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Abstract
Questions: Predicting	the	influence	of	climate	change	on	riparian	plant	communities	
improves	management	 strategies.	 The	 sensitivity	 of	 riparian	 vegetation	 to	 climate	
and	other	abiotic	factors	depends	on	interactions	between	properties	of	the	ecosys-
tem,	like	flood	regime,	and	plant	characteristics.	To	explore	these	interactions,	we	ad-
dressed	three	questions:	(a)	does	the	composition	and	diversity	of	riparian	vegetation	
vary	with	the	flood	regime;	(b)	do	abiotic	correlates	of	vegetation,	including	climate	
and	groundwater,	differ	between	sites	that	flood	compared	to	locations	that	did	not	
experience	floods;	and	(c)	which	plant	functional	groups	account	for	differential	plant	
community	sensitivity	to	abiotic	factors	between	flood	regimes?
Location: Middle	Rio	Grande	Valley,	New	Mexico.
Methods: We	used	long-	term	observations	of	plant	community	composition,	ground-
water	 depth,	 precipitation	 and	 interpolated	 temperature	 from	 24	 sites	 spanning	
210	km	of	the	Rio	Grande	riparian	cottonwood–	willow	forest	to	explore	the	relative	
importance	of	climate	and	hydrologic	correlates	of	riparian	vegetation	diversity	and	
composition.
Results: Riparian	plant	diversity	was	higher	at	sites	flooding	compared	to	non-	flooding	
sites.	 Plant	 diversity	 positively	 tracked	 shallower	 groundwater	 depth	 at	 flooding	
sites,	but	was	best	predicted	by	intra-	annual	groundwater	variability	at	non-	flooding	
sites. Plant community composition correlated with groundwater depth and air tem-
perature	 at	 all	 sites,	 but	 at	 non-	flooding	 sites,	 also	with	 intra-	annual	 groundwater	
variability and precipitation. Relationships between native plant cover and potential 
environmental	drivers	diverged	strongly	between	the	two	flood	regimes;	non-	native	
plant cover had only weak relationships with most environmental predictors.
Conclusions: The	current	flood	regime	of	a	site	determined	the	climate	and	hydro-
logic	factors	that	best	predicted	riparian	plant	community	composition	and	diversity.	
Relationships	between	plant	diversity	or	total	cover	and	groundwater,	temperature,	
precipitation,	or	groundwater	variability	can	change	in	strength	or	direction	depend-
ing	on	a	site's	flood	history,	highlighting	the	importance	of	flood	regime	to	predicting	
the	sensitivity	of	riparian	woodlands	to	future	environmental	change.
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1  | INTRODUC TION

Riparian	ecosystems	are	some	of	 the	mostly	highly	disturbed	eco-
systems	 globally	 (Perry	 et	 al.,	 2012;	 Klove	 et	 al.,	 2014),	 yet	 they	
provide	essential	ecosystem	services,	particularly	in	dryland	regions	
(Capon	&	Pettit,	2018).	Riparian	corridors	can	promote	biodiversity	
(Selwood	et	al.,	2017;	Rolls	et	al.,	2018),	store	carbon	(Matzek	et	al.,	
2018),	and	provide	 flood	protection	 for	adjacent	 lands	and	human	
settlements	(Brauman	et	al.,	2007).	However,	a	century	of	flood	con-
trol,	water	diversion,	 and	non-	native	 species	 invasions	has	altered	
the	 plant	 communities	 and	 hydrology	 of	 many	 riparian	 corridors	
(Naumburg	 et	 al.,	 2005;	Osterkamp	&	Hupp,	 2010;	Gurnell	 et	 al.,	
2012).	Improved	understanding	of	ongoing	changes	to	riparian	vege-
tation	is	important	for	effective	conservation,	management,	and	res-
toration	of	the	ecological	functions	and	services	provided	by	these	
ecosystems	(Capon	&	Pettit,	2018).

Many	 riparian	 corridors	 have	 become	 disconnected	 from	 river	
flows.	While	flooding	was	once	a	regular	occurrence,	it	is	now	rare	
to	 non-	existent	 in	 many	 locations	 due	 to	 incised	 banks	 and	 river	
regulation	(Crawford	et	al.,	1993;	Gurnell	et	al.,	2012;	Hayes	et	al.,	
2018).	Changes	in	the	duration,	magnitude,	and	timing	of	peak	river	
flow	 affect	 the	 probability	 of	 floods	 (Gurnell	 et	 al.,	 2012).	 Flood	
events,	which	promote	 recruitment	 for	many	 riparian	plants	 (Kehr	
et	al.,	2014),	can	increase	plant	species	richness	and	diversity	rela-
tive	to	adjacent	woodlands	and	forests	that	do	not	flood	(Stromberg	
et	al.,	2012;	Muldavin	et	al.,	2017).	However,	additional	factors	that	
include	both	climate	and	groundwater	dynamics	also	influence	ripar-
ian	plant	species	composition	(Stromberg	et	al.,	1996;	Hingee	et	al.,	
2017;	Butterfield	et	al.,	2018).

Specifically,	during	the	last	several	decades,	potential	drivers	of	
plant	composition	in	riparian	corridors	may	have	switched	from	the	
key	historical	driver	of	the	flood	regime	to	modern	drivers	that	 in-
clude	groundwater,	climate,	and	both	 land	and	water	management	
(Osterkamp	&	Hupp,	2010;	Butterfield	et	al.,	2018;	Palmquist	et	al.,	
2018).	River	regulation	and	groundwater	usage	has	caused	declines	
in	the	groundwater	table	in	many	regions	(Margat	&	Van	Der	Gun,	
2013).	 Several	 studies	 have	 linked	 groundwater	 supply	 to	 riparian	
vegetation	 (Stromberg	 et	 al.,	 1996;	 Sommer	 &	 Froend,	 2014;	 Yin	
et	 al.,	 2015).	However,	 the	degree	 to	which	 the	maintenance	of	 a	
historical	flood	regime	influences	the	relative	importance	of	ground-
water	or	other	environmental	correlates	of	vegetation	has	been	lit-
tle	studied.	Here,	we	investigated	whether	the	current	flood	regime	
altered	which	 environmental	 factors	 best	 correlated	with	 riparian	
plant	 community	 composition	 and	 diversity,	 and	 determined	 how	
the	 importance	 of	 environmental	 correlates	 varied	 among	 plant	
groups	that	differed	in	life	history	and	provenance.

A	 few	 studies	 suggest	 that	 in	 addition	 to	 average	 groundwater	
supply,	seasonal	fluctuations	in	groundwater	levels	may	influence	ri-
parian	vegetation.	Seasonal	fluctuations	in	the	groundwater	table	may	
favor	bimodal	plant	root	distributions	(Fan	et	al.,	2017;	Xi	et	al.,	2018),	
perhaps promoting plant diversity as suggested by theory and data 
from	other	ecosystems	 (Kremer	&	Klausmeier,	2017).	However,	 rel-
atively	few	studies	have	looked	for	patterns	of	association	between	

intra-	annual	 variability	 and	 vegetation	 composition.	 For	 example,	
in	a	mediterranean	ecosystem,	 two	dominant	 riparian	plant	 species	
differed	 in	 their	degree	of	dependence	on	 intra-	annual	 fluctuations	
in	the	water	supply	(Sargeant	&	Singer,	2016).	Similar	to	variation	in	
groundwater	levels,	seasonal	variability	in	river	flow	has	been	shown	
to	 influence	 riparian	vegetation.	 In	Australia,	plant	 functional	diver-
sity	increased	in	concert	with	greater	variability	in	river	flow,	and	sur-
prisingly,	was	not	related	to	average	river	flow	(Lawson	et	al.,	2015).	
Studies	on	arid	rivers	in	Arizona	(Katz	et	al.,	2012)	and	South	Africa	
(Naiman	et	al.,	2008)	revealed	that	plant	diversity	 increased	in	sites	
where	water	resources	were	the	most	variable	due	either	to	flooding	
or	stream	intermittency.	Therefore,	studies	that	evaluate	hydrologic	
correlates	of	riparian	vegetation,	such	as	groundwater	levels,	should	
consider	not	only	the	influence	of	mean	conditions	but	also	the	poten-
tial	roles	of	seasonal	or	intra-	annual	variability.

Finally,	climate	change	adds	additional	stressors	to	riparian	eco-
systems	 (Wang	et	al.,	2012;	Capon	&	Pettit,	2018),	but	 the	 relative	
importance	of	 climate	 change	 to	 the	 ecosystem	may	 vary	with	 the	
riparian	 flood	 regime	 (Death	et	 al.,	 2015).	 For	 example,	 in	drylands	
of	 the	 southwestern	US,	both	warming	 temperatures	 and	 changing	
precipitation	 regimes	 (Gutzler	 &	 Robbins,	 2011;	 Cook	 et	 al.,	 2015;	
Maurer	 et	 al.,	 2020)	may	 affect	 riparian	 plant	 species	 composition	
and	diversity,	although	how	these	changes	interact	with	flood	regime	
are	 unresolved.	 For	 instance,	 the	 importance	 of	 rainfall,	 or	 climate	
warming-	driven	 aridity,	 may	 be	 stronger	 for	 sites	 that	 are	 discon-
nected	from	flooding	than	for	sites	that	receive	new	inputs	to	ground-
water	 from	 local	 flood	events	 (Thibault	 et	 al.,	 2017).	 To	 effectively	
predict	the	future	of	riparian	plant	communities	and	improve	resto-
ration	and	management	strategies,	it	is	important	to	understand	how	
climate	interacts	with	the	flood	regime	to	shape	plant	communities.	
Riparian	ecosystems	that	consist	of	a	mosaic	of	isolated,	non-	flooding	
and	flooding	sites	may	give	insight	into	how	the	composition	and	di-
versity	of	riparian	vegetation	changes	under	modern	environmental	
drivers.

