	 P.,	 Schielke,	 E.	 G.,	 &	 Dodson,	 S.	 I.	 (2008).	
Intraspecific	variation	in	a	predator	affects	community	structure	and	
cascading	trophic	 interactions.	Ecology,	89,	2019–2032.	https://doi.
org/10.1890/07-1216.1

Pregitzer,	C.	C.,	Bailey,	J.	K.,	Hart,	S.	C.,	&	Schweitzer,	J.	A.	(2010).	Soils	
as	 agents	 of	 selection:	 Feedbacks	 between	 plants	 and	 soils	 alter	

seedling	survival	and	performance.	Evolutionary Ecology,	24,	1045–
1059.	https://doi.org/10.1007/s10682-010-9363-8

Reinhardt,	T.,	Steinfartz,	S.,	Paetzold,	A.,	&	Weitere,	M.	(2013).	Linking	
the	evolution	of	habitat	choice	to	ecosystem	functioning:	Direct	and	
indirect	effects	of	pond-reproducing	fire	salamanders	on	aquatic-ter-
restrial	subsidies.	Oecologia,	173,	281–291.	https://doi.org/10.1007/
s00442-013-2592-0

Reznick,	D.	A.,	Bryga,	H.,	&	Endler,	J.	A.	(1990).	Experimentally	induced	
life-history	evolution	in	a	natural	population.	Nature,	346,	357–359.

Reznick,	D.	N.,	Butler,	M.	J.,	Rodd,	F.	H.,	&	Ross,	P.	 (1996).	Life-history	
evolution	in	guppies	(Poecilia reticulata)	6.	Differential	mortality	as	a	
mechanism	for	natural	selection.	Evolution,	50,	1651–1660.	https://
doi.org/10.1111/j.1558-5646.1996.tb03937.x

Schmitz,	O.	J.,	Grabowski,	J.	H.,	Peckarsky,	B.	L.,	Preisser,	E.	L.,	Trussell,	
G.	C.,	&	Vonesh,	 J.	R.	 (2008).	From	 individuals	 to	ecosystem	 func-
tion:	Toward	an	integration	of	evolutionary	and	ecosystem	ecology.	
Ecology,	89,	2436–2445.	https://doi.org/10.1890/07-1030.1

Schoener,	T.	W.	(2011).	The	newest	synthesis:	Understanding	the	inter-
play	of	evolutionary	and	ecological	dynamics.	Science,	331,	426–429.	
https://doi.org/10.1126/science.1193954

Schweitzer,	J.	A.,	Bailey,	J.	K.,	Fischer,	D.	G.,	LeRoy,	C.	J.,	Lonsdorf,	E.	V.,	
Whitham,	T.	G.,	&	Hart,	S.	C.	(2008).	Soil	microorganism-plant	inter-
actions:	Heritable	relationships	between	plant	genotype	and	associ-
ated	microorganisms.	Ecology,	89,	773–781.

Schweitzer,	J.	A.,	Bailey,	J.	K.,	Fischer,	D.	G.,	LeRoy,	C.	J.,	Whitham,	T.	G.,	
&	Hart,	S.	C.	(2012).	Functional	and	heritable	consequences	of	plant	
genotype	 on	 community	 composition	 and	 ecosystem	 processes.	
In	 T.	 Ohgushi,	 O.	 Schmitz,	 &	 R.	 Holt	 (Eds.),	 Trait‐mediated Indirect 
Interactions: Ecological and evolutionary perspectives.	 (pp.	 371–390).	
New	York,	NY:	Cambridge	University	Press.

Schweitzer,	J.	A.,	Bailey,	J.	K.,	Hart,	S.	C.,	&	Whitham,	T.	G.	(2005).	Non-
additive	effects	of	mixing	cottonwood	genotypes	on	 litter	decom-
position	and	nutrient	dynamics.	Ecology,	86,	2834–2840.	https://doi.
org/10.1890/04-1955

Schweitzer,	J.	A.,	Bailey,	J.	K.,	Rehill,	B.	J.,	Martinsen,	G.	D.,	Hart,	S.	C.,	
Lindroth,	R.	L.,	…	Whitham,	T.	G.	(2004).	Genetically	based	trait	in	a	
dominant	tree	affects	ecosystem	processes.	Ecology Letters,	7,	127–
134.	https://doi.org/10.1111/j.1461-0248.2003.00562.x

Schweitzer,	 J.	 A.,	 Juric,	 I.,	 van	 der	 Voorde,	 T.,	 Clay,	 K.,	 &	 Bailey,	 J.	 K.	
(2014).	Are	there	evolutionary	consequences	of	plant-soil	feedback?	
Functional Ecology,	28,	55–64.