To	explore	potential	 interactions	between	key	aspects	of	envi-
ronmental	 change	 and	 the	 flood	 regime,	 we	 determined	 environ-
mental variability over time and space to investigate climate and 
hydrologic	correlates	of	riparian	vegetation.	We	chose	a	represen-
tative	 corridor	 ecosystem	 of	 the	 southwestern	 US,	 along	 the	 Rio	
Grande,	which	stretches	2,900	km	from	southern	Colorado	to	the	
Gulf	of	Mexico.	Specifically,	we	used	a	16-	year	observational	data	
set	from	24	sites	along	a	210	km	stretch	of	the	Middle	Rio	Grande	
Valley	 in	central	New	Mexico,	dominated	by	a	cottonwood–	willow	
forest,	 to	evaluate	 the	 relative	 importance	of	 flooding,	groundwa-
ter	depth	and	its	 intra-	annual	variability,	and	climate	(temperature,	
precipitation)	as	explanatory	variables	of	riparian	plant	species	com-
position	and	diversity.	We	addressed	three	questions:	(a)	how	much	
does	the	composition	and	diversity	of	riparian	vegetation	vary	with	
the	 flood	 regime	and	environmental	 conditions?	We	hypothesized	
that	 sites	 that	 continue	 to	 flood	 have	 greater	 plant	 diversity	 than	
sites	that	no	longer	flood.	Because	plant	communities	differed	be-
tween	flooding	and	non-	flooding	sites,	we	then	asked	(b):	do	abiotic	
correlates	of	vegetation	differ	between	 flooding	and	non-	flooding	
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sites?	We	predicted	that	the	flood	regime	would	define	which	abi-
otic	drivers	were	most	strongly	correlated	with	riparian	vegetation,	
evidence	of	 an	 interaction	between	 the	 flood	 regime	and	modern	
environmental	drivers.	Specifically,	we	expected	larger	influences	of	
variability in groundwater and precipitation on plant communities in 
site	that	no	longer	flood	than	in	those	that	do	flood.	Lastly,	we	asked	
(c):	which	plant	functional	groups	account	for	differences	between	
flood	regimes	in	a	plant	community’s	sensitivity	to	abiotic	factors?	
We	 specifically	 compared	 native	 vs	 non-	native	 plant	 species	 and	
canopy	vs	understorey	species.	We	hypothesized	that	the	dominant,	
native	canopy	trees	would	explain	the	differences	in	plant	commu-
nity	sensitivity	to	abiotic	factors	between	flood	regimes	because	of	
their	historical	dominance	under	regimes	of	riparian	flooding.

2  | METHODS

2.1 | Study sites

We	 collected	 vegetation	 data,	 groundwater	 and	 precipitation	 data	
as	part	of	the	Bosque	Ecosystem	Monitoring	Program	(BEMP)	in	the	
Middle	Rio	Grande	Valley	of	New	Mexico.	BEMP	conducts	vegetation	
monitoring	on	county,	state,	federal	and	tribal	land	along	420	km	of	the	
Rio	Grande.	We	focused	on	24	sites	(Figure	1)	in	Rio	Arriba,	Sandoval,	
Bernalillo,	Valencia	and	Socorro	Counties	 that	had	comparable	 time	
series	but	differed	in	flood	regime	(Table	1).	We	compared	six	flooding	
sites	against	18	non-	flooding	sites	with	long-	term	observational	data.	
Sites	were	dominated	by	native	cottonwood	canopy	trees,	native	wil-
low	 species,	 and	non-	native	 trees	 and	 shrubs	 that	 included	Russian	
olive,	 Siberian	 elm,	 and	 tamarisk	 (Eichhorst,	 2020;	 Steinberg	 et	 al.,	
2020).

2.2 | Study design

Each	BEMP	site	(Figure	2)	 is	100	m	×	200	m,	the	200-	m	side	runs	
north–	south	in	parallel	with	the	Rio	Grande.	Sites	are	divided	into	10	
equal	sections	of	20	m	×	100	m	and	one	30-	m	vegetation	transect	
is randomly placed within each section running perpendicular to the 
river. Elevation changes little within sites; transects are at a similar 
elevation	above	the	river.	Each	BEMP	site	also	has	two	rain	gauges	
and	five	groundwater	wells	(described	below).

2.3 | Vegetation monitoring

Vegetation	monitoring	began	in	2000	with	seven	sites	and	has	con-
tinued to the present; new sites were included in monitoring as 
they	were	established	(Table	1).	We	monitored	vegetation	transects	
once	annually	during	peak	biomass	production	(August–	September).	
Plants	 were	 monitored	 using	 line-	intercept	 sampling.	 For	 each	
plant	 species	 that	 crossed	 a	 transect,	 we	 recorded	 the	 length	 of	
the	 transect	 covered	 (cm).	 If	 individual	plants	of	 the	 same	species	

overlapped,	 the	cover	was	recorded	as	continuous,	such	that	 total	
cover	 for	 a	 single	 species	 never	 exceeded	3,000	 cm	per	 transect.	
For plants <	1	m	tall,	we	excluded	gaps	< 1 cm between individuals 
of	 the	 same	 species,	 and	 recorded	plant	 cover	 as	 continuous.	 For	
plants	1–	3	m	tall,	we	excluded	gaps	of	< 10 cm between individuals 
of	 the	same	species.	For	plants	 taller	 than	3	m,	we	excluded	gaps	
of	<	1	m.	We	then	summed	the	transect	length	covered	by	each	in-
dividual plant species over the 30 m transect. Transect identity was 
our	smallest	unit	of	observation;	 thus,	we	had	10	samples	per	site	
per	year	monitored,	and	these	samples	were	nested	within	each	site,	
which	enabled	our	analyses	to	estimate	both	year-	to-	year	variability	
and	between-	site	variability	in	vegetation.

2.4 | Groundwater

At	each	BEMP	site,	there	are	five	groundwater	wells,	one	located	in	
the	center	of	the	site,	the	other	four	wells	installed	40	m	from	the	
center	 in	each	of	the	four	cardinal	directions.	We	measured	depth	
to	 groundwater	 (cm)	 at	 each	 well	 monthly	 using	 a	 Solinst	 water	
level	 meter	 (Georgetown,	 ON,	 Canada),	 subtracting	 the	 above-	
ground	height	of	the	well	from	the	total	measurement.	Wells	were	
constructed	and	installed	using	published	methods	(Martinet	et	al.,	
2009).	We	averaged	data	from	each	of	the	five	wells	at	a	BEMP	site	
to	obtain	arithmetic	mean	depth	 to	groundwater	per	site	 for	each	
month	of	observation.	Monthly	groundwater	 levels	were	averaged	
to	estimate	mean	annual	groundwater	level.	To	estimate	intra-	annual	
variability	 in	 groundwater	 depth,	 we	 calculated	 the	 coefficient	 of	
variation	 (CV)	 for	 groundwater	 across	 months	 within	 each	 year,	
hereafter	referred	to	as	intra-	annual	groundwater	variability.

2.5 | Precipitation

At	 each	 site,	 two	 rain	 gauges	 were	 used	 to	 monitor	 precipita-
tion. One gauge is located in an open area and the other under 
forest	 canopy,	which	allows	canopy	cover	 to	 intercept	precipita-
tion	before	it	hits	the	ground.	Each	Tru-	Chek	rain	gauge	(Edwards	
Manufacturing	 Company,	 St.	 Albert	 Lea,	 MN)	 was	 accurate	
to < 1mm and mounted to a metal bracket on a wooden post at 
~1.2	m	 above	 the	 ground	 surface.	 Any	 gaps	 in	 the	 precipitation	
data	for	a	site	were	filled	with	values	from	the	Parameter-	elevation	
Regressions	on	Independent	Slopes	Model	(PRISM	Climate	Group,	
2019;	see	next	section).

2.6 | Climate

We	 obtained	 annual	 and	 monthly	 temperature	 and	 precipitation	
data	at	the	4-	km	spatial	resolution	from	the	PRISM	database	(PRISM	
Climate	Group,	2019).	Annual	values	were	used	for	minimum,	maxi-
mum,	and	average	daily	temperatures	and	cumulative	precipitation	
at	each	site.	We	averaged	monthly	average,	minimum,	and	maximum	



4 of 13  |    
Applied Vegetation Science

STEINBERG ET al.

F I G U R E  1  Bosque	Ecosystem	Monitoring	Program	monitoring	sites.	Sites	used	in	this	analysis	cover	210	km	of	the	Rio	Grande	in	central	
New	Mexico.	Once	established,	sites	were	monitored	annually.	This	analysis	used	data	from	24	sites	monitored	for	8–	16	years	between	
2000	and	2015.	Site	#7	was	not	included	in	the	analysis	because	it	sits	outside	the	floodplain	(no	historical	flood	regime)
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daily	temperatures	over	the	months	of	June,	July	and	August	to	cal-
culate	summer	temperatures	for	each	site.

2.7 | Data analysis

2.7.1 | How	much	does	the	composition	and	
diversity	of	riparian	vegetation	vary	with	the	flood	
regime	and	environmental	conditions?

Plant community composition
Analyses	on	community	composition	were	performed	in	PRIMER	(Clarke	
&	Gorley,	2015),	which	 included	PERMANOVA,	permDISP,	distance-	
based	linear	models	(Dist-	LM),	and	non-	metric	multidimensional	scaling	
(NMDS)	visualization	plots.	Community	composition	included	253	plant	
species,	 recorded	 in	 299	 site–	year	 combinations	 (24	 individual	 sites	
sampled	over	16	years).	The	ten	 transects	 from	each	site	were	aver-
aged,	then	using	PRIMER	we	calculated	Bray–	Curtis	distances	between	
each	pair	of	sites	and	years	across	the	entire	data	set.	We	tested	for	sig-
nificant	differences	in	community	composition	between	flooding	and	
non-	flooding	sites	using	PERMANOVA,	including	the	random	effects	of	
site	and	year	to	account	for	the	non-	independence	of	transects	within	
a	site	and	observations	across	sites	within	the	same	year.	We	created	

NMDS	plots	to	visualize	differences	among	flood	regimes	in	plant	com-
munity	composition.	We	also	compared	dispersion	in	community	com-
position	between	flooding	and	non-	flooding	sites	using	permDISP;	this	
analysis	 tested	 for	 the	magnitude	of	 divergence	of	 plant	 community	
composition	across	the	sites	representing	each	flood	regime.

Plant diversity
We	 completed	 analyses	 on	 plant	 diversity	 metrics	 in	 R	 (R	 Core	
Team,	 2018).	We	 calculated	 the	 Simpson	 diversity	 index,	 richness	
and	evenness	for	each	transect	using	the	vegan	package	(Oksanen	
et	al.,	2018).	Differences	in	diversity	metrics	between	flooding	and	
non-	flooding	sites	were	examined	with	general	linear	mixed-	effects	
models	that	 included	the	fixed	effect	of	flood	regime	and	the	ran-
dom	effects	of	site	and	year	(Bates	et	al.,	2015;	R	Core	Team,	2018).

Environmental correlates of vegetation composition
Our resolution on climate and hydrologic correlates came through 
variation	in	both	space	(e.g.,	sites	that	differed	in	climate	variables)	
and	time	(years	that	differed	in	climate).	We	examined	the	relative	
importance	of	abiotic	drivers	(continuous	variables)	on	the	distance	
matrix	 of	 plant	 community	 composition	 using	 Dist-	LM.	 We	 then	
used	the	Akaike	Information	Criterion	(AIC)	in	model	selection	pro-
cedures	(Burnham	&	Anderson,	2002)	to	identify	the	variables	that	

Site number
Years of data 
available Latitude Longitude County Flood regime

1 16 35.188 −106.647 Bernalillo Non-		flooding

2 16 35.127 −106.688 Bernalillo Non-		flooding

3 16 34.812 −106.714 Valencia Flooding

4 16 34.648 −106.738 Valencia Flooding

5 15 35.342 −106.545 Sandoval Non-		flooding

6 16 35.143 −106.682 Bernalillo Non-		flooding

8 14 35.069 −106.658 Bernalillo Non-		flooding

9 13 — — Rio	Arriba Flooding

10 13 35.192 −106.644 Bernalillo Non-		flooding

11 12 35.191 −106.649 Bernalillo Non-		flooding

12 10 35.193 −106.647 Bernalillo Non-		flooding

13 12 35.015 −106.674 Bernalillo Flooding

14 13 34.258 −106.883 Socorro Non-		flooding

15 13 34.649 −106.739 Valencia Non-		flooding

16 13 34.647 −106.738 Valencia Non-		flooding

17 12 35.145 −106.680 Bernalillo Non-		flooding

18 12 34.660 −106.742 Valencia Non-		flooding

19 11 34.661 −106.743 Valencia Non-		flooding

20 11 35.101 −106.692 Bernalillo Flooding

21 10 35.196 −106.642 Bernalillo Non-		flooding

22 10 35.197 −106.644 Bernalillo Non-		flooding

23 9 35.079 −106.668 Bernalillo Non-		flooding

24 8 35.509 −106.389 Sandoval Non-		flooding

25 8 34.640 −106.742 Valencia Flooding

TA B L E  1  Location	of	Bosque	
Ecosystem Monitoring Program 
monitoring	sites.	geographic	coordinates,	
years	of	data	used	in	the	analysis,	county	
location,	and	designated	flood	regime	of	
the	24	sites	included	in	this	analysis.	Site	
7	was	not	included	in	the	study,	as	it	was	
located	outside	the	floodplain.	Rio	Arriba	
coordinates	are	not	available	for	reasons	
of	cultural	sensitivity
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explained the most variation in community composition across the 
full	data	set.	Sites	5,	9,	and	24	were	omitted	from	this	analysis	be-
cause groundwater depth data were not available. Environmental 
variables considered in model selection procedures were depth to 
groundwater,	 intra-	annual	groundwater	variability,	maximum,	mini-
mum,	 average	 and	 average	 daily	 summer	 (June–	August)	 tempera-
ture,	 annual	precipitation,	monsoon	precipitation	 (Jun–	Oct),	 and	a	
drought	index	that	was	integrated	over	the	water	year	(Oct–		Sept):	
SPEI,	standardized	precipitation–	evapotranspiration	index	(Vicente-	
Serrano	et	al.,	2010).	Flood	regime	was	not	 included	as	a	continu-
ous	variable	because	the	number	of	flooding	sites	was	relatively	low.	
Instead	flood	regime	was	 included	as	a	binary	factor	 (flooding	and	
non-	flooding	sites)	to	avoid	zero-	inflated	data.	All	predictor	variables	
were scaled to mean =	0,	standard	deviation	=	1,	so	that	their	effect	
sizes	(as	estimated	by	the	slope)	could	be	compared	on	similar	scales.	
In	addition	to	the	analysis	of	individual	environmental	correlates,	we	
constructed	a	multivariate	model	using	forward	model	selection;	we	
did	not	include	minimum,	average	or	summer	temperature,	or	mon-
soon	precipitation,	due	to	multi-	collinearity	with	maximum	summer	

temperature	and	annual	precipitation,	which	were	determined	as	the	
best	predictors	 in	AIC-	based	model	 selection	procedures.	 In	 addi-
tion,	we	plotted	vectors	 for	 climate	 and	hydrologic	 variables	onto	
the	NMDS	plots	to	visualize	their	relative	importance.

2.7.2 | Do	abiotic	correlates	of	riparian	vegetation	
differ	between	flooding	and	non-	flooding	sites?

We	separated	flooding	(N =	6)	and	non-	flooding	(N =	18)	sites	and	
recalculated	 the	 Bray–	Curtis	 distances	 among	 pairs	 of	 transects	
within	each	group.	Current	methods	available	for	per	MANOVA	and	
Dist-	LM	do	not	allow	the	inclusion	of	categorical	and	continuous	var-
iables	within	the	same	model;	therefore,	it	was	not	possible	to	sta-
tistically	evaluate	 interactions	between	abiotic	variables	and	flood	
regime	type	in	these	analyses	of	plant	community	composition.	We	
followed	the	same	steps	as	in	question	(1)	to	conduct	Dist-	LM	anal-
ysis	with	AIC-	based	model	 selection-		 imposed	separately	 for	each	
flood	 regime	 group.	We	 also	 created	NMDS	 plots	 onto	which	we	
mapped	the	vectors	for	the	abiotic	variables	to	visually	depict	their	
relative	importance	for	the	set	of	flooding	versus	non-	flooding	sites.

For	the	plant	diversity	metrics	described	above,	we	examined	
relationships	 with	 abiotic	 correlates	 using	 general	 linear	 mixed-	
effects	models	that	included	the	random	effects	of	site	and	year	
as	 well	 as	 one	 of	 the	 following	 abiotic	 correlates:	 groundwater,	
groundwater	variability,	precipitation,	maximum	annual	tempera-
ture	(Bates	et	al.,	2015;	R	Core	Team,	2018).	Models	also	included	
the	 fixed	 effect	 of	 flood	 regime	 (as	 described	 for	 question	 [a])	
and	 the	 interaction	 term	 between	 flood	 regime	 (flooding/non-	
flooding)	and	the	abiotic	variable,	which	tested	explicitly	whether	
allowing	abiotic	 correlates	of	diversity	 to	differ	 among	 flood	 re-
gimes	improved	model	fit	based	on	the	AIC	criterion.	An	improve-
ment	of	model	fit	with	the	inclusion	of	the	flood	regime	× abiotic 
factor	interaction	term	statistically	indicated	that	drivers of diver-
sity significantly differed between the two flood regimes.	AIC-	based	
model	 selection	 (Burnham	&	 Anderson,	 2002)	 was	 also	 used	 to	
rank	the	relative	importance	of	the	candidate	abiotic	variables	for	
explaining variation in plant diversity metrics.

2.7.3 | Which	plant	functional	groups	account	for	
differences	between	flood	regimes	in	plant	community	
sensitivity	to	abiotic	factors?

We	classified	each	plant	species	into	categories	for	life form: canopy 
vs understorey and provenance:	native	vs	non-	native.	Canopy	plants	
were	defined	as	trees	and	shrubs,	understorey	included	all	the	her-
baceous plant species. Provenance was determined using The Plants 
Database	(USDA	&	NRCS,	2018).	We	divided	sites	by	flood	regime	
and	for	each	plant	group,	we	used	general	linear	mixed-	effects	mod-
els	that	included	the	random	effects	of	site	and	year	and	one	of	the	
four	abiotic	variables	described	above	to	determine	the	slope	of	the	

F I G U R E  2  Layout	of	a	Bosque	Ecosystem	Monitoring	Program	
monitoring	site.	Sites	include	five	groundwater	wells	and	two	
precipitation	gauges	which	are	measured	monthly.	Vegetation	cover	
is measured by species annually along 10 vegetation transects that 
run east to west



     |  7 of 13
Applied Vegetation Science

STEINBERG ET al.

relationship	between	total	plant	cover	and	each	abiotic	variable	(e.g.,	
Figure	5;	Bates	et	al.,	2015).

3  | RESULTS

3.1 | How much do the composition and diversity 
of riparian vegetation vary with the flood regime and 
environmental conditions?

Riparian	 plant	 community	 composition	 and	 diversity	 significantly	
differed	 between	 flooding	 and	 non-	flooding	 sites	 (PERMANOVA,	
flood	regime,	pseudo-	F =	2.42,	p =	0.025).	Across	all	sites	combined,	
plant community composition was most strongly correlated with 
groundwater	depth	(R2 =	0.08,	p =	0.0001),	average	maximum	tem-
perature	(R2 =	0.08,	p =	0.0001)	and	intra-	annual	groundwater	vari-
ability	(R2 =	0.06,	P =	0.0001),	although	no	single	correlate	explained	
substantial variation in plant community composition when all sites 
were binned together.