Schweitzer,	J.	A.,	Van	Nuland,	M.	E.,	&	Bailey,	J.	K.	(2018).	Intraspecific	
Plant-Soil	 Feedbacks	 Link	 Ecosystem	 Ecology	 and	 Evolutionary	
Biology.	 In	T.	Ohgushi,	S.	Wurst,	&	S.	Johnson	 (Eds.),	Aboveground‐
belowground community ecology	 (pp.	 69–84).	 Cham,	 Switzerland:	
Springer	Nature	Switzerland	AG.	In	press.

Senior,	J.	K.,	Potts,	B.	M.,	O’Reilly-Wapstra,	J.	M.,	Bissett,	A.,	Wooliver,	
R.	C.,	Bailey,	J.	K.,	…	Schweitzer,	J.	A.	(2018).	Phylogenetic	trait	con-
servatism	predicts	patterns	of	plant-soil	feedback.	Ecosphere,	9(10),	
e02409.	https://doi.org/10.1002/ecs2.2409

Sues,	H.	D.,	&	Reisz,	R.	R.	(1998).	Origins	and	early	evolution	of	herbivory	
in	tetrapods.	Trends in Ecology and Evolution,	13,	141–145.	https://doi.
org/10.1016/S0169-5347(97)01257-3

Thompson,	J.	N.	(1998).	Rapid	evolution	as	an	ecological	process.	Trends 
in Ecology and Evolution,	 13,	 329–332.	 https://doi.org/10.1016/
S0169-5347(98)01378-0

Thompson,	J.	N.	(2005).	The geographic mosaic of coevolution.	Chicago,	IL:	
The	University	of	Chicago	Press.

Treseder,	K.,	&	Vitousek,	P.	M.	(2001).	Effects	of	soil	nutrient	availabil-
ity	on	investment	in	acquisition	of	N	and	P	in	Hawaiian	rain	forests.	
Ecology,	82(4),	 946–954.	 https://doi.org/10.1890/0012-9658(2001)	
082[0946:EOSNAO]2.0.CO;2

Tuckett,	Q.	M.,	 Simon,	K.	 S.,	&	Kinnison,	M.	 T.	 (2017).	 Cultural	 eutro-
phication	mediates	context-dependent	eco-evolutionary	feedbacks	

https://doi.org/10.1890/13-0953.1
https://doi.org/10.1890/13-0953.1
https://doi.org/10.1371/journal.pone.0026700
https://doi.org/10.1371/journal.pone.0026700
https://doi.org/10.1098/rspb.2011.2404
https://doi.org/10.1086/669266
https://doi.org/10.1086/669266
0.2307/1933776
https://doi.org/10.1111/1365-2435.13102
https://doi.org/10.1111/1365-2435.13102
https://doi.org/10.1098/rstb.2009.0016
https://doi.org/10.1098/rstb.2009.0016
https://doi.org/10.1111/mec.13825
https://doi.org/10.1111/mec.13825
https://doi.org/10.1890/04-1022
https://doi.org/10.1111/1365-2435.12050
https://doi.org/10.1111/1365-2435.12050
https://doi.org/10.1098/rstb.2009.0012
https://doi.org/10.1098/rstb.2009.0012
https://doi.org/10.1890/07-1216.1
https://doi.org/10.1890/07-1216.1
https://doi.org/10.1007/s10682-010-9363-8
https://doi.org/10.1007/s00442-013-2592-0
https://doi.org/10.1007/s00442-013-2592-0
https://doi.org/10.1111/j.1558-5646.1996.tb03937.x
https://doi.org/10.1111/j.1558-5646.1996.tb03937.x
https://doi.org/10.1890/07-1030.1
https://doi.org/10.1126/science.1193954
https://doi.org/10.1890/04-1955
https://doi.org/10.1890/04-1955
https://doi.org/10.1111/j.1461-0248.2003.00562.x
https://doi.org/10.1002/ecs2.2409
https://doi.org/10.1016/S0169-5347(97)01257-3
https://doi.org/10.1016/S0169-5347(97)01257-3
https://doi.org/10.1016/S0169-5347(98)01378-0
https://doi.org/10.1016/S0169-5347(98)01378-0
https://doi.org/10.1890/0012-9658(2001)082[0946:EOSNAO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[0946:EOSNAO]2.0.CO;2


42  |    Functional Ecology WARE Et Al.

of	 a	 fish	 invader.	 Copeia,	 105,	 483–493.	 https://doi.org/10.1643/
OT-16-540

Turcotte,	M.	M.,	Reznick,	D.	N.,	&	Hare,	J.	D.	(2011).	The	impact	of	rapid	
evolution	on	population	dynamics	 in	the	wild:	Experimental	test	of	
eco-evolutionary	dynamics.	Ecology Letters,	14,	1084–1092.	https://
doi.org/10.1111/j.1461-0248.2011.01676.x