Flooding	and	non-	flooding	sites	significantly	differed	in	some	of	
the	abiotic	variables	that	we	considered	as	correlates	of	vegetation	
composition. Flooding sites had shallower depth to groundwater 
(mean	±	standard	error	[SE]	=	118	cm	±	0.69)	than	non-	flooding	sites	
(161	cm	± 1.2 ; p <	0.001).	Groundwater	levels	at	flooding	sites	were	
also	significantly	more	variable	throughout	the	year	(mean	ground-
water CV = 0.23 ±	 0.039)	 than	 levels	 at	 non-	flooding	 sites	 (mean	
groundwater CV = 0.03 ±	 0.006,	p <	 0.001).	However,	 other	 abi-
otic	variables	did	not	significantly	differ	between	flooding	and	non-	
flooding	sites.

Sites	that	flood	had	nearly	40%	greater	plant	diversity	(Simpson	
index,	0.73	±	0.005)	 than	non-	flooding	sites	 (0.53	±	0.005;	 log-	
likelihood χ2 =	51.4,	p <	0.0001).	Differences	between	the	flood	
regimes	 in	 plant	 species	 diversity	 were	 due	 primarily	 to	 differ-
ences	in	species	richness,	which	was	63%	greater	at	flooding	sites	
(10.9	±	0.19	species)	than	at	non-	flooding	sites	(6.7	±	0.08	species,	
χ2 =	56.9,	p <	0.0001).	Species	evenness	was	17%	greater	at	flood-
ing	 sites	 (0.69	±	 0.004)	 than	 non-	flooding	 sites	 (0.59	± 0.004; 
χ2 =	23.7,	p <	0.0001).	However	at	non-	flooding	sites	spanned	a	
larger	 range	 in	plant	diversity	 than	 flooding	 sites,	with	 an	 inter-	
quartile	range	from	0.42	to	0.70	across	sites,	compared	to	flood-
ing	 sites	which	 ranged	 from	 0.69	 to	 0.81.	 The	 greater	 range	 of	
diversity	 among	 non-	flooding	 sites	 may	 simply	 be	 due	 to	 the	
larger	sample	size	(180	transect	×	year	combinations)	than	flood-
ing	sites	(60	transect	×	year	combinations).	Finally,	plant	commu-
nity	composition	was	more	similar	among	sites	that	flooded	than	
among	non-	flooding	sites	(permDISP,	p =	0.009);	this	result	should	
be	interpreted	cautiously	because	the	sample	sizes	for	each	flood	
regime	were	uneven,	 and	a	 larger	number	of	 sites	 increases	 the	
ability to detect dispersion among sites.

3.2 | Do abiotic correlates of vegetation differ 
between flooding and non- flooding sites?

The	best	 abiotic	 correlates	 of	 plant	 community	 composition	 dif-
fered	 with	 flood	 regime,	 and	 non-	flooding	 sites	 had	 a	 greater	
number	of	abiotic	variables	that	correlated	with	vegetation	com-
position	than	did	flooding	sites.	At	flooding	sites	(Figure	3A),	two	

F I G U R E  3  Community	composition	at	(a)	flooding	sites	and	(b)	non-	flooding	sites.	Each	dot	represents	one	site/year	combination	and	its	
color	represents	one	of	21	Bosque	Ecosystem	Monitoring	Program	sites	(sites	5,	9	and	24	were	excluded	due	to	lack	of	groundwater	data).	
Plots	are	results	of	non-	metric	multidimensional	scaling	analysis	(NMDS,	Primer	v.	6,	Plymouth,	UK).	NMDS	stress	was	0.12	for	flooding	
sites	and	0.16	for	non-	flooding	sites,	indicating	an	adequate	two-	dimensional	solution.	Variation	in	plant	communities	was	correlated	with	
depth	to	groundwater	and	average	maximum	daily	temperature	at	flooding	sites	(R2 =	0.24).	At	non-	flooding	sites	annual	precipitation	and	
groundwater	variation	were	additional	correlates	of	variation	in	community	composition	(R2 =	0.18)
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variables,	depth	to	groundwater	(R2 =	0.11,	p =	0.0001)	and	aver-
age	annual	maximum	daily	temperature	(R2 =	0.17,	p =	0.0001),	ex-
plained	variation	in	plant	community	composition.	At	non-	flooding	
sites	 (Figure	3B),	 four	 variables	 explained	variation	 in	plant	 spe-
cies	 composition,	 including	 	 groundwater	 variability	 (R2 =	 0.05,	
p =	0.0001)	and	mean	annual	precipitation	 (R2 =	0.01,	p =	0.01)	
as	well	as	depth	to	groundwater	(R2 =	0.09,	p =	0.0001)	and	aver-
age	annual	maximum	temperature	(R2 =	0.11,	p =	0.0001),	both	of	
which	explained	less	variation	in	plant	composition	at	non-	flooding	
sites	than	at	flooding	sites.	For	non-	flooding	sites,	a	multivariate	
model,	 including	all	 four	abiotic	correlates,	explained	18%	of	the	
variation	in	plant	community	composition	(R2 =	0.18,	p =	0.0001).	
For	flooding	sites,	two	abiotic	variables	(depth	to	groundwater,	av-
erage	annual	maximum	temperature)	explained	24%	of	the	varia-
tion	in	plant	composition,	despite	the	smaller	total	number	of	sites	
(R2 =	0.24,	p =	0.0001).

Abiotic	 correlates	 of	 plant	 diversity	 strongly	 differed	 with	
the	 flood	 regime	 (Figure	 4).	 At	 flooding	 sites,	 plant	 diversity	 in-
creased	with	shallower	mean	groundwater	depth	 (Simpson	 index,	
slope =	0.07,	p <	0.0001),	but	there	was	no	significant	relationship	
between	plant	diversity	and	depth	to	groundwater	at	non-	flooding	
sites	(p =	0.9;	Figure	4A).	This	result	was	confirmed	by	a	large	in-
crease	in	model	fit	when	the	interaction	between	flood	regime	and	
depth	to	groundwater	was	included	in	the	model	(∆AIC	=	23).	At	non-	
flooding	 sites,	 plant	 diversity	 increased	with	 greater	 intra-	annual	
variability	in	groundwater	(slope	=	0.02,	p <	0.0001)	but	there	was	

no	significant	relationship	at	flooding	sites	(slope	=	0.003,	p = 0.5; 
Figure	4B).	Again,	inclusion	of	the	interaction	between	groundwa-
ter	variability	and	flood	regime	greatly	improved	model	fit	relative	
to	a	model	lacking	the	interaction	(∆AIC	=	54),	indicating	that	the	
best	 abiotic	 correlates	 of	 plant	 diversity	 strongly	 differed	 with	
flood	 regime.	 Analyses	 that	 included	 only	 native	 plant	 diversity	
revealed a similar pattern: native plant species diversity increased 
with	 shallower	 groundwater	 at	 non-	flooding	 sites	 (slope	=	 0.13,	
p <	0.0001),	but	not	at	non-	flooding	sites	(slope	=	0.01,	p =	0.12).	
However,	 there	 was	 no	 significant	 relationship	 between	 native	
plant	diversity	and	 intra-	annual	groundwater	variability	for	either	
flood	regime	(p >	0.05).

3.3 | Which plant functional groups account 
for differences between flood regimes in plant 
community sensitivity to abiotic factors?

The	abiotic	correlates	of	native	plant	cover	differed	greatly	between	
flood	 regimes	 (Figure	 5	 and	 Appendix	 S1).	 Across	 all	 sites,	 native	
plants	were	76%	of	total	plant	cover.	At	flooding	sites,	native	cover	
increased	 most	 strongly	 with	 warmer	 temperature	 (slope	 =	 3.20,	
p <	0.0001),	 among	 the	abiotic	 correlates	we	examined,	but	native	
plant	 cover.	 was	 not	 significantly	 related	 to	 average	 groundwater	
depth. This pattern indicating that either individual plant species di-
verged in their associations with groundwater levels such that total 

F I G U R E  4  Relationships	between	plant	diversity	and	water	availability	differ	depending	on	flood	regime.	The	relationships	between	plant	
diversity	and	(a)	depth	to	groundwater	and	(b)	intra-	annual	groundwater	variability	at	flooding	sites	and	non-	flooding	sites.	Lines	show	best-	
fit	model	with	95%	confidence	bands,	plotted	using	visreg	(Breheny	&	Burchett,	2017).	Each	graph	represents	a	separate	linear	regression	of	
plant	cover	by	the	environmental	variable	interacting	with	flood	regime
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native	cover	showed	no	strong	relationship	or	that	where	flooding	is	
possible,	groundwater	is	not	the	most	limiting	factor	for	native	plants.	
In	 contrast,	 at	 non-	flooding	 sites,	 native	 cover	 strongly	 decreased	
with	 shallower	 groundwater	 (depth	 to	 groundwater,	 slope	=	 −4.01,	
p <	 0.0001),	 decreased	 with	 warmer	 temperature	 (slope	=	 −3.20,	
p <	0.0001),	decreased	with	greater	 intra-	annual	groundwater	vari-
ability	 (slope	=	−1.99,	p <	0.0001)	and	decreased	with	precipitation	
(slope	=	−1.00,	p <	0.0001).

Although	the	relationships	between	native	plant	cover	and	poten-
tial	abiotic	drivers	diverged	strongly	between	the	two	flood	regimes,	
cover	of	non-	native	plants	had	similarly	weak	relationships	with	most	
abiotic	predictors	at	both	flooding	and	non-	flooding	sites.	Non-	native	
plants	differed	between	flood	regimes	in	their	relationship	with	intra-	
annual	groundwater	variability,	which	was	non-	significant	at	flooding	

sites	(p =	0.30),	and	strongly	positive	at	non-	flooding	sites	(slope	=	1.50,	
p <	0.0001).	Thus,	 for	both	native	and	non-	native	plant	cover,	 intra-	
annual	groundwater	variability	was	important	at	the	drier,	non-	flooding	
sites,	than	at	the	wetter,	flooding	sites.	Non-	native	plant	cover	was	also	
significantly	 correlated	 with	 precipitation,	 but	 only	 at	 flooding	 sites	
(slope	=	−1.40,	p <	0.0001).

Responsiveness	 of	 tree	 canopy	 cover	 and	 understorey	 plant	
cover	to	abiotic	variables	also	diverged	between	flooding	and	non-	
flooding	sites	(Figure	5	and	Appendix	S2).	Neither	understorey	cover	
nor	 canopy	 cover	 co-	varied	 with	 groundwater	 depth	 at	 flooding	
sites.	However,	cover	of	both	groups	varied	with	groundwater	level	
at	 non-	flooding	 sites,	 but	 in	 opposite	 directions.	 At	 non-	flooding	
sites,	 understorey	 cover	 increased	 with	 shallower	 groundwater	
levels	 (slope	=	 3.52,	 p <	 0.0001).	 Canopy	 plants	 decreased	 with	

F I G U R E  5  Relationships	between	plant	cover	and	environmental	factors	at	flooding	sites	and	non-	flooding	sites	by	plant	group.	Total	
native	plant	species	cover	(a),	non-	native	plant	cover	(b),	woody	plant	cover	(c),	and	herbaceous	understorey	plant	cover	(d)	differed	in	the	
strength	and	sometimes	direction	of	the	relationships	to	climate	and	hydrologic	factors	based	on	flood	regime.	Each	bar	represents	the	slope	
of	a	separate	linear	regression	of	plant	cover	by	the	environmental	variable.	In	all	cases,	models	that	included	an	interaction	between	flood	
regime	and	the	environmental	driver	and	thereby	allowed	the	slopes	to	differ	between	flood	regimes	fit	the	data	better	than	models	that	did	
not include the interaction term
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precipitation	at	both	site	types	(flooding	slope	=	−2.86,	p < 0.0001; 
non-	flooding	slope	=	−1.17,	p <	0.0001).	Understorey	plants	were	the	
only group that correlated positively with precipitation. Regardless 
of	flood	regime,	understorey	cover	increased	with	greater	precipita-
tion	(flooding	slope	=	2.30,	p <	0.0001;	non-	flooding	slope	=	1.44,	
p <	 0.0001).	 Canopy	 plants	 decreased	 with	 precipitation	 at	 both	
site	types	 (flooding	slope	=	−2.86,	p <	0.0001;	non-	flooding	slope	
=	−1.17,	p <	0.0001).

4  | DISCUSSION

The	Middle	Rio	Grande	Valley	serves	as	a	useful	testbed	for	under-
standing	processes	affecting	riparian	communities	in	other	parts	of	
the	world.	The	 legacy	of	past	 floods	appears	 in	 the	current	domi-
nance	 of	 mature	 Rio	 Grande	 cottonwood	 trees	 (Populus deltoides 
ssp. wislizenii)	and	the	abundance	of	willow	species,	both	of	which	
require	 floods	 to	germinate	and	primarily	established	 in	 the	valley	
prior	 to	 the	construction	of	dams	on	 the	Rio	Grande.	Today,	 large	
regions	of	the	Middle	Rio	Grande	riparian	corridor	do	not	flood	due	
to	channelization,	incised	banks,	and	dams	—		changes	that	have	oc-
curred	commonly	in	dryland	riparian	ecosystems	worldwide	(Gurnell	
et	 al.,	 2012;	 Capon	 &	 Pettit,	 2018;	 Hayes	 et	 al.,	 2018).	 Here,	 we	
documented substantial divergence in plant community composi-
tion	between	sites	that	had	the	capacity	to	flood	and	those	that	no	
longer	flood,	including	more	than	60%	greater	plant	species	richness	
in	flooding	sites.	These	results	align	with	findings	in	other	arid	riv-
ers	 (e.g.,	Mata-	Gonzalez,	Martin,	 et	 al.,	 2012;	Hingee	et	 al.,	 2017;	
Palmquist	et	al.,	2018),	but	were	 larger	 in	magnitude	 than	 in	prior	
reports.	We	also	uncovered	correlations	between	plant	diversity	and	
intra-	annual	variability	in	groundwater.	Recent	studies	have	similarly	
linked	seasonal	changes	in	river	flow	or	intermittency	with	increased	
plant	 diversity	 in	 riparian	 ecosystems	 (Katz	 et	 al.,	 2012;	 Lawson	
et	al.,	2015;	Poff,	2018),	suggesting	that	the	role	of	intra-	annual	vari-
ability	in	groundwater	may	be	a	key	structuring	factor	for	vegetation	
composition	in	dryland	riparian	corridors	(Xi	et	al.,	2018).

Most	importantly,	our	results	suggest	that	the	current	flood	regime	
alters	 the	 strength	 and	 the	direction	of	 environmental	 correlates	of	
plant	 community	 composition.	 Thus,	 the	 key	 environmental	 factors	
that	may	be	most	useful	to	monitor	as	harbingers	of	change	in	ripar-
ian	ecosystems	differed	with	the	local	flood	regime	(Butterfield	et	al.,	
2018).	Our	results	suggest	that	where	flooding	does	not	occur,	sites	
with highly variable groundwater levels will have not only greater total 
and	native	plant	diversity	but	also	more	non-	native	plant	cover.	In	ad-
dition,	both	mean	annual	precipitation	and	intra-	annual	groundwater	
variability	were	significant	correlates	of	plant	community	composition	
only	at	non-	flooding	sites,	where	water	 is	 less	readily	available	even	
at	 peak	 stream	 flows.	 In	 contrast,	 average	 groundwater	 depth	 was	
the	strongest	predictor	of	total	and	native	plant	diversity	at	flooding	
sites. This result helps to explain the generally low explanatory power 
of	depth	to	groundwater	 in	prior	studies	of	riparian	vegetation	from	
heavily	 regulated	 ecosystems,	 where	 flooding	 is	 infrequent	 (Mata-	
Gonzalez,	Martin,	et	al.,	2012;	Mata-	Gonzalez,	McLendon,	et	al.,	2012).	

Finally,	plant	diversity	and	composition	were	more	divergent	among	
non-	flooding	sites	 than	at	 flooding	sites.	This	 result	 should	be	 inter-
preted	cautiously	because	the	sample	sizes	for	each	flood	regime	were	
uneven,	due	to	the	nature	of	long-	term,	observational	data.	Thus,	al-
though	the	difference	 in	range	could	arise	due	to	the	 larger	number	
of	non-	flooding	than	flooding	sites	in	our	study,	per	MANOVA	is	com-
paratively	robust	against	such	issues,	and	it	may	instead	indicate	that	
where	floods	are	no	 longer	occurring,	plant	communities	take	diver-
gent successional trajectories due to variation among local sites in the 
other	climate	drivers	of	plant	community	composition	or	in	stochastic	
processes.	 These	 structuring	 factors	may	only	 emerge	 as	 important	
when	floods	no	longer	act	as	a	strong	filter	on	plant	species	compo-
sition.	Similar	results	were	obtained	for	drought	as	a	filter	on	aquatic	
invertebrate communities —  with greater dispersion and stochasticity 
in	community	composition	in	the	absence	of	the	strong	filter	of	exper-
imental	drought	(Chase,	2007).

Differences	between	flood	regimes	and	indicators	of	plant	com-
munity dependence on environmental variability might be explained 
using	the	bucket	model	proposed	by	Knapp	et	al.,	(2008).	The	bucket	
model	proposed	that	the	influence	of	variability	in	soil	moisture	on	
an ecosystem depends on the average water availability at a site. 
Variability	can	be	beneficial	to	plants	in	environments	where	aver-
age	water	 levels	are	generally	at	stressful	 levels	 (either	too	wet	or	
too	dry),	because	the	variability	in	water	levels	is	more	likely	to	push	
the	environment	into	better	conditions.	In	contrast,	where	average	
water	levels	occur	within	an	optimal	range	for	the	plant	community,	
increasing variability around the mean may push water levels outside 
of	 that	 range	 into	more	 stressful	 conditions,	 a	net	negative	effect	
of	variability.	This	model,	developed	to	explain	precipitation-	driven	
soil	moisture	in	grasslands	(Knapp	et	al.,	2008;	Thomey	et	al.,	2011),	
provides	 a	 useful	 conceptual	 framework	 for	 groundwater	 dynam-
ics	 in	 riparian	ecosystems.	For	example,	we	found	that	at	 flooding	
sites,	which	 have	 a	 shallower,	 but	more	 variable	water	 table	 than	
non-	flooding	 sites,	 intra-	annual	 variability	 in	 groundwater	 depth	
was	not	correlated	with	plant	diversity,	or	cover	for	any	of	the	four	
plant	groups,	perhaps	because	the	water	table	stayed	within	optimal	
levels.	However,	at	non-	flooding	sites	where	the	average	water	table	
depth	was	27%	(44	cm)	deeper	than	at	flooding	sites,	 intra-	annual	
variability correlated positively with plant diversity. These results 
that	are	consistent	with	the	bucket	model,	if	we	assume	that	deeper	
water	 levels	are	more	stressful	for	most	riparian	plants.	Under	the	
stressful	conditions	caused	by	a	deep	water	table,	variability	in	water	
levels	may	benefit	certain	plant	species	(Steinberg	et	al.,	2020),	and	
increase coexistence and species diversity by creating opportuni-
ties	for	niche	differentiation.	This	mechanism	may	also	explain	why,	
at	non-	flooding	sites,	herbaceous	and	non-	native	plant	cover	both	
increased	with	 increasing	groundwater	variability.	Although	native	
cover	decreased,	that	may	have	been	driven	by	deep-	rooted	trees,	
which	prefer	deeper	water	tables	and	thus,	under	the	bucket	model,	
are predicted to decline with greater variability in the water table.