Turley,	 N.	 E.,	 &	 Johnson,	 M.	 T.	 J.	 (2015).	 Ecological	 effects	 of	 aphid	
abundance,	 genotypic	 variation,	 and	 contemporary	 evolution	
on	 plants.	 Oecologia,	 178,	 747–759.	 https://doi.org/10.1007/
s00442-015-3276-8

Urban,	M.	C.	 (2013).	Evolution	mediates	 the	effects	of	apex	predation	
on	 aquatic	 food	webs.	Proceedings of the Royal Society B‐Biological 
Sciences,	 280,	 20130859–20130859.	 https://doi.org/10.1098/
rspb.2013.0859

Utsumi,	S.	(2011).	Eco-evolutionary	dynamics	in	herbivorous	insect	com-
munities	mediated	 by	 induced	 plant	 responses.	Population Ecology,	
53,	23–34.	https://doi.org/10.1007/s10144-010-0253-2

Van	der	Putten,	W.	H.,	Bradford,	M.	A.,	Brinkman,	E.	P.,	Voorde,	T.	F.	J.,	&	
Veen,	G.	F.	(2016).	Where,	when,	and	how	plant-soil	feedback	mat-
ters	in	a	changing	world.	Functional Ecology,	30,	1109–1121.	https://
doi.org/10.1111/1365-2435.12657

Van	Nuland,	M.	 E.,	 Bailey,	 J.	 K.,	 &	 Schweitzer,	 J.	 A.	 (2017).	 Divergent	
plant-soil	 feedbacks	 could	 alter	 future	 elevation	 ranges	 and	 eco-
system	 dynamics.	 Nature Ecology & Evolution,	 1,	 28.	 https://doi.
org/10.1038/s41559-017-0150

Van	Nuland,	M.	E.,	Ware,	 I.	M.,	Bailey,	J.	K.,	&	Schweitzer,	J.	A.	 (2019).	
Ecosystem	feedbacks	contribute	to	geographic	variation	in	plant-soil	
eco-evolutionary	 dynamics	 across	 a	 fertility	 gradient.	 Functional 
Ecology, 33(1),	95–106.	https://doi.org/10.1111/1365-2435.13259.

Van	Nuland,	M.	 E.,	Wooliver,	 R.	 C.,	 Pfennigwerth,	 A.	 A.,	 Read,	 Q.	 D.,	
Ware,	I.	M.,	Mueller,	L.	O.,	…	Bailey,	J.	K.	(2016).	Plant-soil	feedbacks:	
Connecting	ecosystem	ecology	and	evolution.	Functional Ecology,	30,	
1032–1042.	https://doi.org/10.1111/1365-2435.12690

Via,	 S.	 (1990).	 Ecological	 genetics	 and	 host	 adaptation	 in	 herbivorous	
insects:	The	experimental	study	of	evolution	in	natural	and	agricul-
tural	systems.	Annual Review of Entomology,	35,	421–446.	https://doi.
org/10.1146/annurev.en.35.010190.002225

Vitousek,	P.	M.	(2004).	Nutrient cycling and limitation: Hawai‘i as a model 
system.	Princeton,	NJ:	Princeton	University	Press.

Walsh,	M.	 R.,	&	 Post,	D.	M.	 (2011).	 Interpopulation	 variation	 in	 a	 fish	
predator	drives	evolutionary	divergence	in	prey	in	lakes.	Proceedings 
of the Royal Society B‐Biological Sciences,	278,	2628–2637.	https://doi.
org/10.1098/rspb.2010.2634

Weber,	M.	G.,	Wagner,	C.	E.,	Best,	R.	J.,	Harmon,	L.	J.,	&	Matthews,	B.	
(2017).	Evolution	in	a	community	context:	On	integrating	ecological	
interactions	and	macroevolution.	Trends in Ecology and Evolution,	32,	
291–304.	https://doi.org/10.1016/j.tree.2017.01.003

Whitham,	T.	G.,	Bailey,	J.	K.,	Schweitzer,	J.	A.,	Shuster,	S.	M.,	Bangert,	R.	
K.,	LeRoy,	C.	J.,	…	Wooley,	S.	C.	(2006).	A	framework	for	community	

and	ecosystem	genetics:	From	genes	to	ecosystems.	Nature Reviews 
Genetics,	7,	510–523.	https://doi.org/10.1038/nrg1877

Wiens,	J.	J.,	Lapoint,	R.	T.,	&	Whiteman,	N.	K.	(2015).	Herbivory	increases	
diversification	across	insect	clades.	Nature Communications,	6,	8370.	
https://doi.org/10.1038/ncomms9370