Past work has shown that riparian vegetation in drylands relies 
heavily	on	the	shallow	water	table	(Kehr	et	al.,	2014;	Cleverly	et	al.,	
2015;	Thibault	et	al.,	2017).	Therefore,	we	expected	plant	cover	to	
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increase	with	 shallower	 groundwater	 at	 all	 of	 our	 sites.	However,		
surprisingly,	 at	 non-	flooding	 sites,	 only	 herbaceous	 species	 cover	
increased	as	the	water	table	rose.	Cover	of	native	and	woody	spe-
cies	 instead	declined	with	a	 shallower	water	 table	at	non-	flooding	
sites,	which	 could	 indicate	 stress	 from	 short-	term	 anoxia	 of	 roots	
(Naumburg	 et	 al.,	 2005)	 or	 other	 unmeasured	 differences	 among	
sites.	 Unexpectedly,	 at	 flooding	 sites,	 no	 plant	 group	 was	 signifi-
cantly	correlated	with	depth	 to	groundwater,	and	 total	non-	native	
plant	cover	was	unaffected	by	average	groundwater	depth	in	both	
flood	regimes.	This	may	be	due	to	species’	differences	in	sensitivity	
to	groundwater,	and	it	may	be	necessary	to	look	at	 individual	spe-
cies	 to	 understand	 these	 relationships.	 For	 example,	 at	 our	 sites,	
cottonwood	cover	was	greatest	at	middle	groundwater	depths,	and	
decreased with both extremely high and extremely low groundwa-
ter	depths,	but	willow	cover	had	the	opposite	nonlinear	relationship	
with	groundwater	(Steinberg	et	al.,	2020).

Our study detected surprisingly strong correlations between air 
temperature	and	plant	cover,	relationships	that	depended	starkly	on	
the	 flood	 regime.	Although	 temperature	 is	 implicitly	a	component	
of	 studies	 on	drought	 (Vicente-	Serrano	 et	 al.,	 2010),	 temperature	
alone	has	been	studied	less	often	than	water	dynamics	as	a	driver	
of	dryland	riparian	vegetation.	Yet,	warming	 is	a	key	aspect	of	cli-
mate	 change,	 and	one	 that	 is	 accelerating	 faster	 in	 drylands	 than	
in	other	terrestrial	ecosystems	(Huang	et	al.,	2017).	Observational	
studies have correlated warmer temperatures with lower cotton-
wood	growth	and	with	increases	in	the	common	non-	native	plants,	
Tamarix chinensis and Elaeagnus angustifolia	 (McShane	et	al.,	2015;	
Philipsen	et	al.,	2018),	but	temperature	changes	also	coincided	with	
changes	in	stream	flow.	In	our	analysis,	at	flooding	sites,	plant	cover	
for	all	groups	except	for	herbaceous	plants	increased	at	sites	and	in	
years	with	warmer	 temperatures.	However,	 at	 non-	flooding	 sites,	
both native and woody cover declined with warmer temperatures. 
Where	water	is	available	as	shallow	groundwater,	warmer	tempera-
tures	may	benefit	trees	and	shrubs,	but	where	groundwater	is	more	
limited,	warming	may	be	stressful,	perhaps	exacerbating	water	lim-
itation.	 Consistent	with	 other	 studies	 (McShane	 et	 al.,	 2015),	 but	
declined	with	warming	 at	 flooding	 sites.	However,	 it	 is	 important	
to acknowledge that herbaceous species represent diverse strat-
egies,	 from	short-	living	mud	bank	specialists	 to	non-	native	distur-
bance	specialists,	and	species-	level	analyses	provide	deeper	insights	
(Steinberg	 et	 al.,	 2020).	 These	 opposite	 relationships	 could	 result	
from	 competition	 for	 light	 between	 the	 canopy	 and	 understorey,	
with drivers that increase canopy cover causing understorey cover 
to	decline	due	to	competition.	In	future	studies,	it	would	be	useful	
to	explore	how	plant	competitive	dynamics	differ	between	flooding	
and	non-	flooding	sites	(Garcia-	Arias	&	Frances,	2016).

Because	riparian	vegetation	has	been	related	to	depth	to	ground-
water	in	numerous	prior	studies	(Scott	et	al.,	1999;	Naumburg	et	al.,	
2005;	Gurnell	et	al.,	2012;	Mata-	Gonzalez,	McLendon,	et	al.,	2012;	
Sommer	&	 Froend,	 2014),	we	were	 surprised	 to	 find	 that	 precipi-
tation	explained	variation	 in	plant	cover	 for	most	plant	groups	we	
examined,	 particularly	 at	 flooding	 sites.	 We	 did	 observe	 greater	
herbaceous	 cover	 with	 greater	 precipitation	 at	 both	 flooding	 and	

non-	flooding	sites,	which	was	expected	because	this	group	includes	
annuals	 and	 shallow-	rooting	 plants	 that	 acquire	 water	 primarily	
from	precipitation	 (Darrouzet-	Nardi	et	al.,	2006).	Unexpectedly,	at	
all	sites,	the	relationship	between	precipitation	and	woody	and	na-
tive	plant	cover	was	negative.	A	negative	influence	of	precipitation	
could	be	driven	by	short-	term	anoxia	of	roots	when	water	tables	rise	
quickly	 following	 large	 rain	events	 (Naumburg	et	 al.,	 2005),	which	
contribute	the	majority	of	precipitation	in	our	region.	This	would	ex-
plain why the relationships between precipitation and cover mirror 
the	 relationships	between	groundwater	and	cover	at	non-	flooding	
sites.	Alternatively,	shallow-	rooted,	understorey,	herbaceous	plants	
may	use	the	limited	rainwater	before	it	reaches	deep-	rooted	canopy	
plants,	 reducing	canopy	cover.	Understorey	cover	was	66%	higher	
at	flooding	sites	than	at	non-	flooding	sites,	which	could	explain	why	
the relationship between precipitation and both native and woody 
cover	was	weaker	at	non-	flooding	sites.

Our data set covered variation that occurred over both space 
and	time,	either	of	which	could	contribute	to	the	relationships	we	
observed.	Space-	for-	time	substitution	has	been	used	to	predict	fu-
ture	community	trajectories	(e.g.,	Stromberg	et	al.,	1996);	however,	
observational studies such as ours should be applied cautiously be-
cause	they	cannot	decouple	climate	and	hydrologic	variables	from	
other	unmeasured	differences	among	sites.	Other	factors	import-
ant in riparian plant communities that we were not able to examine 
include	 the	 amount	 of	 snowpack	 upstream	of	 our	 sites	 and	 sub-
sequent	 timing	of	spring	run-	off	 (Perry	et	al.,	2012),	edaphic	 fac-
tors	such	as	soil	nutrients	(Andersen	et	al.,	2014),	disturbances	fire	
(Pettit	&	Naiman,	2007),	and	both	river	and	land	management	strat-
egies	(Samson	et	al.,	2018).	It	is	possible	that	some	of	the	relation-
ships we observed between hydrologic variables and vegetation 
are	 causal	 in	 the	 reverse	 direction	—		 for	 example,	 plants	 driving	
changes	 in	 groundwater	 depth	 or	 causing	 intra-	annual	 variability	
in	groundwater.	The	potential	 for	such	biophysical	 feedbacks	has	
been	 investigated	 in	 some	 detail	 for	 riparian	 ecosystems,	mostly	
through	 modeling	 efforts	 (Rodriguez-	Iturbe	 et	 al.,	 2007;	 Wang	
et	al.,	2012).	At	least	one	prior	study	proposed	that	vegetation	was	
the	cause,	 rather	 than	 the	 response,	 to	 intra-	annual	 variability	 in	
groundwater	(Butler	et	al.,	2007).

In	riparian	forests,	where	dams,	river	channelization,	and	incised	
banks	make	flooding	unlikely	in	a	large	part	of	the	historic	floodplain,	
we	determined	that	plant	communities	correlate	with	different	cli-
mate	factors	more	 in	remnant	non-	flooding	forests	than	 in	forests	
that	retain	the	capacity	to	flood.	We	assessed	variation	across	both	
time and space to demonstrate that relationships between vege-
tation and climate and hydrologic variables changed in both their 
magnitude	and	direction	between	flooding	and	non-	flooding	sites.	
The	local	flood	regime	appears	to	play	a	strong	role	in	how	riparian	
plant	communities	may	change	with	future	changes	in	temperature,	
groundwater depth and seasonal groundwater variability.

ACKNOWLEDG EMENTS
We	would	like	to	thank	the	many	students,	teachers	and	community	
members	who	have	collected	groundwater	and	precipitation	data	for	



12 of 13  |    
Applied Vegetation Science

STEINBERG ET al.

Bosque	Ecosystem	Monitoring	Program	(BEMP),	Phil	Tonne	and	his	
colleagues	who	have	conducted	vegetation	surveys	for	BEMP,	and	
BEMP	staff	who	have	collected	data	and	conducted	quality	assur-
ance checks.

AUTHOR CONTRIBUTIONS
All	authors	contributed	to	developing	research	questions,	KE	over-
saw	data	collection,	KS	and	JR	analyzed	the	data,	KS	 led	the	writ-
ing	of	the	manuscript	and	all	authors	contributed	to	drafts	and	final	
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Data	is	available	through	the	Bosque	Ecosystem	Monitoring	Program	
at	www.bemp.org/data-	sets.

ORCID
Kelly A. Steinberg  https://orcid.org/0000-0002-3372-7252 

R E FE R E N C E S
Andersen,	D.C.,	Adair,	E.C.,	Nelson,	S.M.	&	Binkley,	D.	(2014)	Can	nitrogen	

fertilization	aid	restoration	of	mature	tree	productivity	in	degraded	
dryland	riverine	ecosystems?	Restoration Ecology,	22,	582–	589.

Bates,	 D.,	 Maechler,	 M.,	 Bolker,	 B.	 &	 Walker,	 S.	 (2015)	 Fitting	 linear	
mixed-	effects	models	using	lme4.	Journal of Statistical Software,	67,	
1–	48.

Brauman,	K.A.,	Daily,	G.C.,	Duarte,	T.K.	&	Mooney,	H.A.	(2007)	The	na-
ture	and	value	of	ecosystem	services:	An	overview	highlighting	hy-
drologic services. Annual Review of Environment and Resources,	67–	98.