Wooliver,	 R.	 C.,	Marion,	 Z.	H.,	 Peterson,	 C.	 R.,	 Potts,	 B.	M.,	 Senior,	 J.	
K.,	Bailey,	J.	K.,	&	Schweitzer,	J.	A.	 (2017).	Phylogeny	is	a	powerful	
tool	for	predicting	plant	biomass	responses	to	nitrogen	enrichment.	
Ecology,	98,	2120–2132.	https://doi.org/10.1002/ecy.1896

Wooliver,	 R.	 C.,	 Pfennigwerth,	 A.	 A.,	 Bailey,	 J.	 K.,	 &	 Schweitzer,	 J.	
A.	 (2016).	 Plant	 function	 constraints	 guide	 macroevolutionary	
trade-offs	 in	 competitive	 and	 conservative	 growth	 responses	
to	 nitrogen.	 Functional Ecology,	 30,	 1099–1108.	 https://doi.
org/10.1111/1365-2435.12648

Wooliver,	R.	C.,	Senior,	 J.	K.,	Potts,	B.	M.,	Van	Nuland,	M.	E.,	Bailey,	
J.	K.,	&	Schweitzer,	J.	A.	(2018).	Soil	fungi	underlie	a	phylogenetic	
pattern	in	plant	growth	responses	to	nitrogen	enrichment.	Journal 
of Ecology,	106(6),	2161–2175.	https://doi.org/10.1111/1365-2745. 
12983

Yang,	L.	H.,	&	Gratton,	C.	 (2014).	 Insects	as	drivers	of	ecosystem	pro-
cesses.	 Current Opinion in Insect Science,	 2,	 26–32.	 https://doi.
org/10.1016/j.cois.2014.06.004

Zandonà,	 E.,	 Auer,	 S.	 K.,	 Kilham,	 S.	 S.,	 Howard,	 J.	 L.,	 Lopez-Sepulcre,	
A.,	O'Connor,	M.	P.,	…	Reznick,	D.	N.	 (2011).	Diet	quality	and	prey	
selectivity	 correlate	 with	 life	 histories	 and	 predation	 regime	 in	
Trinidadian	 guppies.	 Functional Ecology,	 25,	 964–973.	 https://doi.
org/10.1111/j.1365-2435.2011.01865.x

Zytynska,	S.	E.,	Meyer,	S.	T.,	Sturm,	S.,	Ullmann,	W.,	Mehrparvar,	M.,	&	
Weisser,	W.	W.	(2016).	Secondary	bacterial	symbiont	community	in	
aphids	responds	to	plant	diversity.	Oecologia,	180,	735–747.	https://
doi.org/10.1007/s00442-015-3488-y

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.

How to cite this article:	Ware	IM,	Fitzpatrick	CR,	
Senthilnathan	A,	et	al.	Feedbacks	link	ecosystem	ecology	and	
evolution	across	spatial	and	temporal	scales:	Empirical	
evidence	and	future	directions.	Funct Ecol. 2019;33:31–42. 
https://doi.org/10.1111/1365-2435.13267

https://doi.org/10.1643/OT-16-540
https://doi.org/10.1643/OT-16-540
https://doi.org/10.1111/j.1461-0248.2011.01676.x
https://doi.org/10.1111/j.1461-0248.2011.01676.x
https://doi.org/10.1007/s00442-015-3276-8
https://doi.org/10.1007/s00442-015-3276-8
https://doi.org/10.1098/rspb.2013.0859
https://doi.org/10.1098/rspb.2013.0859
https://doi.org/10.1007/s10144-010-0253-2
https://doi.org/10.1111/1365-2435.12657
https://doi.org/10.1111/1365-2435.12657
https://doi.org/10.1038/s41559-017-0150
https://doi.org/10.1038/s41559-017-0150
https://doi.org/10.1111/1365-2435.13259
https://doi.org/10.1111/1365-2435.12690
https://doi.org/10.1146/annurev.en.35.010190.002225
https://doi.org/10.1146/annurev.en.35.010190.002225
https://doi.org/10.1098/rspb.2010.2634
https://doi.org/10.1098/rspb.2010.2634
https://doi.org/10.1016/j.tree.2017.01.003
https://doi.org/10.1038/nrg1877
https://doi.org/10.1038/ncomms9370
https://doi.org/10.1002/ecy.1896
https://doi.org/10.1111/1365-2435.12648
https://doi.org/10.1111/1365-2435.12648
https://doi.org/10.1111/1365-2745.12983
https://doi.org/10.1111/1365-2745.12983
https://doi.org/10.1016/j.cois.2014.06.004
https://doi.org/10.1016/j.cois.2014.06.004
https://doi.org/10.1111/j.1365-2435.2011.01865.x
https://doi.org/10.1111/j.1365-2435.2011.01865.x
https://doi.org/10.1007/s00442-015-3488-y
https://doi.org/10.1007/s00442-015-3488-y
https://doi.org/10.1111/1365-2435.13267