Breheny,	 P.	&	Burchett,	W.	 (2017)	Visualization	 of	 Regression	Models	
Using	visreg.	The R Journal,	9,	16.

Burnham,	K.P.	&	Anderson,	D.R.	(2002)	Model selection and multimodel in-
ference: A practical information- theoretic approach.	New	York:	Springer.

Butler,	 J.J.,	 Kluitenberg,	 G.J.,	 Whittemore,	 D.O.,	 Loheide,	 S.P.,	 Jin,	 W.,	
Billinger,	M.A.	et	al.	(2007)	A	field	investigation	of	phreatophyte-	induced	
fluctuations	in	the	water	table.	Water Resources Research,	43,	W02404.

Butterfield,	B.J.,	Palmquist,	E.	&	Ralston,	B.	(2018)	Hydrological	regime	
and climate interactively shape riparian vegetation composition 
along	 the	 Colorado	 River,	 Grand	 Canyon	 (J.	 Ewald,	 Ed.).	 Applied 
Vegetation Science,	21,	572–	583.

Capon,	S.J.	&	Pettit,	N.E.	(2018)	Turquoise	is	the	new	green:	Restoring	
and	 enhancing	 riparian	 function	 in	 the	 Anthropocene.	 Ecological 
Management & Restoration,	19,	44–	53.

Chase,	J.M.	(2007)	Drought	mediates	the	importance	of	stochastic	com-
munity assembly. Proceedings of the National Academy of Sciences,	
104,	17430–	17434.

Clarke,	 K.	 &	 Gorley,	 R.	 (2015)	 PRIMER version 7: User manual/tutorial. 
Plymouth,	UK:	PRIMER-	E.

Cleverly,	J.,	Thibault,	J.R.,	Teet,	S.B.,	Tashjian,	P.,	Hipps,	L.E.,	Dahm,	C.N.	
et	al.	(2015)	Flooding	regime	impacts	on	radiation,	evapotranspiration,	
and	 latent	 energy	 fluxes	 over	 groundwater-	dependent	 riparian	 cot-
tonwood	and	Saltcedar	forests.	Advances in Meteorology,	2015,	1–	14.

Cook,	B.I.,	Ault,	T.R.	&	Smerdon,	J.E.	(2015)	Unprecedented	21st	century	
drought	risk	in	the	American	Southwest	and	Central	Plains.	Science 
Advances,	1,	e1400082.

Crawford,	C.S.,	Cully,	A.C.,	Leutheuser,	R.,	Sifuentes,	M.S.,	White,	L.H.	
&	Wilber,	 J.P.	 (1993)	Middle Rio Grande ecosystem: Bosque biological 
management plan.	Albuquerque,	New	Mexico:	U.S.	Fish	and	Wildlife	
Service.

Darrouzet-	Nardi,	 A.,	D’Antonio,	C.M.	&	Dawson,	 T.E.	 (2006)	Depth	 of	
water	acquisition	by	 invading	shrubs	and	resident	herbs	 in	a	Sierra	
Nevada	meadow.	Plant and Soil,	285,	31–	43.

Death,	R.G.,	Fuller,	I.C.	&	Macklin,	M.G.	(2015)	Resetting	the	river	tem-
plate:	The	potential	for	climate-	related	extreme	floods	to	transform	
river geomorphology and ecology. Freshwater Biology,	60,	2477–	2496.

Eichhorst,	 K.D.	 (2020)	 Middle	 Rio	 Grande	 riparian	 plant	 cover	 sensi-
tivity	 to	 variability	 in	 groundwater	 depth	 collected	 by	 the	Bosque	
Ecosystem Monitoring Program. Environmental Data Initiative,	
https://doi.org/10.6073/pasta/	b0bb5	9fd39	e327b	2452b	e059c	
c6a8440.

Fan,	Y.,	Miguez-	Macho,	G.,	Jobbagy,	E.G.,	Jackson,	R.B.	&	Otero-	Casal,	
C.	(2017)	Hydrologic	regulation	of	plant	rooting	depth.	Proceedings of 
the National Academy of Sciences of the United States of America,	114,	
10572–	10577.

Garcia-	Arias,	A.	&	Frances,	F.	(2016)	The	RVDM:	modelling	impacts,	evo-
lution and competition processes to determine riparian vegetation 
dynamics. Ecohydrology,	9,	438–	459.

Gurnell,	A.M.,	Bertoldi,	W.	&	Corenblit,	D.	(2012)	Changing	river	chan-
nels:	The	roles	of	hydrological	processes,	plants	and	pioneer	fluvial	
landforms	in	humid	temperate,	mixed	load,	gravel	bed	rivers.	Earth- 
Science Reviews,	111,	129–	141.

Gutzler,	 D.S.	 &	 Robbins,	 T.O.	 (2011)	 Climate	 variability	 and	 projected	
change	 in	 the	 western	 United	 States:	 Regional	 downscaling	 and	
drought statistics. Climate Dynamics,	37,	835–	849.

Hayes,	 D.S.,	 Braendle,	 J.M.,	 Seliger,	 C.,	 Zeiringer,	 B.,	 Ferreira,	 T.	 &	
Schmutz,	 S.	 (2018)	 Advancing	 towards	 functional	 environmental	
flows	for	temperate	floodplain	rivers.	Science of the Total Environment,	
633,	1089–	1104.

Hingee,	M.C.,	Eamus,	D.,	Krix,	D.W.,	Zolfaghar,	S.	&	Murray,	B.R.	(2017)	
Patterns	of	plant	species	composition	in	mesic	woodlands	are	related	
to	a	naturally	occurring	depth-	to-	groundwater	gradient.	Community 
Ecology,	18,	21–	30.

Huang,	J.P.,	Yu,	H.P.,	Dai,	A.G.,	Wei,	Y.	&	Kang,	L.T.	(2017)	Drylands	face	
potential	 threat	 under	 2	 degrees	 C	 global	 warming	 target.	Nature 
Climate Change,	7,	417–	422.

Katz,	G.L.,	Denslow,	M.W.	&	Stromberg,	J.C.	 (2012)	The	Goldilocks	ef-
fect:	Intermittent	streams	sustain	more	plant	species	than	those	with	
perennial	or	ephemeral	flow.	Freshwater Biology,	57,	467–	480.

Kehr,	 J.M.,	 Merritt,	 D.M.	 &	 Stromberg,	 J.C.	 (2014)	 Linkages	 between	
primary	seed	dispersal,	hydrochory	and	flood	timing	 in	a	semi-	arid	
region river. Journal of Vegetation Science,	25,	287–	300.

Klove,	 B.,	 Ala-	Aho,	 P.,	 Bertrand,	 G.,	 Gurdak,	 J.J.,	 Kupfersberger,	 H.,	
Kvaerner,	J.	et	al.	(2014)	Climate	change	impacts	on	groundwater	and	
dependent ecosystems. Journal of Hydrology,	518,	250–	266.

Knapp,	A.K.,	Beier,	C.,	Briske,	D.D.,	Classen,	A.T.,	Luo,	Y.,	Reichstein,	M.	
et	al.	 (2008)	Consequences	of	more	extreme	precipitation	regimes	
for	terrestrial	ecosystems.	BioScience,	58,	811–	821.

Kremer,	 C.T.	 &	 Klausmeier,	 C.A.	 (2017)	 Species	 packing	 in	 eco-	
evolutionary	models	of	seasonally	fluctuating	environments.	Ecology 
Letters,	20,	1158–	1168.

Lawson,	J.R.,	Fryirs,	K.A.,	Lenz,	T.	&	Leishman,	M.R.	(2015)	Heterogeneous	
flows	 foster	 heterogeneous	 assemblages:	 Relationships	 between	
functional	diversity	and	hydrological	heterogeneity	in	riparian	plant	
communities. Freshwater Biology,	60,	2208–	2225.

Margat,	J.	&	Van	Der	Gun,	J.	(2013)	Groundwater around the world: A geo-
graphic synopsis.	London,	UK:	CRC	Press.

Martinet,	M.C.,	Vivoni,	E.R.,	Cleverly,	J.R.,	Thibault,	J.R.,	Schuetz,	J.F.	&	
Dahm,	 C.N.	 (2009)	 On	 groundwater	 fluctuations,	 evapotranspira-
tion,	and	understory	removal	 in	riparian	corridors.	Water Resources 
Research,	45,	1–	19.

Mata-	Gonzalez,	 R.,	Martin,	D.W.,	McLendon,	 T.,	 Trlica,	M.J.	 &	 Pearce,	
R.A.	(2012)	Invasive	plants	and	plant	diversity	as	affected	by	ground-
water	depth	and	microtopography	in	the	Great	Basin.	Ecohydrology,	
5,	648–	655.

Mata-	Gonzalez,	 R.,	McLendon,	 T.,	Martin,	D.W.,	 Trlica,	M.J.	 &	 Pearce,	
R.A.	(2012)	Vegetation	as	affected	by	groundwater	depth	and	micro-
topography	in	a	shallow	aquifer	area	of	the	Great	Basin.	Ecohydrology,	
5,	54–	63.

http://www.bemp.org/data-sets
https://orcid.org/0000-0002-3372-7252
https://orcid.org/0000-0002-3372-7252
https://doi.org/10.6073/pasta/b0bb59fd39e327b2452be059cc6a8440
https://doi.org/10.6073/pasta/b0bb59fd39e327b2452be059cc6a8440


     |  13 of 13
Applied Vegetation Science

STEINBERG ET al.

Matzek,	V.,	Stella,	J.	&	Ropion,	P.	(2018)	Development	of	a	carbon	calcu-
lator	tool	for	riparian	forest	restoration.	Applied Vegetation Science,	
21,	584–	594.

Maurer,	G.E.,	Hallmark,	A.J.,	Brown,	R.F.,	Sala,	O.E.	&	Collins,	S.L.	(2020)	
Sensitivity	of	primary	production	to	precipitation	across	the	United	
States	(T.	Coulson,	Ed.).	Ecology Letters,	23,	527–	536.

McShane,	 R.R.,	 Auerbach,	 D.A.,	 Friedman,	 J.M.,	 Auble,	 G.T.,	 Shafroth,	
P.B.,	Merigliano,	M.F.	 et	 al.	 (2015)	Distribution	of	 invasive	and	na-
tive	riparian	woody	plants	across	the	western	USA	in	relation	to	cli-
mate,	river	flow,	floodplain	geometry	and	patterns	of	 introduction.	
Ecography,	38,	1254–	1265.

Muldavin,	E.H.,	Milford,	E.R.,	Umbreit,	N.E.	&	Chauvin,	Y.D.	(2017)	Long-	
term	outcomes	of	natural-	process	riparian	restoration	on	a	regulated	
river	site:	The	Rio	Grande	Albuquerque	Overbank	Project	after	16	
years. Ecological Restoration,	35,	341–	353.

Naiman,	R.J.,	Latterell,	J.J.,	Pettit,	N.E.	&	Olden,	J.D.	 (2008)	Flow	vari-
ability	and	the	biophysical	vitality	of	river	systems.	Comptes Rendus 
Geoscience,	340,	629–	643.

Naumburg,	E.,	Mata-	Gonzalez,	R.,	Hunter,	R.G.,	Mclendon,	T.	&	Martin,	
D.W.	(2005)	Phreatophytic	vegetation	and	groundwater	fluctuations:	
A	review	of	current	research	and	application	of	ecosystem	response	
modeling	with	an	emphasis	on	Great	Basin	vegetation.	Environmental 
Management,	35,	726–	740.

NRCS	(2018)	The PLANTS database. National Plant Data Team.	Greensboro,	
NC	7401–	4901	USA.

Oksanen,	J.,	Blanchett,	F.G.,	Friendly,	M.,	Kindt,	R.,	Legendre,	P.,	McGlinn,	
D.	et	al.	(2018)	vegan: Community ecology R package.

Osterkamp,	 W.R.	 &	 Hupp,	 C.R.	 (2010)	 Fluvial	 processes	 and	 vegeta-
tion	 –		 Glimpses	 of	 the	 past,	 the	 present,	 and	 perhaps	 the	 future.	
Geomorphology,	116,	274–	285.

Palmquist,	 E.C.,	 Ralston,	 B.E.,	 Merritt,	 D.M.	 &	 Shafroth,	 P.B.	 (2018)	
Landscape-	scale	 processes	 influence	 riparian	 plant	 composition	
along a regulated river. Journal of Arid Environments,	148,	54–	64.

Perry,	L.G.,	Andersen,	D.C.,	Reynolds,	L.V.,	Nelson,	S.M.	&	Shafroth,	P.B.	
(2012)	 Vulnerability	 of	 riparian	 ecosystems	 to	 elevated	 CO2 and 
climate	change	in	arid	and	semiarid	western	North	America.	Global 
Change Biology,	18,	821–	842.

Pettit,	N.E.	&	Naiman,	R.J.	(2007)	Postfire	response	of	flood-	regenerating	
riparian	vegetation	in	a	semi-	arid	landscape.	Ecology,	88,	2094–	2104.

Philipsen,	 L.J.,	 Pearce,	 D.W.	 &	 Rood,	 S.B.	 (2018)	 Hydroclimatic	 driv-
ers	 of	 the	 growth	 of	 riparian	 cottonwoods	 at	 the	 prairie	 margin:	
River	 flows,	 river	 regulation	 and	 the	 Pacific	 Decadal	 Oscillation.	
Dendrochronologia,	51,	82–	91.

Poff,	 N.L.R.	 (2018)	 Beyond	 the	 natural	 flow	 regime?	 Broadening	 the	
hydro-	ecological	foundation	to	meet	environmental	flows	challenges	
in	a	non-	stationary	world.	Freshwater Biology,	63,	1011–	1021.

PRISM	Climate	Group	 (2019)	Oregon	State	University.	http://prism.or-
egonstate.edu.

R	 Core	 Team	 (2018)	 R: A Language and Environment for Statistical 
Computing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.

Rodriguez-	Iturbe,	I.,	D’Odorico,	P.,	Laio,	F.,	Ridolfi,	L.	&	Tamea,	S.	(2007)	
Challenges	in	humid	land	ecohydrology:	Interactions	of	water	table	
and	 unsaturated	 zone	 with	 climate,	 soil,	 and	 vegetation.	 Water 
Resources Research,	43,	W09301.

Rolls,	R.J.,	Heino,	J.,	Ryder,	D.S.,	Chessman,	B.C.,	Growns,	I.O.,	Thompson,	
R.M.	et	al.	(2018)	Scaling	biodiversity	responses	to	hydrological	re-
gimes. Biological Reviews,	93,	971–	995.

Samson,	E.A.,	Boykin,	K.G.,	Kepner,	W.G.,	Andersen,	M.C.	&	Fernald,	A.	
(2018)	 Evaluating	 biodiversity	 metric	 response	 to	 forecasted	 land	
use	change	in	the	Northern	Rio	Grande	Basin.	Environments,	5,	91.

Sargeant,	C.I.	&	Singer,	M.B.	 (2016)	Sub-	annual	 variability	 in	historical	
water source use by Mediterranean riparian trees. Ecohydrology,	 9,	
1328–	1345.

Scott,	 M.L.,	 Shafroth,	 P.B.	 &	 Auble,	 G.T.	 (1999)	 Responses	 of	 ripar-
ian cottonwoods to alluvial water table declines. Environmental 
Management,	23,	347–	358.

Selwood,	K.E.,	Clarke,	R.H.,	McGeoch,	M.A.	&	Mac	Nally,	R.	(2017)	Green	
tongues	into	the	arid	zone:	River	floodplains	extend	the	distribution	
of	terrestrial	bird	species.	Ecosystems,	20,	745–	756.

Sommer,	 B.	 &	 Froend,	 R.	 (2014)	 Phreatophytic	 vegetation	 responses	
to	 groundwater	 depth	 in	 a	 drying	 mediterranean-	type	 landscape.	
Journal of Vegetation Science,	25,	1045–	1055.

Steinberg,	 K.A.,	 Eichhorst,	 K.D.	 &	 Rudgers,	 J.A.	 (2020)	 Riparian	 plant	
species	differ	in	sensitivity	to	both	the	mean	and	variance	in	ground-
water	stores	(D.	Hui,	Ed.).	Journal of Plant Ecology,	13,	621–	632.

Stromberg,	J.C.,	Shafroth,	P.B.	&	Hazelton,	A.F.	(2012)	Legacies	of	flood	
reduction on a Dryland river. River Research and Applications,	 28,	
143–	159.

Stromberg,	 J.C.,	 Tiller,	 R.	 &	 Richter,	 B.	 (1996)	 Effects	 of	 groundwater	
decline	on	 riparian	 vegetation	of	 semiarid	 regions:	The	San	Pedro,	
Arizona.	Ecological Applications,	6,	113–	131.

Thibault,	J.R.,	Cleverly,	J.R.	&	Dahm,	C.N.	(2017)	Long-	term	water	table	
monitoring	of	rio	grande	riparian	ecosystems	for	restoration	poten-
tial amid hydroclimatic challenges. Environmental Management,	 60,	
1101–	1115.

Thomey,	M.L.,	Collins,	S.L.,	Vargas,	R.,	Johnson,	J.E.,	Brown,	R.F.,	Natvig,	
D.O.	 et	 al.	 (2011)	Effect	of	 precipitation	variability	on	net	primary	
production	 and	 soil	 respiration	 in	 a	 Chihuahuan	Desert	 grassland.	
Global Change Biology,	17,	1505–	1515.

Vicente-	Serrano,	S.M.,	Begueria,	S.	&	Lopez-	Moreno,	J.I.	(2010)	A	multi-
scalar	drought	index	sensitive	to	global	warming:	The	Standardized	
Precipitation Evapotranspiration Index. Journal of Climate,	 23,	
1696–	1718.

Wang,	L.,	D’Odorico,	P.,	Evans,	J.P.,	Eldridge,	D.J.,	McCabe,	M.F.,	Caylor,	
K.K.	et	al.	(2012)	Dryland	ecohydrology	and	climate	change:	Critical	
issues and technical advances. Hydrology and Earth System Sciences,	
16,	2585–	2603.

Xi,	B.,	Di,	N.,	 Liu,	 J.,	 Zhang,	R.	&	Cao,	 Z.	 (2018)	Hydrologic	 regulation	
of	 plant	 rooting	 depth:	 Pay	 attention	 to	 the	 widespread	 scenario	
with	intense	seasonal	groundwater	table	fluctuation.	Proceedings of 
the National Academy of Sciences of the United States of America,	115,	
E3863–	E3864.

Yin,	L.,	Zhou,	Y.,	Huang,	J.,	Wenninger,	J.,	Zhang,	E.,	Hou,	G.	et	al.	(2015)	
Interaction between groundwater and trees in an arid site: Potential 
impacts	of	climate	variation	and	groundwater	abstraction	on	trees.	
Journal of Hydrology,	528,	435–	448.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section.

Appendix S1.	Relationships	between	plant	cover	and	abiotic	factors	
at	flooding	and	non-	flooding	sites	for	total	native	plant	cover	or	non-	
native plant cover.
Appendix S2.	Relationships	between	plant	cover	and	abiotic	factors	
at	flooding	and	non-	flooding	sites	for	woody	plant	cover	or	herba-
ceous understorey plant cover.

How to cite this article:	Steinberg	KA,	Eichhorst	KD,	Rudgers	
JA.	Flood	regime	alters	the	abiotic	correlates	of	riparian	
vegetation. Appl Veg Sci. 2021;24:e12572. https://doi.
org/10.1111/avsc.12572

https://doi.org/10.1111/avsc.12572
https://doi.org/10.1111/avsc.12572

